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General Declaration

I hereby declare that this work contains no material that has been accepted for the award of
any other degree or diploma at any university or equivalent institution. | hereby declare that,
to the best of my knowledge and belief, this work contains no material previously published
or written by another person, except where due reference is made in the text of the work.

The main body of this work includes 20 original papers that have been published in peer
reviewed journals. Additionally, within the appendices there are 17 original short-form
contributions in the format of editorials and commentaries to demonstrate outreach to the
scientific and engineering communities as well as intellectual depth.

The core theme of the work is “Thermal Spray Coatings: Processing, Microstructural
Architecture and their Materials Engineering Design”.

The principal responsibility of myself, the candidate, working within the discipline of Materials
Science and Engineering, for the 20 publications presented in this body of work is detailed in
the table below.

In the case of Chapters 1 through to 6 my contribution to the work is listed Table 1.

Table 1. Candidate’s Contribution to the 20 Selected Publications.

(i/t:apter a}nd o . Publication Nature and extent of
anuscript Publication title . 8 i g
status candidate’s contribution
Number
Chapter 1. Processing of Materials
Manuscript #1. |Characteristics of the Liquid Flame |Peer reviewed |8 authors
Spray Process’, Surf. Coat. Tech., 90 |and published |J. Tikkanen, K.A. Gross,
(1997) 210-216. C.C. Berndt, V. Pitkanen,
J. Keskinen, S. Raghu,
M. Rajala and J. Karthikeyan
Candidate contribution is
15%
Manuscript #2. |Topographical and microstructural Peer reviewed |3 authors
property evolution of air plasma- and published [M.L. Sesso, C.C. Berndt and
sprayed zirconia thermal barrier Y.C. Wong
coatings, J. Am. Ceramic Soc., Article Candidate contribution is
first published online: 4 FEB 2014, 45%
DOI: 10.1111/jace.12842.
Chapter 2. Microstructural Evolution and Design
Manuscript #3. [Microstructural characteristics of Peer reviewed |5 authors
cold-sprayed nanostructured WC-Co |and published |R.S. Lima, J. Karthikeyan,
coatings, Thin Solid Films, 416 C.M. Kay, J. Lindemann and
(2002) 129-135. C.C. Berndt
Candidate contribution is
35%
Manuscript #4. |Design and manufacture of Nd-Fe-B |Peer reviewed |2 authors
thick coatings by the thermal spray  |and published |J.A. Gan and C.C. Berndt
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Chapter and

. . . Publication Nature and extent of
Manuscript Publication title . ) o
status candidate’s contribution
Number
process, Surf. Coat. Tech., 205[19] Candidate contribution is
(2011) p. 4697-4704. DOI: 50%
10.1016/j.surfcoat. 2011.04.034,
Published: JUN 25 2011.
Manuscript #5. |Effects of standoff distance on Peer reviewed |2 authors
porosity, phase distribution and and published [J.A. Gan and C.C. Berndt
mechanical properties of plasma Candidate contribution is
sprayed Nd-Fe-B coatings, Surf. 50%
Coat. Tech., 216 (2013) p. 127-138.
DOI: 10.1016/j.surfcoat.2012.11.040,
Published: FEB 15 2013.
Manuscript #6. |Quantification and taxonomy of pores |Peer reviewed |2 authors
in thermal spray coatings by image |and published |J.A. Gan and C.C. Berndt
analysis and stereology approach, Candidate contribution is
Metall. and Mater. Trans. A, 44A[10] 50%
(2013) p. 4844-4858. DOI:
10.1007/s11661-013-1818-4,
Published: OCT 2013.
Chapter 3. Mechanical Property Testing
Manuscript #7. [Measurement of adhesion for Peer reviewed |2 authors
thermally sprayed material’, J. and published [C.C. Berndt and C.K. Lin
Adhesion Science and Technology, 7 Candidate contribution is
[12] (1993) 1235-1264. 75%
Manuscript #8. |Contact damage in plasma-sprayed |Peer reviewed |4 authors
alumina-based coatings, J. Am. and published |A. Pajares, L. Wei, B.R. Lawn
Ceram. Soc., 79[7] (1996) 1907-14. and C.C. Berndt
Candidate contribution is
25%
Manuscript #9. (Influence of plasma spray parameters|Peer reviewed |5 authors
on the mechanical properties of yttria |and published |A. Kucuk, C.C. Berndt, U.
stabilized zirconia coatings I: Four Senturk, R.S. Lima and
point bend test, J. Mater. Engin. and C.R.C. Lima
Sci., A284 (2000) 29-40. Candidate contribution is
30%
Manuscript Influence of plasma spray parameters|Peer reviewed |5 authors
#10. on the mechanical properties of yttria |and published |A. Kucuk, C.C. Berndt, U.
stabilized zirconia coatings II: Senturk, R S. Lima and
Acoustic emission response, J. C.R.C. Lima
Mater. Engin. and Sci., A284 (2000) Candidate contribution is
41-50. 30%
Manuscript Evaluation of microhardness and Peer reviewed |3 authors
#11. elastic modulus of thermally sprayed |and published |R.S. Lima, A. Kucuk and C.C.
nanostructured zirconia coatings, Berndt
Surf. Coat. Tech., 135 (2001) 166- Candidate contribution is
172. 45%
Chapter 4. Modeling Studies
Manuscript Evaluation of off-angle thermal spray, |Peer reviewed |2 authors
#12. Surf. Coat. Tech., 89 (1997) 213-224.|and published |S.H. Leigh and C.C. Berndt
Candidate contribution is
50%
Manuscript Modeling the coverage of splat areas |Peer reviewed |5 authors
#13. arising from thermal spray processes, |and published |A.S.M. Ang, C.C. Berndt, M.

J. Am. Ceramic Soc., 95[5] (2012) p.
1572-1580. DOI: 10.1111/.1551-
2916.2012.05113.x Published: MAY

Dunn, M.L. Sesso and S.Y.
Kim
Candidate contribution is
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Chapter and

. . . Publication Nature and extent of
Manuscript Publication title . ) o
status candidate’s contribution
Number
2012. 25%
Manuscript Thermal spray maps: Material Peer reviewed |5 authors
#14. genomics of processing technologies, |and published |A.S.M. Ang, N. Sanpo N,
J. Thermal Spray Tech., 22[7] (2013) M.L. Sesso, S.Y. Kim and
p. 1170-1183. DOI: 10.1007/s11666- C.C. Berndt
013-9970-3, Published: OCT 2013. Candidate contribution is
30%
Chapter 5. Applications of Thermal Spray Materials
Manuscript Material fundamentals and clinical Peer reviewed |4 authors
#15. performance of plasma-sprayed and published [Limin Sun, C.C. Berndt, K.A.
hydroxyapatite coatings: A review, J. Gross and A. Kucuk
Biomedical Materials Research, 58 Candidate contribution is
[5] (2001) 570-592. 45%
Manuscript Impact of nanoscale roughness of Peer reviewed |11 authors
#16. titanium thin film surfaces on bacterial|and published |E.P. lvanova, V.K. Truong,
retention, Langmuir, 2010, 26 (3), J.Y. Wang, C.C. Berndt, R.T.
1973-1982. Jones, I.I. Yusuf, |. Peake,
H.W. Schmidt, C. Fluke, D.
Barnes and R.J. Crawford
Candidate contribution is
10%
Manuscript Transition metal-substituted cobalt  |Peer reviewed |4 authors
#17. ferrite nanoparticles for biomedical and published [N. Sanpo, C.C. Berndt, C.
applications, Acta Biomaterialia, 9[3] Wen and J. Wang
(2013) p. 5830-5837. DOI: Candidate contribution is
10.1016/j.actbio.2012.10.037, 45%
Published: MAR 2013.
Manuscript Failure during thermal cycling of Peer reviewed |2 authors
#18. plasma-sprayed thermal barrier and published |C.C. Berndt and H. Herman
coatings, Thin Solid Films, 108[4] Candidate contribution is
(1983) 427-437. 50%
Manuscript Performance Of Thermal Barrier Peer reviewed |2 authors
#19. Coatings In High Heat Flux and published [R.A. Miller and C.C. Berndt

Environments, Thin Solid Films, 119
(1984) 195-202. [also in NASA Tech.
Memorandum 83663, April 1984].

Candidate contribution is
50%

Chapter 6. Integration of Processing,

Microstructure

and Properties

Manuscript
#20.

A review of testing methods for
thermal spray coatings, J. Inter.
Materials Reviews, 2014, 45 pages,
advance on-line article:
http://dx.doi.org/10.1179/1743280414

Y.0000000029

Peer reviewed
and published

2 authors

A.S.M. Ang and C.C. Berndt
Candidate contribution is
50%

This application is made on the basis that | am a co-author on the published materials
submitted for this degree. Details of my role leading to the publication of the 20 works are
provided in Table 2. This self-assessment has been performed to the best of my recollection;
keeping in mind that these 20 publications cover 30 years of my research career.
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Table 2: Role of the applicant, in terms of authorship status and inputs into (i) the study
design, (ii) the generation of data, (iii) the analysis of data, and (iv) writing, for each piece of
work. The number assigned to each publication is listed on the previous pages.

Category _ Publication Number
2. Description of Input
Description 112]/3|4|5|6|7[8]|9]10
First author (see Note 1)
Authorship | Senior author (see Note 2)
Co-author
Not applicable
Study Responsible for whole study
design Significant input
Little / no input
Not applicable
Generation M.ajo'r.role
of data Significant role
Some role
Little/no role
Not applicable
Analysis of | Major role
data Some role
Little / no role
Writing Wrote submission*
(* with minor | Major role
input from | Some role
others) Little role
Cate_gory Description of Input Publication Number
Description 1111213 |14 |15 |16 |17 |18 |19 | 20
First author (see Note 1)
Authorship | Senior author (see Note 2)
Co-author
Not applicable
Study Responsible for whole study
design Significant input
Little / no input
Not applicable
. Major role
Generation ——
of data Significant role
Some role
Little/no role
Not applicable
Analysis of | Major role
data Some role
Little / no role
Writing Wrote submission*
(* with minor | Major role
input from | Some role
others) Little role

Notes 1 and 2 are stated on the following page.
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Note 1: The designation of “First author” has been taken in the literal sense; i.e., the
individual who has been listed first for that particular publication. In many instances | could
have justified placing myself in the first author position. However, my guiding principal on this
topic for the most recent 20 years has been to place the post graduate student or post
doctoral fellow in this role so that their career options, via their CVs, are enhanced.

Note 2: The designation of “Senior author” is traditionally the individual who is named last in
the author list. | do not follow this tradition and reserve this last position for a junior
colleague, a post doctoral fellow or post graduate student so that their career options are
enhanced. Thus, | have declared myself as the senior author for those publications where |
have played this role, but not necessarily placed myself last in the author list.

I have not renumbered sections of submitted or published papers. They have been
structured into six chapters to generate a consistent presentation within the work.

Table 2 lists the articles that are presented in Appendix 6. Articles numbered 6, 8 and 10 are
50% authored by the candidate, whereas the remaining 14 are 100% authored by the
candidate.

Table 2. List of 17 original short-form contributions in the format of editorials and
commentaries.

1 | 1992 |C.C. Berndt, "Editorial: 1st Issue of JTST", JTST, 1[1] (1992) 3.

2 | 1992 |C.C. Berndt, "Editorial: Closure of 13th ITSC", JTST, 1[2] (1992) 99.

1994 C.C.Berndt, "The Significance of Thermal Spray Awards", JTST (1994) 3[3]

244.

1994 C.C. Berndt, "Who's Holding The Gun?", J. Thermal Spray Technology, 4[1]
(1994) 331-332.

1996 |C.C. Berndt, "Standardize And Deliver", JTST, 5[1] (1996) 2-3.

1999 R. Seals and C.C. Berndt, "Rationale for a JTST Award for the Best Scientific

Paper", JTST, 8[1] (1999) 3-5.

2001 |C.C. Berndt, "How do we Market JTST", 10 (2001) 3-4.

2003 L. Pawloyvski and C.C. Berndt, "The Globalization of JTST: A Forum for a

World Wide Network", JTST, 12 (2003) 3-4.

C.C. Berndt, "State of the Society The Birth of Opportunity", AM&P (2006)

164[5] p94.

C.C. Berndt and G. Montavon, "Thermal Spray: Preserving 100 Years Of

Technology", J. Thermal Spray Technology, 15[1] (2006) 5-8.

C.C. Berndt, "Activism in Thermal Spray: A Call to Arms", Advanced Materials

& Processes, 165[8] (2007) 72. Also in JTST, 16[2] (2007) 167.

C.C. Berndt, "Commentary. The End of the Beginning; Now Let's Make a Real

Effort!", JTST, 16[3] (1992) 320.

C.C. Berndt, "One way to pick "Low-hanging fruit" is to chop the tree down!",

13 | 2007 |Journal of Thermal Spray Technology, 16[4] (2007) p. 465. Also 385 AM&P

(2007) 165[5] P70.

C.C. Berndt, "Thermal Spray: The Best Thing Since Sliced Bread", Advanced

w

0 (N o (o] b

9 | 2006

10 | 2006

11 | 2007

12 | 2007

14| 2007 Materials & Processes, 165[1] (2007) 100.

15 | 2008 C.C. Berndt, "At the end_ of the day": let-us all take on responsibility for thermal
spray", Advanced Materials & Processes, Vol. 166, no. 8 (Aug 2008), p. 58.

16 | 2008 C.C. Berndt, "Born again as a technologist", Advanced Materials and
Processes, Vol. 166, no. 5 (May 2008), p. 68.

17 | 2008 C.C. Berndt, "Ed_itorial: will thermal spray ever be the basis for a Nobel Prize?",
Advanced Materials & Processes, Vol. 166, no. 11 (Nov 2008), p. 66.

Signed: August 01, 2014
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Early Forms of Thermal Spray Processes
From British Patent 29,001 4™ December 1912,
by E. Morf:
“A Method of Producing Bodies and Coatings of Glass and Other Substances”



Hermann Hesse in the Glass Bead Game describes the young
scholar Joseph Knecht who aspires to learn the intricacies of

“the Game” from his Music Master. Hesse writes:

The Game as | conceive it, “‘Knecht once wrote to his former
Music Master, ‘encompasses the player after the completion of
meditation as the surface of a sphere encompasses its centre,
and leaves him with the feeling that he has extracted from the
universe of accident and confusion a totally symmetrical and

harmonious cosmos, and absorbed it into himself”.
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Thermal Spray Coatings: Processing, Microstructural Architecture and their
Materials Engineering Design

Abstract

This thesis encompasses the following two major sections. The first section is comprised
of twenty (20) manuscripts that are segmented into the 5 areas: viz. (i) the processing of
materials, (ii) microstructural evolution and design, (iii) mechanical property testing, (iv)
modeling studies, and (iv) applications of thermal spray materials. These manuscripts
cover a period from 1983 through to 2013; which is considered the appropriate snapshot
in time since the confirmation of the PhD degree in 1981. The selected manuscripts
represent an ‘original, substantial and distinguished contribution to knowledge’ in the
field of thermal spray science, engineering and technology.

The basis of selecting the specific manuscripts lies on three complimentary criteria. (1)
Some of the articles have been highly cited. (2) Several review-based articles demonstrate
a broad and thorough knowledge of the field of thermal spray. (3) The publications in the
past 5-years indicate an integration of knowledge over three decades that leads to new
discoveries and expanded knowledge.

The bulk of the thesis exhibits 20 manuscripts that have been down-selected and
systematically organized to demonstrate the following content.

e Longevity in the general area of materials science and engineering; and
specifically in the area of thermal spray coatings and technology.

e Productivity and focus in several sub-specialties of thermal spray coatings and
technology. These areas, although presented as separate entities, are interrelated
with themes that cut across several disciplines of science and engineering.

e The continuous development of research subjects that are driven by new methods
of analysis; new thermal spray technology; surface science and engineering; and
the availability of advanced instrumentation and analytical equipment.

The second section is a compilation of appendices that detail the avenues, many of which
are outside the conventional publication route, that the applicant has employed to
disseminate knowledge. The appendices provide reviewers and examiners with a more
comprehensive perspective of the applicant that cannot be presented by publications
alone.

The appendices compliment the body of the thesis in several ways. The appendices
present the much bigger view for the development of research by integrating it within (i)
a wide-ranging research portfolio, (ii) leadership and engagement within university
settings, and (iii) the traditional learning and teaching environment of universities.
Therefore, the development of this thesis presents an integrated approach so that
examiners can appreciate the deep commitment of the applicant to the development of a
comprehensive study in the chosen area.

The appendices include a list of the publications of the applicant. In addition, there is a
compilation of editorials and commentaries that are provocative and thoughtful articles
that relate to social context issues. These articles have been instrumental in documenting
important aspects of thermal spray science, engineering and technology.
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Summary of Theme of the Work

Section 3 of the “Higher Doctorate Application” indicates that a summary is required
according to the following guidelines: “Please attach a summary of no less than 200
words describing the theme of the work to be assessed.”

Thermal Spray Coatings: Processing, Microstructural Architecture and their
Materials Engineering Design

This thesis embodies studies on thermal spray coatings that were initiated in 1977 by the
applicant. Publications of the applicant have been selected that segment this work into 5
distinct areas of science and engineering: viz. (i) the processing of materials, (ii)
microstructural evolution and design, (iii) mechanical property testing, (iv) modeling
studies, and (iv) applications of thermal spray materials. These subject areas, although
distinct in their own right, are interrelated and it is only by performing a sustained, long
term study that they may be integrated into a comprehensive body of work.

The overall theme of this work presents a fundamental understanding of the
microstructural evolution of the coating architecture. The processing conditions are
extreme in terms of rapid solidification and the kinematic deformation of materials.
Microstructural artefacts such as metastable phases, lamellar boundaries, porosity and
cracks are typical features observed in thermal spray deposits. These features confer a
‘composite type’ character on the deposit that control the extrinsic properties. Therefore,
the extended theme of this work has expanded from that of classical materials science to
encompass the processing sciences. In this way the formation conditions of the coating
can be examined so that the ‘triumviri of materials science’; i.e., ‘processing-properties-
applications’, can be explored.

The advancement of knowledge by the applicant has been developed in many formats.
For example:

e The applicant has published extensively in the subject area over 35+ years. Over
450 pieces of work can be attributed to the applicant.

e The applicant was the Foundation Editor, and now Editor Emeritus, of the Journal
of Thermal Spray Technology. This is the premier avenue for advancing
knowledge on the topic of thermal spray.

e The applicant has been an advocate of thermal spray via professional societies;
especially within ASM International (aka ‘the American Society for Materials’)
where he attained the position of President. The applicant has advanced
knowledge by means of professional talks and management decisions under this
responsibility.

The applicant is first and foremost an academician who teaches. His greatest legacy on
from the undergraduates he has taught and the post graduates he has trained. These
former students and post docs now occupy positions of authority and stature around the
globe and this is a testament to the advancement of knowledge instigated by the applicant.
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A Summary of the Development of the Work and Advancement of Knowledge

Section 6 of the “Higher Doctorate Application” form indicates that ‘A summary of the
development of the work, of approximately 1000 words’ is required.

Thermal Spray Coatings: Processing, Microstructural Architecture and their
Materials Engineering Design

This body of work has developed along 5 parallel tracks since the applicant completed his
PhD in 1981. These tracks might be considered as independent lines of investigation by
many researchers; however, the applicant has taken an integrated approach. This
methodology has involved exploration of many subjects that have contributed to an in-
depth comprehension of thermal spray materials. Hence, the title of this thesis embodies
these elements of fundamental research; i.e., materials engineering that is based on
microstructural design, but which is also controlled by the extreme processing
environment of the thermal spray process. The parallel tracks are described below so that
‘the development of the work’ can be explained with respect to the framework of this
thesis.

Processing of Materials
Chapter 1 (manuscripts #1 and #2) describes selected works under the broad classification
of processing.

The study in 1997 built on previous work of the applicant and studied the injection of
liquid feedstock into an oxygen-hydrogen flame. The liquid phase was evaporated and
subsequent thermochemical reactions produce nanoparticles. This process requires a
thorough understanding of the feedstock-flame interactions. The experimental techniques
included laser diffraction anemometry for droplet size distribution, laser Doppler
velocimetry for particle velocity, pulsed laser Rayleigh backscattering for flame
temperature and Schlieren photography for flame structure. The series of manuscripts that
evolved from this work laid the foundation for growth in this topical area.

Another approach was taken in 2014 where processing variables were assessed by
examination of the spray footprint that developed under a static spray environment where
there was no relative movement between torch and substrate. These experimental
conditions allowed the important parameters of deposition efficiency and coating
roughness to be examined with respect to the stand off distance. Hardness and porosity
profiles were mapped to display the effect of process parameters. Dynamic process
parameters such as particle trajectory, the evolving impact angle and dwell time were
scrutinized in relation to changes in porosity, hardness, and density for different coating
profiles.

Microstructural Evolution and Design
Chapter 2 is composed of 4 manuscripts that, broadly, focus on the microstructural
evolution of coatings. The applicant has initiated many studies that formulate schemes to
characterize and distinguish microstructures; ranging from an arbitrary classification of
morphological features that relate to the density and defect structure, to a quantitative
analysis via a fractal dimension analysis.
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The cold spray study expressed in manuscript #3 examines the difficult-to-process
material of WC-Co. It is verified that the optimum microstructure that retains the
nanostructure can be achieved. The other three manuscripts pick up on work that was
initiated in 1998 (G. Montavon, C. Coddet, C.C. Berndt and S.-H. Leigh, "Microstructural
Index To Quantify Thermal Spray Deposit Microstructures Using Image Analysis", J.
Thermal Spray Tech., 7[2] (1998) 229-241). These three manuscripts present a detailed
description and analysis on the taxonomy of Nd-Fe-B thick coatings. These materials are
used in magnetic applications and were difficult to procure. Stereology protocols were
used to derive the porosity level, pore size, and shape distributions. The nature of
annealing was assessed and did not alter the distribution trend of pore number but
influence significantly the distribution of pore volume fractions.

Mechanical Property Testing

The 5 manuscripts in Chapter 3 focus on mechanical properties of thermal spray coatings.
This topic was the focus on the applicant’s thesis and the studies have been refined since
his own submission in 1981. Work has been selected from the 1993-2001 timeframe, with
manuscript #7 being a review of the “Measurement of adhesion for thermally sprayed
materials”. This work also developed into measuring “Contact Damage in plasma-sprayed
alumina-based coatings”, manuscript #8; and two companion manuscripts on the
“Influence of plasma spray parameters on mechanical properties of yttria stabilized
zirconia coatings”. These manuscripts, #9 and #10, examined the four point bend test and
acoustic emission to measure Young’s Modulus, a pseudo yield point, and cracking
mechanisms.

Hardness measurements have been a favoured technique of the applicant for many years
and the unique usefulness, attributes and simplicity of this method is illustrated in
manuscript #11 (2001) where the ‘Evaluation of microhardness and elastic modulus of
thermally sprayed nanostructured zirconia coatings’ is explored. This work related
hardness to roughness for the series of samples analysed. Likewise, this work was the
forerunner to further analysis on the bimodal distribution of hardness tests measured by a
Weibull distribution analysis; work that was introduced to the thermal spray community
by the applicant in 1988.

Modeling Studies

Chapter 4 presents manuscripts #12, #13 and #14 that characterize contributions for the
development of modeling studies. The analysis presented in 1997 on ‘Evaluation of off-
angle thermal spray’ is important since it relates microstructural properties (i.e., the
porosity) and physical properties (i.e., roughness) to the spray footprint; which ultimately
determines deposition efficiency and the economics of manufacturing. Note that
manuscript #2 on ‘Topographical and microstructural property evolution of air plasma-
sprayed zirconia thermal barrier coatings’ approaches the same topic from a different
direction.

A more sophisticated development arose in 2013 when Madejski’s and McPherson’s
approaches were considered in ‘Modeling the coverage of splat areas arising from thermal
spray processes’, manuscript #13, where fundamental theory is directly related to the
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spray coverage as determined by the spray footprint. These relationships were linked to
the deposition efficiency. It is noteworthy that Prof. McPherson was the applicant’s PhD
advisor.

The final contribution in Chapter 4, manuscript #14, consolidates the known properties of
thermal spray materials in ‘property-performance maps’. This manuscript, on ‘Thermal
spray maps: Material genomics of processing technologies’, is based on an Ashby
approach but is significantly unique since it examines extrinsic properties of thermal
spray deposits and manufacturing processes. Manuscript #14 is a review contribution that
consolidates much of the known data on alumina and zirconia-based thermal spray
coatings. The modeling exercise relates to techniques that enable the assessment of large
data sets.

Applications of Thermal Spray Materials

Chapter 5 consists of 5 contributions that encompass applications of thermal spray
materials. Specifically, manuscript #15 examines ‘Material fundamentals and clinical
Performance of plasma-sprayed hydroxyapatite coatings: A review’. This is a highly-cited
contribution (more than 530 citations and about 40 citation per year since 2001) that
indicates:

‘the outlook on using HA coatings on orthopaedic appliances, formed by
thermal spray methods, as functional bioactive agents to aid the healing
process, is favorable’.

Manuscripts #16 and #17 examine thin coatings, applied via thin film technologies, for
biomedical applications. The understanding of surface roughness is developed with
regard to the ability of the surface to retain microorganisms. Thus, although thermal spray
is not directly addressed in these studies; the techniques and understanding gained from
prior studies are applied to sol-gel and physical vapour deposition technologies. An
extension of this approach has been applied by the applicant so that ‘combinatorial
coatings’ of thermal spray and thin film technologies have been incorporated into a single
coating.

Thermal barrier coatings have been a focus of the applicant since his residency at NASA
in 1983; leading to many manuscripts of which #18 and #19 are examples; i.e., ‘Failure
during thermal cycling of plasma-sprayed thermal barrier coatings’ and ‘Performance of
thermal barrier coatings in high heat flux environments’. The development of these early
studies has progressed to the present day; for example, manuscripts #2 (2014), #9 (2000),
#10 (2000), #12 (1997), and #13 (2012) have evolved from this foundation.

Advancement of Knowledge

Section 6 of the “Higher Doctorate Application” form indicates that ‘A statement of the
applicant’s view of the extent to which the work contributes to the advancement of
knowledge’ is required.

Chapter 6, titled ‘Integration of Processing, Microstructure and Properties’, consists of
manuscript #20: ‘Full critical review: A review of testing methods for thermal spray
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coatings’, and the following extract summarises the development of the understanding
within this body of work.

‘An important aspect of this work is to highlight the extrinsic nature of
mechanical property measurements with regard to thermal spray coatings.
Thermal spray coatings exhibit anisotropic behaviour and microstructural
artefacts such as porosity and the splat structure of coatings influence the
mechanical characterisation methods. The analysis of coating data
variability evolving from the different measurement techniques is of
particular relevance to interpret the character of thermal spray deposits.’

Further review articles in this thesis are (i) manuscript #7 on ‘Measurement of adhesion
for thermally sprayed materials’; (ii) manuscript #14 on ‘Thermal spray maps: Material
genomics of processing technologies’; and manuscript #15 on ‘Material fundamentals and
clinical performance of plasma-sprayed hydroxyapatite coatings: A review’. There are a
total of 27 review articles listed by the applicant in the introduction to Chapter 6.

Thus, the ‘advancement of knowledge’ is married to the title of this thesis; i.e., a
comprehensive and unified study on ‘Thermal Spray Coatings: Processing,
Microstructural Architecture and their Materials Engineering Design’.
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Chapter 1. Processing of Materials

1.1. Introduction
Chapter 1 (manuscripts #1 and #2) describes selected works under the broad classification of
processing.

The study in 1997 built on previous work of the applicant and studied the injection of liquid
feedstock into an oxygen-hydrogen flame. The liquid phase was evaporated and subsequent
thermochemical reactions produce nanoparticles. This process requires a thorough
understanding of the feedstock-flame interactions. The experimental techniques included
laser diffraction anemometry for droplet size distribution, laser Doppler velocimetry for
particle velocity, pulsed laser Rayleigh backscattering for flame temperature and Schlieren
photography for flame structure. The series of manuscripts that evolved from this work laid
the foundation for growth in this topical area.

Another approach was taken in 2014 where processing variables were assessed by
examination of the spray footprint that developed under a static spray environment where
there was no relative movement between torch and substrate. These experimental conditions
allowed the important parameters of deposition efficiency and coating roughness to be
examined with respect to the stand off distance. Hardness and porosity profiles were mapped
to display the effect of process parameters. Dynamic process parameters such as particle
trajectory, the evolving impact angle and dwell time were scrutinized in relation to changes in
porosity, hardness, and density for different coating profiles.

The 84 publications, with the identification numbers below and listed in Appendix 7, are
considered as contributions that focus on this specific subject material. Chapter 7 of this
thesis outlines the methodology employed for this analysis.

73 227 353 391 430
113 233 354 399 432
118 245 356 400 437
119 246 357 404 438
141 247 361 405 439
158 254 362 406 440
165 256 366 408 441
174 264 367 409 442
180 266 370 410 443
184 267 373 412 444
185 268 374 414 445
187 270 376 416 451
190 293 378 423 455
202 298 382 424 456
204 329 388 427 457
205 345 389 428 458
212 346 390 429
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Abstract

Liquid flame spraying (LFS) is a new thermal spray process. Liquid feedstock is injected and atomized in an oxygen-hydrogen
flame where the liquid phase is evaporated and thermochemical reactions are completed to produce fine particles. Production of
nanoparticles requires a thorough understanding of the process. Therefore, various process stages were studied; i.e., the atomization
of liquid feedstock, and characterization of the flame and flame—droplet interactions. Experimental techniques included laser
diffraction anemometry for droplet size distribution, laser doppler velocimetry for particle velocity, pulsed laser Rayleigh back
scattering for flame temperature and Schlieren photography for flame structure.

Atomization is optimized with an organic solvent, such as isopropanol, nebulized with hydrogen gas at a high flow rate. Liquid
droplets injected into the flame are subjected to a maximum temperature of 2600°C and are accelerated to about 160 m s~*. The
flame length can be controlled by flame velocity and the solvent type. Water produces a shorter flame whereas isopropanol extends
the flame. Injection of the aerosol produces a “pencil-like” region which does not experience turbulence for most of the flame
length. Experimentation with manganese nitrate and aluminium isopropoxide or aluminium nitrate showed conversion to a

manganese oxide and alumina, respectively. © 1997 Elsevier Science S.A.

Keywords: Liquid flame spraying; Atomization; Vaporization; Nanoparticles; Particle velocity; Flame turbulence

1. Introduction

Thermal spraying is an advanced materials processing
technique which has found wide acceptance in many
high technology industries. In this process, a high tem-
perature-high velocity flame is produced using either
chemical or electrical energy to heat, melt and spray
material introduced into the flame. Feedstock injected
into the flame is more common in the form of powder
but can also be in wire or rod form. Molten droplets
are thus transported to an object to produce overlay
coatings for protection or performance enhancement
purposes [1].

In general, thermal spray coatings have a very fine
(micron sized) grain structure [1]. However, nano-
grained deposits and nanosized particles have superior
properties compared to conventional materials [2], and
diffusion flames offer a means to produce such materials
[3]. The flame spray process has, thus, the potential to

* Corresponding author.

0257-8972/97/817.00 © 1997 Elsevier Science S.A, All rights reserved
PIT §0257-8972(96)03153-2

produce nanomaterials at high production rates; yet, no
systematic study on flame spray synthesis of nanomateri-
als has been conducted.

Reduction of the particle size of the thermal spray
feedstock improves the homogeneity and properties of
coatings [1], however, no successful effort has been
reported on using submicron sized feedstock, probably
because of (i) high production costs of the small par-
ticles, (i) poor rheological properties of fine particles
leads to non-uniform powder transport from the feeder
to the spray gun, and (iii) difficulty of particle injection
into the core of the spray flame [4].

Preliminary experiments, carried out in our labora-
tory, indicated that both the above noted goals, viz.,
nanoparticle synthesis and production of thermal spray
coatings with submicron particle feedstock, can be
achieved by using atomized liquid droplets as the spray
feedstocks. This liquid flame spray (LFS) process [5] is
a reactive synthesis technique wherein a precursor is
dissolved in a solvent and atomized axially through the
combustion flame (Fig. 1). Subsequent thermochemical
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Particles React in the Flame

Particle Collector
Liquid Delivery Tube

Solid Particles

Fig. 1. Operating principle of the LFS process illustrating the atomiza-
tion, reaction in flame and particle collection stages.

reactions involve the removal of the solvent and pro-
duction of nanoparticles with high temperature phases.
By using the so-produced nanoparticles as “in situ
produced fine particle feedstock™ it is possible to pro-
duce nanograined coatings and nanosized particles
of ceramic materials such as alumina, zirconia and
others. For example, heating of aluminium nitrate,
Al(NO3);9H,0, can produce ¢-alumina or granular
alumina through a sequence of reactions [6,7], depend-
ing upon the heat treatment temperature (Fig. 2). Under
non-equilibrium conditions which occur in thermal reac-
tor zones, some reactions may be bypassed and substi-
tuted by others.

A combustion flame can be produced by burning any
fuel such as hydrogen, acetylene, propylene, propane,
etc., with either air or oxygen. The temperature of the
flame can be varied by changing the fuel composition,
and the flame velocity can be altered by the design of
the combustion chamber and combustion nozzle as well
as the gas flow rates. A low velocity flame was chosen
s0 that liquid droplets will have a sufficiently long dwell
time in the flame, ensuring that all the reactions are
driven to completion to result in the formation of fully
reacted ceramic particles. Though acetylene can produce
a higher temperature flame, this gas was avoided due to

AKNO;);9H,0
A \ 500-700 °C
Al(NO,);1.5H,0 Amorphous p-Al,O;
+ 140 °C + 1000 °C
Al(OH);-1.5H,0 a-AL O,
* 200-250 °C
Granular Al O;

Fig. 2. Reactions for Al(NO,), - 9H,0 upon equilibrium heating [6,7].

the formation of carbides and other impurities in the
processed material. Hydrogen was used as the only fuel
gas in this work.

The production of nanoparticles requires a clear and
thorough understanding of the LFS to help realize its
full potential into practical applications. Hence, a sys-
tematic study into the atomization of the liquid feeds-
tock, characterization of the spray flame with the liquid
feedstocks and flame—droplet interaction was conducted.
This article deals with different diagnostic experiments
to characterize the LFS process.

2. Experimental system and techniques
2.1, Liquid flame spray system

The LFS system consists of a custom-made flame
spray gun which incorporates an atomizer along the
axis of the gun coupled to fuel and oxygen gas flow rate
controllers, an infusion pump and associated feed hoses
and controls. The gun has a I-mm diameter liquid feed
tube located in the central orifice used for hydrogen gas.
A concentric ring delivered oxygen for reaction with the
combustion gas. Gas flow rates in the LFS gun are
regulated by rotameter flow-meters. Hydrogen and
oxygen were delivered in stoichiometric quantities at
flows of 40-80 and 20-40 [ min !, respectively.

Liquid feedstocks can be prepared by dissolving the
precursor chemicals in either water (aqueous solutions)
or organic solvents such as alcohol, acetone and others.
Aqueous solutions allow higher concentrations than
organic solvents, are cheaper to produce and are easy
and safe to store and handle. A standard infusion pump
(Harvard Apparatus, MA, USA) allowed measured
quantities of liquid feedstock with exact feed rate con-
trol, from 0.0004 to 77 ml min~*, to be delivered to the
two fluid atomizer.

Micron-sized liquid droplets can be produced using
various atomizers [8,9], such as an ultrasonic atomizer,
centrifugal atomizer, single-fluid atomizer and a two-
fluid atomizer. Though the ultrasonic atomizer gives the
best performance characteristics with respect to particle
size homogeneity [10,11], the two-fluid atomizer is
simple to design, build and operate [12]. In this work,
a two-fluid atomizer was used to atomize and inject
liguid feedstock into the flame. The working principle
involves a high velocity hydrogen gas flow exerting a
drag force on the slow flowing velocity liquid, thus
nebulizing the liquid stream. A high relative gas velocity
and atomizing gas density are important parameters for
the atomization [13].

The performance characteristics of the atomizer were
studied by recording the size distribution of the atomized
droplets produced under various operating conditions.
Preliminary studies were carried out in air, with water,
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isopropyl alcohol and compressed air and helium as the
atomized and atomizing fluids respectively. Based on
the results of these studies, torch performance involving
gun design (atomizer nozzle geometry and dimensions),
combustion gas flow and liquid feed rates were
optimized.

A parallel plate electrostatic precipitator (consisting
of a pair of polished 100 x 100 x 2-mm stainless steel
plates separated by a 10-mm thick ceramic insulator)
with an electric field strength of 6 kV cm ™! was used to
collect the flame synthesized powder. The LFS process
was tested by using manganese nitrate, aluminium iso-
propoxide and aluminium nitrate dissolved in isopropa-
nol and the powder examined with X-ray diffraction.

2.2. Diagnostic techniques

Process parameters such as fuel and oxygen flow rates
were varied and the flame characteristics recorded to
examine the effect of these parameters on the properties
of the processing medium. The experimental techniques
used for the characterization of the flame, droplets and
the particles involved four main methods. These are
indicated in Table 1 and will be discussed individually.

2.2.1. Laser diffraction anemometry (LDA)

A laser beam is diffracted from particles injected in
the path of a laser beam. Diffracted light forms a pattern
from which the droplet size distribution is calculated.
Measurement is possible for droplets in the range of
0.7-875 um with acquisition times of a few seconds up
to 120 s. In this study LDA was used to measure the
differences in droplet size with different atomizing gases
and solutions.

2.2.2. Laser doppler velocimetry (LDV)

The “two-beam interference method” was used for
recording the velocity profile in a forward scatter mode
arrangement (Fig. 3). Two laser beams, generated by a
5-W argon-ion laser (514.5 nm wavelength) are inclined
to produce an interference fringe pattern in a test volume
of about 1 mm?® The velocity of a particle traversing
through this small volume is calculated by analyzing the
signal received from the particle traversing through the
fringe pattern. A polarizer was used to improve the
signal-to-noise ratio in the measurement. The output
from the photomultiplier tube was connected to an IFA

Table 1
Diagnostic techniques used for characterization of particles and flame

Measured property Experimental technique

Particle size
Particle velocity
Flame temperature
Flame structure

Laser diffraction anemometry

laser Doppler velocimetry

pulsed laser Rayleigh scattering thermometry
Schiieren photography

Photomultiplier & Lense {f = 250 mm]

Recelving Modu[us\ Beam Splitter
To IFA-750 _ Polarization .
& Computer M I— Rotator
T . _\,\ l/\/ Ar-lon Laser
.. 0O ‘ 1 —»/T/ ‘ [0 oomw
S = | \ 514.5 nm]

Power Supply for -~ Toreh

Photomultiplie/’ Collimator
Burning
Gases 3-D Traverse Table

Fig. 3. Typical experimental configuration for flame diagnostics, show-
ing the LDV setup for measuring the velocity profile of the flame.

750 flow analyzer system (TSI Inc.) and the data pro-
cessed in an IBM-PC computer.

Two torch settings were used to investigate the effect
of gas flow rates on the particle velocity. A high flow
rate was produced with hydrogen and oxygen flowing
at 85 and 48 slpm and a low flow rate used 54 and
29 slpm, respectively. Droplets in the micrometer range
were used to measure the velocity.

2.2.3. Pulsed laser Rayleigh scattering thermometry

The principle of pulsed laser Rayleigh scattering ther-
mometry (PLRST) technique is to detect the intensity
of scattered laser light forming a single spot of 1 mm?
in size. The flame was divided into 100 quadrants and
the temperature measured along the center axis plane
[14]. PLRST directly provides the kinetic gas temper-
ature regardless of non-equilibrium conditions in the
flame.

2.3. Schlieren photography

The Schlieren technique, based on changes of the gas
flow refractive index arising from fluid density varia-
tions, was used to visualize the flame and study the
structure and turbulence in the flame [15]. It was also
employed to qualitatively record the flame-droplet
interaction.

The Schlieren system is comprised of a 200-W Xenon
light source, two large lenses of 25 cm diameter and
100 cm focal length, a knife-edge and a translucent
screen. A parallel beam of light is produced by placing
the first lens at the focal length from the aperture of the
light source and the second lens is placed approximately
2m from the first lens. The liquid flame spray (LFS)
gun is positioned approximately mid-distance between
these two lenses. A knife-edge is placed at the focal
point of the second lens so that part of the light can be
cut-off by moving the knife-edge.

The Schlieren images indicating the density gradients
in the flame were recorded on a CCD camera at a rate
of 30 frames s~* and then processed using commercially
available software. Variation in the flame structure,
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turbulence and stability of the flame with and without
the injection of atomized droplet was recorded to study
the effect of droplet injection into the flame.

3. Results and discussions
3.1. The atomizer

The droplet size produced by the atomizer will dictate
the extent of thermochemical reactions. A smaller drop-
let size will ensure a higher conversion to the end
product for reactions requiring a large heat input.
Henceforth, a combination of atomizing conditions were
investigated to produce a small droplet size.

The selection of atomizing gas is restricted to either
oxygen or hydrogen. The effect of choosing different
atomizing gases can be determined theoretically.
According to Nukiyama and Tanasawa [13], the Sauter
(surface-mean) diameter can be calculated from an
empirical formula for small nozzles (max. orifice size of
2 mm) using relative velocity U, (m s™*), droplet diame-
ter D (um), surface tension ¢ (x 107> Nm™1), liquid
and gas densities p, and p, (gcm™3), liquid viscosity 1
(Pa‘s) and liquid-to-gas mass ratio L/G. It should be
noted that this formula does not include the effect of
the atomizing gas density on the particle size. Instead it
uses only the liquid to gas volume flow ratio.

585 / g \9-50 o \0% L p,\**
Diy = — + 1683 1000 ——
U: \p1 Vapy G py

(1)

Calculated Ds, values from Eq. (1) for hydrogen and
oxygen as an atomizing gas and a stoichiometric fuel
composition are plotted as a function of gas flow rate
in Fig. 4. The diameter of the droplets produced with
hydrogen as the atomizing fluid is always smaller. Based
on this result, the LFS gun will operate more effectively
with hydrogen as the atomizing gas.

Increasing the atomizing gas velocity by changes in
gas flow rate can also lead to a further decrease in
droplet size. Results obtained from LDA agree with
theoretically predicted changes in droplet sizes (Fig. 5),
and indicates that theoretically predicted changes in
droplet sizes could be achieved by proper variation of
the atomizer parameters.

The experimentally reported droplet size in Fig. 5 was
taken from the first peak of the mass distribution data
(Fig. 6(a)). The distribution of droplet size varies from
several microns to between 50 and 60 um. In addition
to a decrease in droplet size at higher gas flow rates, the
population of small droplets increases. This is evident
from the increase in the height of the first peak, situated
at about 4 um, in the trimodal distribution. The weight-
ing of the first peak with respect to the total peak area
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Fig. 4. Droplet diameter as a function of atomizing gas flow rate for
hydrogen and oxygen atomizing gases. Water was atomized at a feed
rate of 500 mlh~?! through a @ 0.7 mm. The cross-sectional area of
atomizing gas (free volume) is 0.28 mm?.
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Fig. 5. The effect of atomizing gas flow rate on particle size determined
by calculation and experiment. The helium atomizing gas had a free
gas volume orifice of 0.49 mm? and liquid feed rate of 6.2 cm® min™*
from a @ 0.7 mm nozzle. The predicted particle size has been calculated
for the same atomizing parameters.

within the droplet size distribution indicates a rise from
8 to 20 and then to 30% of the total population with
an increase in gas flow rate (Fig. 6(a)).

Surface tension and liquid viscosity also influence the
atomized droplet size. This is illustrated in Fig. 6(b)
when the atomizing liquid is changed from water to
isopropanol. The mass mean diameter of the droplets
produced with the lower viscosity organic fluid (isopro-
panol) is approximately half the size of water-produced
droplets. The surface tension of organic solvents (i.e.,
isopropanol has 22 MN m %) is 3.3 times smaller than
the surface tension of water at room temperature
(72 MN m~1) [16]. Despite the larger droplet size pro-
duced by water it is a better solvation agent allowing
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Fig. 6. Variation in the droplet size distribution with (a) atomizing gas
flow rate and (b) atomizing liquid.

more material to be dissolved; however, isopropanol is

preferred when high material delivery rates are not
necessary.

3.2. The combustion flame

The flame temperature, droplet velocity and flame
structure will determine the extent of reaction during
liquid flame spraying. These will be examined in turn.

3.2.1. Temperature

The LFS gun performed satisfactorily with a wide
range of gas flow rates. Stable flames could be achieved
with gas flow rates as high as 100 1 min ! for hydrogen
and 50 I min~! for oxygen. Flame temperature measure-
ments showed that even a fast burning oxy-hydrogen
flame reached about 2600°C (Fig. 7). This temperature
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Fig. 7. Flame temperature distribution measured using PLRBS. The
spraying parameters are; 351mi™! H,, and 201mi~! Q, with no
injected liquid.

is characteristic of oxy-hydrogen flames with the distri-
bution dependent upon the mixing and turbulence within
the flame [17]. The flame temperature increased to a
maximum at 45 mm from the nozzle exit. The temper-
ature fall was more gradual, extending out to 130 mm
at 1000°C. Droplets can thus be kept at temperatures
above 1000°C up to 10 cm from the point of injection.
It is expected that higher flow rates of the combustion

gases will displace these high temperature regions further
from the torch exit.

3.2.2. Velocity

The radial flame velocity distribution, at 60 mm down-
stream, for a high and low velocity flame, is shown in
Fig. 8(a). The high flow rate condition indicates that
the flame is broader and particles on the outside of the
flame have a higher velocity. The 25-mm broad velocity
profile is consistent with Schlieren images where the jet
spreads by the same amount (Fig. 9).

The centerline particle velocity is parabolic with
respect to the downstream distance (Fig. 8). Particle
speed increases rapidly to a maximum velocity and then
decreases more slowly further from the torch. The profile
for different gas flow rates remains the same but is
displaced downstream. For a low gas flow rate, the
particles accelerate very rapidly to a velocity of
140 m s™* at 5 mm from the exit and reach a maximum
of 160 mm at 30 mm. For a higher flow rate the location
of maximum particle velocity is offset ~10 mm down-
stream, i.e., it occurs further downstream at x =40 mm
but follows a similar phase of acceleration and
deceleration.

An initial velocity will be imparted to the droplet
from the liquid flow through the atomizer. A greater
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Fig. 8. (a) Radial velocity distribution and (b) axial velocity distribu-
tion of the LFS gun flame measured 60 mm from the torch exit.

atomizing gas flow rate will produce smaller droplets,
but these attain their maximum velocity further down-
stream. This delay suggests that droplets in a fast flame
have less time to evaporate and thus the large droplet
size and higher bulk liquid density (due to more solvent
present) prevents the droplet from being accelerated
more easily. Use of an aqueous solvent could thus lead
to a further decrease in maximum velocity. The lower
velocity for particles in the high gas flow rate flame can
be seen both in the radial and axial velocity profiles
(Fig. 8).

These results indicate that solvent evaporation of the
liquid droplets occurs near the exit and the particles
maintain the effluent trajectory after achieving their
maximum velocity. The particle size measurements using
LDA indicates that the size of the particles is less than
10 um. Thus, the particle velocities are also indicative

(b)

Fig. 9. Schlieren images of the (a) flame and (b) flame with liquid
injection.

of the flow velocities greater than 30-40 mm down-
stream of the exit. The gas and particle velocities are
almost equal in the LFS process. This is not observed
in other thermal spray technologies where the injected
large particles have velocities which are only a fraction
of the flame velocity.

3.2.3. Flame structure

Schlieren images illustrate the changes in flame condi-
tion, such as turbulence and flame length, upon fluid
injection (Fig. 9). High turbulence in the outer region
of the flame occurs at the high gas flow rates employed,
and is visualized as mixing with the surrounding air.
The central “pencil like” unmixed region is seen up to
about 4 cm from the nozzle after which it is completely
mixed (Fig. 9(a)). This unmixed region is longer upon
injection of liquid. The injected liquid delays mixing of
the aerosol with the surrounding air. Any thermochemi-
cal reaction within this region will thus be dictated by
the flame stoichiometry, producing a reducing or oxidiz-
ing environment.

The length of the jet is also changed upon liquid
injection. Use of isopropanol increases the length and
heat content of the flame length due to the exothermic
nature of alcohol combustion. By varying the flow rate
of the isopropanol liquid, the flame can be extended by
as much 10cm. The opposite effect is obtained with
ageous solutions which cool the flame; hence producing
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a shorter flame length (Fig. 9(b)). This shortening of
the flame appears as an expansion of the jet. A larger
quantity of injected liquid may increase the feed rate of
the feedstock but at the cost of reducing the flame
length; thus decreasing the amount of heat transfer to
the injected liquid and the extent of reaction.

3.2.4. Evaluation of LFS process

Various precursors were selected to assess the LFS
technique. Manganese nitrate (100 g) dissolved in 500 ml
of isopropanol was sprayed with a hydrogen atomizing
gas in a stoichiometric flame. X-ray diffraction of the
collected powder on the electrostatic precipitator
revealed that the thermochemical reactions within the
flame produced manganese oxide, Mn,O; with a mean
crystal size of 40 nm. This phase has also been reported
by Kang et al. with low pressure spray pyrolysis [18].
Aluminium isopropoxide (18 g) dissolved in 350 ml of
isopropanol and aluminium nitrate (31 g) in 600 ml of
isopropanol produced both 8- and y-alumina after liquid
flame spraying. The crystal sizes were approximately the
same with d-alumina exhibiting a slightly larger crystal
size. Both phases of alumina are typical for highly
quenched alumina melts [19]. Present research is
addressing the reactions that occur within the flame.

4. Conclusions

A new thermal spray process which uses atomized
liquid droplets as the spray feedstock has been charac-
terized. Diagnostic experiments have shown that the
liquid flame spray gun produces a stable flame under
wide ranges of hydrogen and oxygen flow rates. The
droplet size distribution can be varied by changing the
atomizer parameters such as atomizing gas flow rate,
liquid type and liquid feed rate. Micron-sized dropiets
can be produced both with aqueous and organic feeds-
tock solutions but the latter produces finer size droplets.

Injection of droplets produces a central region where
no mixing occurs with the surrounding gases. Flame
length is controlled by the gas flow rates and the solvent
used to dissolve the precursor material. An organic
solvent such as isopropanol extends the flame length.

Droplets show a slightly asymmetric velocity distribution
along the torch axis. Acceleration and evaporation of
the liquid droplets occur simultaneously. Flame-pro-
duced particles then follow the velocity profile of the
flame jet.
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The effects of process parameters on thermal barrier coating
(TBC) formation and microstructural properties have been
studied. Further understanding of the evolution of properties
such as porosity and hardness is an important aspect in the
design of efficient TBCs. Plasma-sprayed yttria-stabilized zir-
conia was coated onto mild steel substrates. The torch was held
perpendicular to the substrate to form cone-shaped deposits.
Standoff distance (SOD) (80, 90, and 120 mm) and time (15,
30, and 60 s) were altered to investigate the microstructural
property relationships of the coatings. Shape characteristics of
the coatings were measured via a coordinate measuring
machine, and surface roughness measurements were acquired
using a 3D optical profiler. The deposition efficiency and coat-
ing roughness were affected by SOD and the evolving contour
of the underlying surface. Hardness and porosity profiles were
mapped to display the effect of process parameters. Dynamic
parameters such as particle trajectory, evolving impact angle
and dwell time affected changes in porosity, hardness, and den-
sity for each coating profile.

I. Introduction

HE performance of thermal barrier coatings (TBCs)

depends on the process parameters used to form the
deposit.'™ Many of these variables can be controlled;
whether by altering a gas flow rate or power level, or chang-
ing to a feedstock with different morphology. Other vari-
ables, however, cannot be directly controlled. Thermal spray
coating parameters can, therefore, be formed into two differ-
ent groups: First, those parameters that can be controlled,
such as those mentioned previously, which will be referred to
as static parameters or variables. The second group of
parameters is dynamic, meaning those that are changing over
time as the coating is formed. The number of dynamic
parameters for any thermal spray coating process will be
determined by the shape and nature of the substrate. Param-
eters related to particle trajectories, temperatures, and veloci-
ties will largely fall into the dynamic group. However, as the
coating process evolves so too will the number of the static
parameters. Moreover, some parameters that would have
begun the coating process as static, such as standoff distance
(SOD), could move into the dynamic group. This change
from static to dynamic could arise either (i) as the coating
thickness increases or (ii) as the substrate geometry becomes
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more complex and reveals nonsymmetrical changes in SOD
within the coating footprint.

Geometry aspects are among the more difficult to control
because the spray footprint remains a static variable through-
out any single coating process. The size of the geometrical
aspect with respect to the spray footprint will cause dynamic
parameter changes in velocity, temperature, impact angle,
and particle dwell time. These coating variables are known
to cause increased porosity due to unmelts.® In addition,
effects of particles that bounce off the coating surface and
shadowing effects due to the deposition angle’ can also result
in increased porosity. Although an increased porosity has
been shown to increase thermal shock resistance,® the verti-
cally graded porosity within a localized region could become
a locus for failure.

The characteristics of a plasma flame depend on static
parameters. Review articles published in 1966° and 1972'°
outlined the variables involved in plasma spraying and
emphasized the sensitivity of the process, especially in terms
of spray and deposition efficiency (DE). The effects of alter-
ing these static parameters on the performance of the TBC
influence their direct relationship between particle tempera-
ture and velocity on the coating microstructure.!' This
method of analyzing coating systems was further enhanced
with the aid of in situ diagnostic equipment that provided the
ability to correlate coating microstructures and properties
with in-flight particle characteristics.'” These sensors'* '® pro-
vided important insights into the behavior of in-flight parti-
cles; allowing for more robust modeling and refined control
of the static process parameters so that more consistent coat-
ings were manufactured.'”'®

Porosity is an important attribute of TBCs because it is
the prime contributing factor to low thermal conductivity
and enables hi§her, more efficient operating temperatures of
components.'”?® Scrivani er al.?' established that gradual
increases in porosity of thick TBCs could be achieved by
decreasing the plasma torch power, without compromising
the integrity of the coating microstructure. A design of exper-
iment using polynomial regression showed that lowering the
primary gas flow rate from 50 to 35 L/min and increasing
the secondary gas flow rate from 8 to 14 L/min in an argon/
hydrogen plasma coating system decreased the porosity of
yttria-stabilized zirconia (YSZ) coatings from 21.2% to
8%.> The parameter changes within the plasma spray
process that lead to increased particle temPeratures which
are a key contributor to porosity variations.>

Regression models®* have indicated that parameter
changes, which lead to increased particle temperatures and
velocities, were most influential with respect to creating den-
ser YSZ coatings. Although the technology to measure parti-
cle temperature, velocity, and size distribution during the
coating operation is becoming increasingly common, the



2 Journal of the American Ceramic Society—Sesso et al.

angle at which these particles will impact a substrate and
form splats adds complexity to the manufacturing operation.
Not only do the geometrical attributes of the substrate and
torch alignment effect the impact angle, but also the nature
in which particles are projected within the plume.”®> An
increase in the impact angle has been shown to increase the
porosity of a plasma-sprayed coating.”?®?’ As the impact
angle increases, then the likelihood of the splats impacting
and taking the form of the underlying contour decreases;
thereby leaving large open segments or shadows that cannot
be filled by subsequent particles.

A common method of evaluating the performance and
mechanical properties of thermal spray coatings employs
hardness measurements.”® ! Although the microhardness of
plasma-sprayed ceramic coatings is known to be susceptible
to errors,’ it can be of use as a comparison tool among a
group of coatings for a particular experimental matrix. Sta-
tistical modeling of the hardness of a two-layer TBC system>*
used a Weibull analysis to show the effect of aging time and
temperature on the hardness of the TBC, and displayed the
variability in hardness at higher temperatures. Janos er al.®!
related the hardness and porosity of plasma-sprayed zirconia
to its erosion resistance after periods of thermal aging. This
study, along with another,”® found that coating hardness
increased as the porosity was reduced due to sintering effects
from thermal aging.

The DE, m, relates the weight of the coating to the weight
of the powder that was sprayed. For ceramic TBCs, DEs in
the range between 40% and 70% are not uncommon and, as
with most microstructural properties, it is closelg/ related to
both static and dynamic process parameters®*>° as well as
torch geometry and plasma jet enthalpy.’’

The importance of understanding the effects of parameter
changes is crucial in producing more efficient and perfor-
mance-designed coatings. There still remains much in terms
of understanding and the evaluation of effects that processing
parameters confer on the coating microstructures and perfor-
mance. The aim of this study was to further develop and
refine the relationship between surface topography, micro-
structural characteristics, and plasma spray process parame-
ters; in particular, the classification of parameters into static
and dynamic groups and their effect on the coating topo-
graphical and microstructural properties. Although a non-
conventional method of producing TBCs was used in this
study, which resulted in coating buildup and hence thickness-
es significantly greater than those used in engine applications,
the method allowed for the evaluation of dynamic parameter
changes; e.g., particle impact angle, on the microstructural
properties during the coating process.

II. Experimental Procedure

(1) Materials and Spray Conditions

Ceramic deposits were atmospheric plasma sprayed (APS’ed)
onto mild steel plate using a Metco 7 MB plasma torch with
a Metco GH nozzle consisting of a 7 mm internal diameter
(Sulzer Metco, Westbury, NY). The mild steel plates were
4 mm thick and end milled to 147 mm x 147 mm with a tol-
erance of £0.01 mm. Argon was used as the primary gas at
a flow rate of 42.1 NL/min or 68.74 g/min at 0.7 MPa. The
secondary gas was hydrogen at a flow rate of 6.1 NL/min or
0.503 g/min at 0.34 MPa. The position of the torch was con-
trolled via a six-axis robot (YR-SK16-J00; Motoman Robot-
ics, Miamisburg, OH). Feedstock was yttria-stabilized (8%)
zirconia (Metco 204NS, HOSP™)*® with a particle size range
of —125 + 11 um and a morphology that was spherical and
hollow. Compared with YSZ feedstock produced via other
methods, HOSP™ YSZ powders offer advantages when
applied as a TBC with APS. The prealloying of the starting
materials used to produce the powder ensures the phase sta-
bility and homogeneity of the powder. This in turn leads to a
coating with the desired cubic-tetragonal structure and com-

Table I. Experimental Matrix Used for this Study Where
the Values Within the Matrix Represent the Identification
Code. That is, “15/80” Represents “15 s at a Standoff
Distance of 80 mm”

Standoff distance

Time (s) 80 mm 90 mm 120 mm
15 15/80 15/90 15/120
30 30/80 30/90 30/120
60 60/80 60/90 60/120

position resulting in performance benefits during thermal
cycling.®® Furthermore, the spherical morphology and low
density of such powders result in improved flowability and
uniform melting during the APS process.*® The powder was
fed at 30 g/min with argon as the powder feed gas through a
2-mm-diameter injector nozzle that was placed 8.5 mm from
the central torch axis. Time and SOD were altered to form
an experimental matrix, Table I. The nonuniform variation
in SOD was selected to investigate the effects of large and
small SOD fluctuations from an optimum; i.e., 90 mm, on
the microstructural properties.

The torch was held stationary while the coatings were cre-
ated. Once the prescribed time had elapsed two operations
were simultaneously performed: (i) the torch was moved
away from the target where the shutdown procedure could
take place and (ii) the powder feed was terminated. Although
this is not a typical procedure used to form a coating, this
protocol allowed analysis of dynamic thermal spray vari-
ables.

(2) Shape and Contour Evaluation and DE

Due to the nature of the experiment, the shapes of the coat-
ings obtained are best described as stalagmites, Fig 1.
Detailed shape and contour data were achieved with the use
of a coordinate measuring machine (CMM - Sheffield
Discovery II; Hexagon Metrology Services Ltd, Surrey, UK).
The CMM uses a touch sensitive probe attached to a third
axis of a gantry-style numerically controlled positioning
device. The probe contacts the part or shape being measured,
and once a user-defined force is registered at the tip, an XYZ
location coordinate is recorded. All XYZ coordinates were
referenced with respect to the center point of the end-milled
substrates, Fig. 2. The coordinate system origin was located
on the surface being coated with the central axis of the torch
aligned to this point along the Z axis. The CMM has repeat-
ability no less than 0.48 pm and a linear accuracy no less
than 4.2 ym. The three-dimensional coordinate data were
imported into OriginPro 8.5 (OriginLab Corporation, North-

Fig. 1. As sprayed stalagmite using a standoff distance of 90 mm
and spray duration of 60 s.
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Fig. 2. Experimental spray setup showing the XYZ coordinate
system used when digitizing the stalagmites. The origin on this
coordinate system was located on the surface at the center point of
the end-milled substrates. The central axis of the torch was aligned
to this point along the Z axis. Powder injection was set parallel to
the Y+ axis.

amton, MA), where the shape and contour characteristics
were analyzed.

Target DE was calculated by using the relationship of
coating weight to weight of powder sprayed. The precision
end-milled substrates were weighed before and after each
coating operation within an accuracy of 0.01 g. Target DE
differs from intrinsic DE in that the former takes into consid-
eration variables such as torch motion and substrate geome-
try. Intrinsic DE, on the other hand, refers to the maximum
possible amount of feedstock deposited for a given set of
process parameters.*® This is particularly important in this
study as the evolving shape of the coating continuously
affects the DE.

(3) Surface Topography and Roughness Measurements

The change in surface roughness over the profile of the stalag-
mites was measured with the Contour GT-1 3D Optical Profil-
er (Bruker Corporation, Billerica, MA). The plates were
aligned on the 3D profiler stage and the highest peak on each
stalagmite was located. A 5 x 2 objective scanned ~1 mm?
sections of the surface, starting from the peak location. Only
certain segments of the stalagmites were recorded. Between 9
and 21 surface profile measurements were taken per sample.
The reason for the difference in the number of measurements
arises due to a combination of the height of the stalagmites
and focal length of the objective. Tilt and curvature were
removed from the surface profile data and the roughness was
separated from the waviness with the use of a robust Gaussian
regression filter as per ASME B46.1*' using Vision for Profil-
ers 4.20 software (Veeco Instruments Inc., Plainview, NY).

(4) Porosity and Hardness

All samples were metallography prepared so that porosity
and hardness measurements were measured along the Y axis.
Samples were first mounted with epoxy resin under vacuum
to maintain an intact coating during sectioning along the Y
axis. The samples then underwent a second vacuum mount-
ing process to ensure edge retention during the polishing
stages. The cross-sectioned samples were divided into seven
separate regions where porosity and hardness measurements
were taken. These sections consisted of (i) three areas along
the base of the coating running parallel to the substrate
where the coating thickness was at least 150 pm, denoted
bottom left (BL), bottom center (BC), and bottom right
(BR); (ii) three areas along the halfway point also running
parallel to the substrate denoted middle left (ML), middle

center (MC), and middle right (MR); and (iii) a single area
at the tip (TP).

Porosity measurements were performed by image analysis
(ImagelJ 1.45s; National Institutes of Health, Bethesda, MD).
Four to five images under identical conditions were captured
at each section under identical conditions; i.e., contrast and
brightness, using a Leica MEF4M inverted optical metallo-
graphic microscope (Leica Microsystems GmbH, Wetzlar,
Germany). Once the characteristics of the coating porosity
were established, the images were then subjected to binary
thresholding using the Otsu algorithm.** This yielded the
total porosity of the coating that was then averaged for the
particular location.

Vickers microhardness tests (Micromet 2103 Microhard-
ness Tester; Buehler, Lake Bluff, IL) were performed at the
same locations with four to five measurements taken at each
section. Measurements were conducted so that the two diag-
onals of the indenter were parallel and perpendicular to the
substrate and the distance separating each indent was a mini-
mum of three times the diagonal length. A 300 gf load
(2.942N) was applied for 15 s on each test. Average values
were then calculated for each section.

III. Results and Discussion

(1) Shape and Contour
The contour plots of all coatings within the experimental
matrix exhibited simular shape characteristics in the form of
an angled ellipse. Figure 3 shows an example of a contour
plot for the coating ID 30/120. The elliptical shape has been
reported in simulations and is explained by the location of
particle injection in terms of the injectors angular location
around the plume and particle size distribution within the
plasma plume.** However, the offset angle experienced in
these experimental results could be the result of arc fluctua-
tions during plasma formation within the torch. This rela-
tionship between all stalagmites suggests that there is another
mechanism outside of the parameters considered, such as
that of individual particle trajectory within the plasma flame.
The results indicate a link between the particle trajectory and
the two parameters altered in this group of experiments.
Figure 4 summarizes the Y axis offset locations (a), peak
height (b), and DEs (c) of the stalagmites for the different
spray durations and SODs. For SODs of 90 and 120 mm,
the stalagmite peak on the Y axis location decreased with
increasing time. That is, the stalagmite formed below the cen-
tral axis of the torch. However, decreasing the SOD to
80 mm caused the Y axis locations of the stalagmite peaks to
shift above the central axis of the torch. This decrease in

Fig. 3. Contour plot of coating ID 30/120 showing the offset
angled ellipse of the spray footprint.
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(@)

(b)

(©)

Fig. 4. (a) Y axis offset of the stalagmites with respect to the origin
of the substrate, (b) Z peak height of the stalagmites, and (c)
deposition efficiency. All with respect to standoff distance with the
different shades representing the three static times used in the
experimental matrix. Refer to Fig. 2 for coordinate system
designation.

Fig. 5. Bar plots showing the average roughness (Ra) for the three
different times grouped by standoff distance. The figures inside each
bar indicate the number of roughness values used to determine the
average (n) and the error bars are the standard deviations (c).

SOD shortens the dwell time of the particles within the
plume, thereby not allowing adequate time for particles to
drop through to the central axis of the plasma jet. This
causes the stalagmite to form above the central axis of the
torch. Maximum stalagmite height and DE are plotted
against SOD in Figs. 4 (b) and (c), respectively. Trends with
respect to peak height, SOD, and time can be distinguished.
Coating peak height increases with time and decreases as the
SOD lengthens.

(2) Deposition Efficiency
Deposition efficiency versus SOD is plotted in Fig. 4(c). The
DEs over the three times for SODs of 80 and 120 mm show

(@)

(b)

Fig. 6. Micrograph of a coating built up over a 60-s period at a
standoff distance of 80 mm highlighting the shadowing or Christmas
tree effect toward the tip of the stalagmite (a). This was the main
cause of the increased roughness during longer dwell times. The
schematic highlights of the influence of particle trajectories on this
Christmas tree effect with respect to impact angle (b).

little variation compared with the 90-mm SOD. The DE for
the 80-mm SOD decreases with coating time, from 43% to
35%. This is expected because, as the height of the stalagmite
increases, Fig. 4(b), the impact angle within the spray foot-
print increases resulting in a less than optimum deposition
surface. In addition, the dwell time of the particles within the
plasma constantly decreases as the stalagmite is formed,
allowing less time for the particles to reach an ideal combina-
tion of temperature and velocity that would facilitate splat
formation. That is, there is a transition from a static to a
dynamic variable with regard to the SOD.

The combination of decreasing DE with increasing time in
the 80-mm SOD case, and the coating buildup occurring in
the positive Y axis location, Figs. 4(c) and (a), respectively,
may result from a lesser number of particles reaching loca-
tions within the plasma plume that would result in optimum
conditions for adhesion. The 90-mm SOD, on the other
hand, required more time before the DE began to increase;
while the Y offset location, although in the negative region,
stabilized at around 3 mm below the origin. The DEs at the
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120- and 90-mm SOD, however, depended more on the
dynamic parameters of dwell time and travel distance of the
particles. The DE for the 90-mm SOD displayed an opposite
trend to that of the 80-mm SOD.

Although the optimum flat surface perpendicular to the
particle trajectory decreased with time, the recipe of all
parameters provided the most favorable temperature and
velocity for the particles to adhereat the 90-mm SOD, with
DEs of 27%, 34%, and 47% as the time increments
increased. A similar analogy can be found when analyzing
the DE for a SOD of 120 mm. The coatings at 60 and 15 s
displayed the lowest DEs of 25% and 27%, respectively.
However, a coating time of 30 s provided conditions that
increased the DE to 35%.

(3) Surface Roughness
The Ra values of the top 10 mm of each stalagmite are plotted
in Fig. 5. The average roughness was observed to decrease
with both time and SOD. At 80-mm SOD, the roughness dis-
plays the highest variation with values of 5.2, 7.9, and 18.6 um
for 15, 30, and 60 s, respectively. A slightly smaller increase in
roughness was observed for the 90-mm SOD that reached a
roughness of 11.5 um after 60 s. For a SOD of 120 mm, how-
ever, the variance was relatively small, with all roughness val-
ues falling within a 1 um Ra value of each other; i.e., 3.7, 4.0,
and 4.4 for 15, 30, and 60 s, respectively.

The increase in roughness over time is due to a “Christmas
tree” effect, or shadowing, that arises as stalagmite
peaks increase and widths decrease, Figs. 6(a) and (b). The

Christmas tree effect is pronounced for stalagmites with steep
peaks due to the particle flux for the shorter SOD being
smaller, resulting in narrower impact angles and hence a lar-
ger number of particles depositing onto the forming
branches. On the other hand, the longer SODs allow time
for the particle impact angle to increase, as well as the parti-
cle flux diameter to increase, with the outcome that a
broader stalagmite forms with less shadowing or branching.

(4) Porosity and Hardness

Contour plots depicting the porosity distribution for the
experimental matrix can be seen in Fig. 7. All plots have
been realigned with the central Y axis for representation
purposes. Both the dwell time and SOD parameters effect
the distribution of porosity for each of the stalagmites. All
stalagmites display the lowest porosity at the top of the
peak, with the denser part of the coating tending to move
down the left side of the stalagmite, or below the central
axis of the torch. This behavior could indicate that particles
passing through the central axis of the plume have acquired
sufficient temperature to permit a pore-free solidification
process on the underlying surface. It was likely that particles
that did not pass through the plume and remained on the
outer peripheries were not in the semimolten state adding to
the increased porosity in these areas. This is further high-
lighted by observing the right side of all stalagmites in
Fig. 7, which for all cases is above the central axis of the
torch and is the location that exhibited the highest percent-
age of porosity.

Fig. 7. Porosity distribution contour maps of each stalagmite. The section was made down the central Y axis of the coating. All plots have been
realigned with the central Y axis for representation purposes. The box in the bottom left corner of each plot represents the standoff distance in

mm and time in s (SOD/time).
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Increasing the SOD provided a more uniform porosity dis-
tribution throughout the stalagmite; which is especially evi-
dent for coatings formed over 60-s periods. For the SOD of
90 mm, increasing the dwell time caused a decrease in coat-
ing porosity at the tips. This trend, however, did not occur
for the other SODs of 80 and 120 mm, where in both cases
the lowest porosity occurred for a dwell time of 30 s.

The porosity distribution at the tips would arise from sev-
eral factors. For example, an intense glow was observed at
the tips for dwell times of 30 and 60 s and this phenomenon
would have attributed to localized sintering of these areas.
Although the onset of sintering normally requires a larger
number of cycles or hours at temperatures above 1100°C, the
microstructural property changes observed are similar to
those reported in other studies®** as effects of sintering. The
tip region would have also been associated with higher parti-
cle temperatures that would result in denser coatings.”*

The increased porosity at shorter coating times was associ-
ated with lower particle temperatures, which give rise to
increased substrate temperatures and lower thermal conduc-
tivities.?> The shorter times implied that the stalagmites did
not grow to the extent of those formed over longer periods.
Therefore, particle temperatures and velocities would have
decreased with the increase in dwell time leading to high
porosities. For coatings formed over a 15-s period, the
porosity at the tips increased from 6.7% to 8.5% to 21% for
SODs of 80, 90, and 120 mm, respectively. A similar trend
was exhibited for the stalagmites formed over 30-s periods.
Comparison of the optical micrographs of microstructures at
three different locations, namely, at the tip, middle center,
and bottom center of the stalagmites, provided further indi-
cation of the possibility of sintering, Fig. 8. This pattern of
open porosity distribution for the three locations was
observed for all coatings. However, it was more pronounced
for coating times of 60 and 30 s.

Contour plots showing the hardness distribution for the
experimental matrix can be seen in Fig. 9. As expected, the
coating hardness is related to the porosity; with hardness val-
ues close to that of dense YSZ at the stalagmite tips. The dis-
tribution of the hardness, however, contradicts that of the
porosity. The hardness over the contours decreases toward
the left of the coatings, or below the central axis of the torch.
While an increase in hardness is exhibited on the right side
of the stalagmites that is above the central axis of the torch.
This could be attributed to local softening of the coating in
these regions where higher particle temperatures were pres-
ent. Moreover, simular decreases in hardness were reported
by Portinha er al.*® where their coatings had undergone
annealing for 100 h at 1100°C.

Hardness values at the center of the stalagmites were simi-
lar to those of dense, as-sprayed coatings.’®* The hardness
values greater than 900 HV, which are located at the tips of
the coatings formed over 60 s and SODs of 80 and 90 mm,
are comparable to dense coatings that had undergone 16 h
of thermal aging at 1482°C.3!

The relationship between hardness and porosity at the var-
ious locations of the stalagmites is plotted in Fig. 10. The
seven individual locations mentioned in Section II(4) are
each represented by different shapes on the plot, as shown in
the legends. Relationships were established for the left, right,
and center locations of the stalagmites as indicated by the
solid, dotted, and dashed lines, respectively. Although each
of the three sections of the stalagmites displays a decrease in
hardness together with decreasing porosity, the range over
which the decreases occur, i.e., the slope, demonstrates differ-
ences among three locations. The solid linear fit line repre-
senting the stalagmite section below the central torch axis
shows a steep negative gradient where the porosity varied
between 10% and 20%, yet the hardness exhibited a sharp
drop from about 820 to 420 HV. The dashed linear fit line
that represents the center location of the stalagmites exhibits
a slightly broader slope, encompassing a wider range of

@

(b)

(©)

Fig. 8. Optical micrographs showing the (a) tip, (b) middle, and (c)
base of coating ID 60/80 taken along the central axis sectioned along
the Y plane.

porosity and hardness. The dotted linear fit line that denotes
the stalagmite portion above the central torch axis displays
the largest variation in porosity, however, the hardness range
matches that of the center location; i.e., 828—604 HV. This
behavior not only highlights the relationship of hardness and
porosity of TBCs but also the impact of particle trajectories
and location on the material properties.

As average values across all SODs and times were used
for the plots in Fig. 10, the relationship between the porosity
and hardness for the three locations is attributed to impact
angle and the location of particle injection. If particle trajec-
tories and injection angles as described in Fig. 6(b) are
applied, it can be shown that the negative slope decreases as
particles are required to travel further through the plume.
Furthermore, the increased particle temperatures and thermal
softening experienced on the left side of the stalagmite
together with changes in impact angle over small areas within
the spray footprint caused only slight variability in the
porosity, while the hardness fell from 828 HV to below
300 HV. Particles impinging the right side of the stalagmite
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Fig. 9. Hardness distribution contour maps of each stalagmite. The section was made down the central Y axis of the coating. All plots have
been realigned with the central Y axis for representation purposes. The box in the bottom left corner of each plot represents the standoff distance

in mm and time in seconds (SOD/time).

Fig. 10. Relationship between the hardness and porosity of the
stalagmites. Each marker represents the average hardness—porosity
value at the seven different locations were measurements of each
property were taken. Linear fits for the left side (solid line), center
(dashed line), and right sides (dotted line) are plotted.

with lower temperatures, however, showed a larger variabil-
ity in porosity while maintaining hardness values between
828 and 600 HV. This relationship between particle behavior
and microstructural properties further highlights the effects
that a dynamically changing geometry can have on the
coating.

IV. Concluding Remarks

The effects of static and dynamic process parameters on the
topographical and microstructural properties of YSZ TBCs
have been studied. The static parameters altered throughout
this study, i.e., time and SOD, caused dynamic particle
parameters related to the dwell time such as temperature,
velocity, and impact angle to change. This resulted in several
stalagmite topographies, DEs, and microstructural proper-
ties.

The alternating Y offsets indicate the importance of con-
trolling the powder injection location and SOD. Further-
more, width, peak height, and average roughness are likewise
related to SOD. The steep peaks and narrow widths associ-
ated with shorter SODs show that the particle flux is con-
fined to a smaller area that broadens as the SOD increases.

DE is seen to be sensitive to both static and dynamic pro-
cess variables. The closer SOD of 80 mm and short dwell
time of 15 s resulted in a DE of 43% that was only matched
once the SOD was increased to 90 mm and the coating was
allowed to form over 60 s resulting in 48% DE. Therefore,
high DEs on complex surfaces can only be achieved with due
control of the SOD and dwell time.

There is a close relationship between the microstructural
properties of porosity and hardness that is related to the
impact angle and injection location. The effects of thermal
aging are attributed to the decrease in hardness in the denser
zones located below the central torch axis. The increased
porosity at the stalagmite base is attributed to the increased
impact angle at the edges of the spray footprint along with
lower particle temperatures and velocities. The unsymmetrical
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behavior of hardness and porosity over the cross section of
the stalagmites can be attributed to injection location and,
therefore, dynamic particle properties.

The results show the effect of time and SOD on TBC for-
mation and microstructural properties, with a particular
emphasis on the dynamic parameters of the plasma spray
process. This study shows that small variations during the
coating process, whether they be geometric changes in the
substrate surface or process parameters that effect particle
flight characteristics, influence the microstructural properties
of a coating and the DE of the process. Future work will
consider particle dynamics within the plume by the use of a
diagnostic system and how these can be coupled to coat com-
plex geometries.
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Thermal Spray Coatings: Processing, Microstructural Architecture and their Materials Engineering
Design

Chapter 2. Microstructural Evolution and Design

2.1 Introduction
Chapter 2 is composed of 4 manuscripts that, broadly, focus on the microstructural evolution
of coatings. The applicant has initiated many studies that formulate schemes to characterize
and distinguish microstructures; ranging from an arbitrary classification of morphological
features that relate to the density and defect structure, to a quantitative analysis via a fractal
dimension analysis.

The cold spray study expressed in manuscript 3 examines the difficult-to-process material of
WC-Co. It is verified that the optimum microstructure that retains the nanostructure can be
achieved. The other three manuscripts pick up on work that was initiated in 1998 (G.
Montavon, C. Coddet, C.C. Berndt and S.-H. Leigh, "Microstructural Index To Quantify
Thermal Spray Deposit Microstructures Using Image Analysis”, J. Thermal Spray Tech., 7[2]
(1998) 229-241). These three manuscripts present a detailed description and analysis on the
taxonomy of Nd-Fe-B thick coatings. These materials are used in magnetic applications and
were difficult to procure. Stereology protocols were used to derive the porosity level, pore
size, and shape distributions. The nature of annealing was assessed and found to not alter the
distribution trend of pore number but to effect significantly the distribution of pore volume
fractions.

The 126 publications with the identification numbers below are considered as contributions
that focus on this specific subject material. Chapter 7 of this thesis outlines the methodology
employed for this analysis.

1 132 191 232 285 393

2 133 192 235 288 398
18 134 197 238 289 401
21 139 198 241 290 403
22 145 199 242 291 407
26 147 200 248 300 415
68 148 201 249 302 417
70 149 203 252 306 418
74 150 215 253 317 419
84 151 216 255 327 421
88 160 217 257 328 422
91 161 221 258 330 425
92 162 222 265 335 426
96 163 223 274 341 431
97 166 224 275 344 433
98 167 225 276 350 446
99 173 226 278 360 447
111 175 228 279 364 448
117 178 229 280 372 449
126 179 230 283 385 452
128 183 231 284 386 454

Chapter 2. Microstructural Evolution and Design Page 17



thin

ﬁlﬁ%mz

www.elsevier.com/locate/tsf

ELSEVIER Thin Solid Films 416(2002) 129-135

Microstructural characteristics of cold-sprayed nanostructured WC—-Co
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Abstract

The cold-spray process was used to prepare nanostructured WC—Co coatings. The coating microstructural characteristics and
phase composition were analyzed via optical microscopy, scanning electron micrd&Bly and X-ray diffraction(XRD).
The morphology and microstructure of the nanostructured WC—Co powder were also analyzed by SEM and XRpmA 10
thick coating was achieved. The powder particles and coating microhardness were also evaluated and compared. The results show
that there is no degradation of the WC—-Co powder during the cold-spray process and well bonded and phase pure WC coating
can be produced by the cold-spray process.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Thermal spray; Cold-spray; Coating; Nanostructured WC—-Co; Microstructure

1. Introduction atoms are associated with grain boundaries. As the grain
size is reduced to 10 nm, the percentage increases to
1.1. Nanostructured materials 30; at 5 nm, approximately 50% of all atoms are

associated with the grain boundary sites. The unique
properties of nanograined materials are associated with

structures, nanophase materials, or nanometer-sized crysin€ fineness of structure as well as the enhanced solu-

taline solids) have crystal sizes of typically blllt_y and increasing atomic mobility associated with

approximately 10-1000 A1-100 nm in at least one  9rain boundaries1].

dimension. Nanostructured materials come in two gen-

eral morphologies(i) nanql_ayered materials dgposited 1.2. Cold-spray processing of nano WC—Co coatings

by physical vapour deposition or electrodeposition pro-

cesses andji) nanograined materials, which are usually

consolidated from nanostructured powdgtk The cold gas-dynamic process spray method or simply

As the grain size becomes smaller, there are ancold-spray is a high-rate material deposition process in

increasing number of atoms associated with grain bound-which small, unmelted powder particléypically 1-50

ary sites compared to crystal lattice sites. For example,.m in diametey are accelerated to velocities on the

at a grain size of 100 nm, approximately 3% of all order of 600-1000 ifs in a supersonic jet of com-
pressed gas. Upon impact against a substrate, the solid

*Corresponding authofjiil || particles deform and bond together, rapidly building up
E-mail address: R C.C. Bernc). a layer of deposited materig2—9.

1 Present address: National Research Council of Canada, 75 De COld'SPray was deve_|0ped in th? former SOVi?t Un_ion
Mortagne Boulevard, Boucherville, Que., Canada J4B 6Y4. in the mid-1980s. While performing supersonic wind

Nanocrystalline materialéalso referred to as nano-

0040-6090/02/$ - see front matt@ 2002 Elsevier Science B.V. All rights reserved.
PIl: S0040-609€02)00631-4
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Calculations indicate that the particle kinetic energy
at impact is typically much less than the energy required
to melt the particle[2]. Micrographs of cold-sprayed
coatings suggest that the deposition mechanism is pri-
marily a solid-state proce$8,3]; i.e. no material melting
occurs in this process.

WC-Co coatings are well known for their use in
wear resistance applicatiofg,8]. The hard WC parti-
cles form the major wear-resistant constituent of these
materials, while the Co binder provides toughness and
support [8]. Properties such as the hardness, wear

Substrate

Supersonic
Nozzle

Powder
Feeder

T Coating

Gas resistance, and strength are influenced primarily by the
Heater WC grain size and volume fraction, and in the case of
thermal spray coatings, also the porosity, the carbide
Gas High and binder phase compositid8]. But due to the high
Pressure temperature characteristics of the traditional thermal

spray methods, such as, high velocity oxy-fidVOF),
plasma spray, detonation-gun, flame spray and high
Fig. 1. Schematic of a typical cold-spray system. velocity air-fuel; the WC—Co powder tends to undergo
a combination of decarburization, oxidation, reduction
tunnel tests with flows containing small tracer particles, by reaction with the B (plasma spray and dissolutiop
scientists observed that above a critical particle velocity reaction between the WC and Co during spraying. This
(which varies for different materialshere was a tran-  behavior results in the formation of hard and brittle
sition from particle erosion of a target surface to rapidly phases, such as, 3&W C, W, Co W Ccrystalline and
increasing depositiof2—4]. Based on these phenomena, amorphousn-phase$ and WQ, [8—12.
a spray system was created and an US patent was issued Due to its low temperatures, the cold-spray process is
in 1994[6]. a new alternative method for spraying not only WC—
Fig. 1 shows the schematics of a typical cold-spray Co powders but also nanostructured materials. As an
system. In cold-spray, a compressed gas, usually He,advantage, in cold-spray there is no particle melting and
N,, air or their mixtures, at inlet pressures up to 500 psi all the nanostructure will be kept intact during the
(3.4 MP3, flows through a converging—diverging noz- process. In contrary, the traditional thermal spray pro-
zle to develop supersonic gas velocities. The powdercesses require at least some partial melting of the
particles are fed into the gas flow immediately before sprayed material in order to produce adhegmmhesion
the converging section of the nozzle and are acceleratedf the sprayed particles. Any melting of the nanostruc-
by the rapidly expanding ga2-5]. tured material will cause the resolidified particles to
The compressed gas can be introduced at roomhave the same microstructure as ‘regular’ thermal
temperature, or it can be preheated in order to achievesprayed particles.
higher gas flow velocities in the nozzle. Preheat tem- No phase transformation occurs during the cold-spray
peratures as high as 60€ can be used, but the gas process since it is a 100% solid-state process; implying
rapidly cools as it expands in the diverging section of no particle melting. Therefore, oxidation, nitriding,
the nozzle. As a consequence, the dwell time of the decarburizing and any decomposition in general are
particles in contact with hot gas is brief, and the avoided in this process. The as-sprayed coating phase
temperatures of the solid particles at impact remain composition should be the same as the powder phase
substantially below the initial gas preheat temperature composition.
[2]. But as it was discussed above, WC can be decom-
The mechanisms by which the solid-state particles posed at temperatures lower than that of its decompo-
deform and bond to the substrate or previously depositedsition by the reaction of the WC with the Co binder.
layers has not been well characterized. Though it hasThe compositional ranges of thg-phases(Co,W,C)
not yet been demonstrated, plastic deformation mayare not fixed and vary with temperature. For example,
disrupt thin surface films, such as oxides, and provide Co;W;C exists in the range Gg W Cto Co W C
intimate conformal contact under high local pressure, from 1197 to 1427C [8]. These temperatures are higher
allowing bonding to occur. This theory would also than those experienced during cold-spray, where the
explain the observed minimum critical velocity neces- maximum gas temperature does not exceed ®0(2].
sary to achieve deposition, because sufficient kinetic The gas temperature used during this work was %20
energy must be available to plastically deform the solid The wettability of WC by most binder metals is better
material[2]. than that of the other carbides and the WC is tougher
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Table 1 whered is the atomic spacing. The peak width resulting
Spray parameters from a small grain size effect alone can be described by
Main gas N, the Scherrer equatiofi3,14:

Main gas temperature at the g(fC) 540 KN

Gun pressurépsi) 300 B(20)=— (D
Spray distancémm) 25 Dcog

In Eq. (1), B(26) is the true broadening of the

than the other carbides. The nanostructural characterd:ffr""cktlon line rr}eﬁsu.rgztdh att hhahl‘f maximum intensity,
may improve the mechanical properties of this material. also Known as tull-wi at half-maximumg is a
Due to its low temperature@o WC degradation the constant(being taken as 0.9\ is the wavelength of

cold-spray process may represent a significant advance-th(:“.x'ray ra<_j|at|on;D is the mean d'”.‘e”?'on of the
ment to the spraying of nanostructured carbides. grains ande is the Bragg angle. Contributions due to

The objective of this work is to produce nano WC— Ko, andKao, were deconvoluted by using the Rachinger

Co coatings by the cold-spray process and investigatecorreCtion[13’14’ and only theKa, peak widths were

the microstructural characteristics of cold-sprayed WC— used for calculation. XRD of a Si specimen was used
Co coatings. to measure the instrumental broadening, and the Cauchy

correction was used to remove the instrument broadening
. to obtain the true crystal broadenifigd]. According to
2. Experimental procedure Ref. [17], results from TEM and XRD of alumina
feedstocks showed that the best fit was obtained when
ASB Industries cold-spray system was built according the Cauchy correction was applied to remove the instru-
to the design of its Russian inventd®], and was used  ment broadening factor. The XRD method can provide
for the study reported in this article. The nanostructured structural information regarding mean grain size along
WC-12%Co Metco AE7923 feedstodiSulzer-Metco,  the entire sampl¢13—1Y, and the penetration distance
Westbury, NY) was cold-sprayed on low carbon steel of the X-ray beam into the sample can vary from a few
substrates. The feedstock particle size varies from 10 toto several micrometers depending on the sample
43 pm. The substrates were grit blasted with alumina characteristics.
just before the deposition. The typical coating thickness
was 10pm. The spray parameters applied are listed in 3. Results and discussion
Table 1.
The cross-section of the coating was evaluated by 3.1. Feedstock morphology and phase composition
using an optical microscop@ikon-Epiphot 200, Nikon
Inc., Melville, NY). The coating and the cross-section  Figs. 2 and 3 show the typical feedstock particle
of the WC—Co feedstock particles were also analyzed morphology. The powder particles present the micros-
by scanning electron microscog$EM). tructural characteristics representative of agglomerated
The Knoop microhardness measurements were per.al’ld sintered particle$8,18. Individual nanoparticles
formed at 10 g load for 15 §Tukon, Instron, Canton,  can not be successfully thermal sprayed because of their
MA) on the coating and feedstock particle cross-sec-
tions. In order to measure the feedstock microhardness,
the particles were vacuum impregnated with epoxy resin
and polished. Knoop indentation was chosen because it
has a shallow penetration when compared to that of
Vickers. Therefore, Knoop indentation seems to be more
adequate for performing microhardness measurements
in small volumes, such as, powder particles.
X-ray diffraction (XRD) (Model 172a-CuKgq Philips,
Almelo, Netherlands was used to establish the phase
composition of the feedstock and coating. XRD was
also used to estimate the average grain size of the
feedstock and coatinfLl3—16. The applicability of this
method was confirmed by comparing results from trans-
mission electron microscopyTEM) and XRD tech-
niques [15,14. The XRD method assumes that the
overall broadening of XRD peaks comprises two effects:
one arising from the small coherent grain size and one
arising from the atomic level microstrain; i.&d/d, Fig. 2. Typical nanostructured WC—Co particle.
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Fig. 3. General morphology of the nanostructured WC—Co particles. Fig. 6. Cross-section of a nanostructured cold-sprayed WC—12%Co
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Fig. 4. XRD of the nanostructured WC-12%Co powder.

low mass [19]. Thus, they do not have the inertia

coating(SEM).

To overcome this problem, the feedstock was devel-
oped by creating an agglomeration of nanoparticles into
large (micron sized irregular shaped blocks. The
agglomeration of nanoparticles into microscopic parti-
cles also allows use of existing conventional powder
feeders. Each powder particle has two distinct regions.
One region is light or white, representing the highly
agglomerated nanoparticles of WC. The other region is
dark, localized in between the microscopic particles.
Some of these typical dark regions indicated in Fig. 2
are expected to be porosity presented in the agglomer-
ated particles. Fig. 3 shows that the particles have a
very irregular external morphology, changing from a
sphere to a lenticular shape.

The XRD pattern of the nanostructured WC-Co

required to cross the streamlines in the spray jet andpowder is shown in Fig. 4. Only the presence of a well
would be segregated to its periphery without deposition crystalline phase of WC and some amount of Co are

on the substrate.

noticed.

Fig. 5. Cross-section of a nanostructured cold-sprayed WC-12%Co cdarvg.
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Fig. 7. Schematic of the particle densification upon impact at a high
velocity.
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Fig. 8. XRD of the nanostructured WC—-12%Co cold-sprayed coating.

3.2. Coating cross-section

The cross-section of the nanostructured WC—-Co coat-

ing analyzed via optical microscopyOM) and SEM
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section surface, caused by the agglomeration of micro-
scopic particles during manufacturing is noticed.
However, the structure of the powder particle is not
dense when compared with the structure of the coating.
It is possible to observe dark regions in the powder
microstructure between adjacent microscopic particles
(Fig. 2); as pointed out by arrows. Nevertheless, these
dark gaps are not observed in the coating microstructure
(Fig. 6); only the irregularities of the cross-section
surface created by the microscopic particles are
observed.

During the impact at supersonic velocities, and by the
fact that the cold-spray is a solid-state process, there
should be a densification of the powder particles upon
impact, but not any melting. The densification will pack
the microscopic particles, eliminating the voids or dark
gaps between them. A schematic of the particle structure
and its densification upon impact at a high velocity is
shown in Fig. 7.

3.3. Feedstock and coating microhardness

The Knoop microhardness at 10 g lo&umber of
measurements;=5) for the nanostructured WC-
12%Co powder particles is 427kgf/mm?. However,
the Knoop microhardness at 10 g loddumber of
measurements=3) for the nanostructured WC-—
12%Co cold-sprayed coating is 122282 kgf/mnr.

These experimental observations agree very well with
the densification observed in the microstructures of the
powder and coating and with the model described in
Fig. 7, supported by the supersonic velocities of impact
presented by the cold-sprayed particlgs-4].

Typical Vickers microhardness values for WC—-Co
coatings HVOF, D-Gun and plasma sprayed are in the
range 1000—1400 kgmn? HV (300 g) [20,21]. At 10-

g load the maximum hardness value increases consid-
erably because the indentation impression encloses only
a relatively small region of the coating. The indentation
sizes are on the order of a single or few splats of the
coating. This minimizes the extend of defects, such as,
pores, splat boundaries and microcraking enclosed with-

are seen in Figs. 5 and 6, respectively. It is noticed thatin the indentation[22]. As a consequence, the intrinsic

the coating is very dense, without the presence of

properties of the material are preferentially measured.

porosity. The coating—substrate interface shows no gaps However, the hardness values presented by the coating

or cracks, which are characteristic feature of ‘good’
adhesion between the coating and the substrate.
Observing the optical micrograph, the substrate sur-
face is very irregular, and exhibits valley and reentrant
features. The coating totally fills the reentrant features
and follows exactly this very irregular surface. This is
probably associated with the supersonic velocities of
impact presented by the cold-sprayed parti¢ids
Comparing the SEM pictures of the feedstock particle
and coating taken with the same magnification of
1000 % (Figs. 2 and 6, respectivelythe irregular cross-

under a low load of 10 g are in the range of those
presented at 300 g; considering here that Knoop and
Vickers hardnesses have similar characteristics. It may
be stated that the significant increase in hardness from
feedstock to coating is much more an effect of particle
compaction rather than nanostructural characteristics.

3.4. Coating phase composition

The XRD pattern of the nanostructured WC-Co
coating is shown in Fig. 8. Only the presence of a
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Table 2
Average grain size

Material Average grain

size (nm)

109
103

Nanostructured feedstock WC—-Co
Nanostructured cold-sprayed coating WC—-Co

crystalline phase of WC and some Co are noticed. None
of the phases formed by the degradation of the WC—

Co, normally observed in other thermal spray processes

[8—13 are present in the cold-sprayed coating. The
XRD patterns also agree with the fact that the deposition
mechanism is primarily a solid-state process in cold-
spray[2,3].

As no phase transformation is noticed, this observa-
tion also agrees with the phenomenon described in Fig.
7. The significant increase in microhardness from pow-
der to coating ~2800%)can not be explained on basis
of phase transformations. Sintering also can not explain

the microhardness increase because of the low gas

temperature and dwell time of the particldsactions of
a secondl in the spray jet. The impact densification
seems to be the most plausible phenomenon.

3.5. Feedstock and coating grain size

R.S. Lima et al. / Thin Solid Films 416 (2002) 129-135

of the sprayed materials, then the residual stress effects
from thermal origin should then be minimized.

In fact, when comparing the results of Table 2, it is
noticed that the average grain size of the feedstock
particles and the coating are quite similar. This obser-
vation collaborates with the issues of the above discus-
sion about residual stress from thermal origin.

However, compressive stresses resulting from the
impact of high velocity particles against the substrate
surface might be present. As discussed in other section,
the impact produces a densification in the WC-Co
particles. This densification effect might exhibit similar
characteristics to those of ‘shot-peening’; i.e. compres-
sive stresses. Nonetheless, if compressive residual stress-
es are present, they do not seem to be making a
significant effect on average grain size measured by
XRD technique(Table 2.

4. Conclusions

The nanostructured WC—-Co cold-sprayed coating has
a high density and microhardness when compared to
those of the nanostructured feedstock. The coating
microhardness enhancement is much more dependent on
the impact velocity than the nanostructured particle
microhardness itself. The impact of the particles against
the substrate at supersonic velocities, promotes a densi-
fication in each nanostructured particle. There is no

Table 2 shows the average grain size of the feedstocksignificant difference between the average grain size of

and coating. According to Refl13], the accuracy of a

the nanostructured feedstock and coating. It is possible

grain size determination depends mainly on the accuracyto produce pure and well bonded nanostructured WC—

with which the pure diffraction breadti8 can be
measured. In Ref.[13] curves of pure diffraction
breadthfsample breadtig /B) versus instrument broad-
ening/sample breadtkb/B) are observed. According to
Ref. [13], as the grain size becomes very lafgad
very smal), the ratiob/B inevitably increases into the
unfavorable range above 0.50, and the rafigB

Co coatings via cold-spray processing.
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The Scherrer equation was deduced under the assump-

tion that only a small grain size is responsible for peak
broadeningd13-13. Strain effects, which may influence
the peak broadening are not taken into accoldr@—
15]. In thermal spray, the occurrence of residual stress
effects is known[7,23. However, the residual stresses
are normally associated to high temperatures involved
in the spray proces¥,23. Since the cold-spray process
temperatures much lower than that of the melting point
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Permanent magnetic coatings show potential in micro scale applications such as micro motors and micro
generators. Nd-Fe-B magnetic coatings of average thickness 50 um were produced via the flame spray
method where the behavior of Nd-Fe-B particles in the thermal spray process was studied through single
splat formation. There are generally five types of Nd-Fe-B splat morphology; which correspond to different
solidification routes and varying degree of splashing. Microstructures of coating cross sections exhibit features
such as cracks and porosity. The microstructural features were related to the physical properties and the
brittle nature of the rare-earth alloy feedstock. Cross sections of the coatings also exhibited the presence of
two distinct phases: Nd-rich and Fe-rich regions, which have been validated by EDS analysis. Metastable
phase formation and decomposition followed by non-equilibrium solidification of the molten droplet prior to
impact have been suggested to cause phase separation and were also identified in the formation of single

splats. Hardness tests further confirmed the two distinct phases as Nd-rich and Fe-rich areas.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nd-Fe-B is a rare-earth permanent magnet that demonstrates
strong hard magnet behavior: it has bulk remanent magnetization,
coercivity and maximum energy product in the range of 1.0-1.4T,
9.5-25 kOe and 25-55 MGOe, respectively. Such strong magnetic
properties have made Nd-Fe-B increasingly attractive for micro scale
applications, such as micro motors [1,2] and micro generators [3,4].
The strong magnetic properties of Nd-Fe-B have allowed minia-
turization through the formation of magnetic films via physical
processes such as sputter deposition [5,6], evaporation [7,8] and
molecular beam epitaxy [9,10] without deterioration of magnetic
properties. However, the magnetic films obtained by these means are
limited in thickness and involve extended manufacturing schedules.
Other deposition methods such as screen printing [11,12], tape casing
[13,14], pulsed laser deposition [15,16] and thermal spray [17,18]
have been used to overcome these limitations. Fig. 1 shows the in-
trinsic coercivity of Nd-Fe-B films/coatings as a function of thickness
for the various deposition methods.

Thermal spraying is commonly used to deposit coatings of a wide
range of materials including polymers, metals and ceramics for
thickness up to several millimeters. The high deposition rates of the
thermal spray process, together with an ability to deposit materials
with a wide range of melting temperature, present a promising route
to deposit permanent magnetic coatings for the abovementioned
applications. In addition, thermal spray offers advantages such as the

*
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ability to form complex shapes; operate over a wide temperature,
velocity and atmospheric environment range; and a simple stream for
waste-disposal that can be described as green.

Thermal spray has been used to deposit rare-earth magnetic
coatings since late 1970s [19,20]. Optimized spray parameters led to
samarium cobalt coatings with thicknesses more than 3 mm and
intrinsic coercivity greater than that of its bulk counterparts
(3979 kA/m compared to 2785 kA/m). On the other hand, Nd-Fe-B
was first sprayed in the mid-1980s using a low pressure plasma spray
[21] method. Although bulk Nd-Fe-B has superior magnetic proper-
ties compared to that of bulk samarium cobalt, magnetic properties of
plasma sprayed Nd-Fe-B coatings have not yet been optimized and
the coatings exhibit an intrinsic coercivity that is lower than that of
samarium cobalt coatings (867.4 kA/m compared to 3979 kA/m).

The most recent study on plasma spraying of Nd-Fe-B was
published by a research group in Dayton, OH—USA [18]. The plasma
spray process was carried out in a controlled atmosphere plasma
spray (CAPS) chamber, which is expensive to maintain. A controlled
atmosphere environment is required since rare-earth and iron
elements are prone to oxidation at the high temperatures associated
within this process. Another study involves deposition of Nd-Fe-B/Al
composite via the cold spray process [22]. Cold spraying of Nd-Fe-B
does not require a controlled chamber since the process occurs at a
much lower temperature than plasma spray; viz. ~600 °C rather than
2500 °C. However, the considerably lower processing temperature,
high velocity of impacting particles and brittle nature of the material
all contribute toward particles rebounding from the substrate as
well as fracture and fragmentation in the coating. Significant fracture
remains even with the blending of a ductile material, such as Al, to
retain and trap particles in the coating.


http://dx.doi.org/10.1016/j.surfcoat.2011.04.034
http://dx.doi.org/10.1016/j.surfcoat.2011.04.034
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Fig. 1. Intrinsic coercivity of Nd-Fe-B films/coatings deposited by various techniques as
a function of film/coating thickness.

The focus within the current work concerns the design and manu-
facture of a microstructure that is most likely to exhibit appropriate
magnetic properties. No magnetic data, per se, are presented since the
first step involves the deposition and materials engineering charac-
terization of a coating that is most likely to exhibit functional, ex-
trinsic behavior.

2. Experimental methods

The gas atomized Nd-Fe-B powder feedstock was supplied by
Magnequench International Inc. (MQP S-11-9). The morphology, com-
position and particle size of the feedstock were characterized using
a ZEISS Supra 40 VP field emission scanning electron microscopy
(FESEM) with an in-built energy dispersive X-ray spectroscopy (EDS).
Crystallinity of feedstock is characterized using a Bruker AXS D8
Advance X-ray diffractometer (XRD).

As received Nd-Fe-B feedstock was sprayed with a Metco 6 P Il
oxy-acetylene flame spray torch and Metco 3 MP powder feeder
using the spray parameters listed in Table 1. A schematic of the
experimental setup is shown in Fig. 2. The prime advantage of this
process is that no special precautions were needed to prepare the
materials described in this work.

Single splats were collected by spraying a single pass of the
feedstock over degreased glass slides and their observation under
optical microscopy. Aluminum 5005 alloy was used as the coating's
substrate and was grit blasted prior to spraying. The coatings obtained
were sectioned using LECO VC-50 equipment and cold mounted using
the appropriate procedures and care for thermal spray materials.
The cross section of the coatings was polished to a 1 pm finish using
a LECO VP-150 polish unit and analyzed by SEM and EDS. Knoop
microhardness indentation test was carried out on the polished
coating's cross section using a 50 g load for a period of 15s. The
indentations were applied in the center of the Nd-rich and Fe-rich
phases. Five indentations were made on each phase.

Table 1

Spray parameters for combustion flame spraying of Nd-Fe-B.
Oxygen pressure, kPa 207
Acetylene pressure, kPa 103
Air pressure, kPa 276
Standoff distance, mm 100, 150, and 200
Feed rotation, rpm 0-12
Carrier gas flow, scth 6-8

Feed rate, g/min 54-120

Fig. 2. Schematic of the experimental set up for flame spraying of Nd-Fe-B.

3. Results and discussion
3.1. Powder feedstock characterization

Morphology of feedstock plays an important role in the flow
behavior of the powder into the flame as well as splat and coating
formation. Gas-atomized Nd-Fe-B particles exhibit a spherical shape
(Fig. 3), with a small portion of ellipsoidal [Fig. 3(a)] and flake-like
[Fig. 3(e)] particles. These ellipsoidal and flake-like particles arise
from a sequence of liquid stream disintegration during the gas
atomization process. Satellites [Fig. 3(b)] are common features of gas
atomized powder that result from turbulence near the nozzle during
atomization. On the other hand, features such as craters [Fig. 3(c)]
and cracks [Fig. 3(d)] may result from collision of smaller particles
that re-enter the flight path with accelerated solidified particles.

The particle size exhibited a slight positively skewed distribution
with a mean size of 38.9 um and standard deviation of 11.5 pum; Fig. 4.
The particle size ranges from 10 to 68 um, with more than 90% of the
particles in the range of 20 to 60 um, which is the typical range for
thermal spray feedstock.

Composition analysis of the feedstock by EDS shows that the
two main elements, Nd and Fe have 19 and 73 wt.% respectively,
which are within the range given by the manufacturer; alongside the
presence of additives such as zirconium and titanium that made up
less than 8 wt.% of the overall composition, Table 2. Boron was not
detected due to the limitation of the EDS technique. Elemental
mapping by EDS shows that all elements are homogeneous through-
out the powder, with Fe having the highest intensity. It can be
deduced that the powder is an alloy rather than a mixture of Nd and
Fe individual particles. Cross sections of the feedstock particles show
no sign of segregation within the particles and the elemental mapping
exhibits a similar homogeneous distribution.

XRD analysis (data not shown) reveals that Nd-Fe-B powder is
amorphous, which is expected since magnetic powders are typically
manufactured as an amorphous phase to reduce oxidation during
handling and processing. A post-processing sintering step at tem-
perature between 500 and 700 °C [5] is necessary, with crystallization
expected to occur around 550-600 °C [23]. Table 3 shows the
magnetic attributes of crystallized feedstock at 25 °C, as supplied by
the manufacturer.

3.2. Splat formation

Knowledge of splat formation is crucial in understanding and
predicting properties of a coating since this is directly related to
the deposition efficiency, pore network, and bond strength as well
as oxides present in the coating. Real-time observation of particle
behavior during spraying; i.e. particle melting, impact and rapid
solidification, is difficult since these processes occur in the order of
microseconds. As an alternative, observation of both splat size and
shape provides insights into splat formation.
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Fig. 3. SEM images highlighting features of Nd-Fe-B powder feedstock (a) ellipsoidal, (b) satellites, (c) crater, (d) cracks and (e) flake-like.

The distribution of splat diameter at various standoff distances is
given in Fig. 5. It was observed that the mean splat diameter increases
as standoff distance increases. The flattening ratio, €, for splats formed
also increases as standoff distance increases, which are 1.8, 2.2 and 2.5
at distances of 100, 150 and 200 mm respectively. This is justified by
the fact that as standoff distance increases, the in-flight time becomes
longer and hence the final velocity of the particles before impact
increases as well (assuming the same initial velocity since the powder
is being fed at the same rate). Velocity of the impinging droplet is
closely related to the kinetic energy, which is one of the components
in the mechanical energy conservation equation that describes
flattening of a droplet given by Madejski [24]:

%(Ek +E, + Lf) =0 (1)

where E is the kinetic energy, E,, is the potential one and Lsis the work
of frictional forces. Derivation of Eq. (1) by Madejski [24] allows
determination of the flattening ratio and prediction of splat size by
incorporating dimensionless Reynolds, Weber and Péclet numbers.
The density of the molten droplet, surface tension and viscosity are
accounted for by Ey, E, and Ly respectively.

Density, surface tension and viscosity of a droplet are influenced
by the degree of melting, which in this case is influenced by the

Fig. 4. Particle size distribution of Nd-Fe-B powder by microscopy measurement.

standoff distance. The melting index is given by the ratio of in-flight
time, Atqy to the time for a particle to be fully melted, Atperc [25]:

ML = Atﬂy — % 1 . (Tme).Atﬂy 2)
o JAV S pL 1+ 2/Bi rg

where k; is the thermal conductivity, p is the density, L is the latent
heat of fusion, Bi is the Biot number (hr,/k;), Ty is the flame
temperature, T, is the melting point, r,, is the particle radius and h
is the convective heat transfer coefficient. A longer standoff distance
results in longer in-flight time and, hence, higher melting index.
Better molten particles have lower surface tension and viscosity, and
this leads to a higher flattening ratio and wider splats.

However, initial work by Madejski failed to take into account the
effects of wettability, thermal contact resistance and solidification
rate, all of which are variables that directly influence the splat size and
shape. Several other research groups [26-31] have modified the
Madejski model by revising variables such as the velocity field, contact
angle and the assumed constant, €. Validation of the revised models
involves the use of large droplets, which means that it may still not be
applicable to the small droplets observed in thermal spray deposition
since the spreading of small droplets is dominated by surface tension
as opposed to viscous dissipation in large droplets.

Another indication of the splat formation process is through
observation of the splat shape. Splat geometry is governed by the
same factors that have been discussed previously in terms of splat
size; thermal contact resistance, wetting, surface tension, viscosity
and solidification. Although surface roughness is also an important
factor that influences the splat shape, splat studies often involve

Table 2

Weight percentage of respective elements present in Nd-Fe-B powder.
Element Weight %

Given Measured

Neodymium 15.0-22.0 19.00
Praseodymium 0.0-5.0 0.00
Boron 0.5-1.8 0.00
[ron 70.0-82.0 73.08
Cobalt 0.0-5.0 0.00
Zirconium 0.0-5.0 5.84
Titanium 0.0-5.0 2.08
Carbon 0.0-1.0 0.00
Copper 0.0-1.0 0.00
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Table 3

Magnetic properties of Nd-Fe-B powder.
Remanent magnetization, B, 746 mT
Saturation magnetization, By 806 mT
Maximum energy product, (BH)max 85 kJ/m>
Coercivity, H¢ 438 kA/m
Intrinsic coercivity, {H¢ 731 kA/m

Fig. 5. Size distribution for Nd-Fe-B particles and splats formed at standoff distances
(SOD) of 100, 150 and 200 mm.

smooth surfaces with roughness, R,, of less than 0.2 um for simplified
analysis, as is the case in the current study.

Splat shape can be predicted using the Sommerfeld parameter,
K=We'!”2 . Re!” where We and Re are Weber and Reynolds numbers
respectively. Deposition occurs for 3<K<58 while K>58 represents
splashing and for K<3 the particle simply rebounded from the surface
[32]. However, this equation is valid only for an incompressible model
where solidification does not occur prior to droplet spreading. In cases
where solidification is involved, as is the case in the present work, the
splat shape prediction becomes more complex since it depends
greatly on the cooling rate.

There are generally five types of splat morphologies identified for
Nd-Fe-B, as shown in Fig. 6. Fig. 6(a), (b) and (c) shows disk-type
splats with different surface conditions while Fig. 6(d) and (e) shows
splash-type splats with finger-like protrusions. All five splat mor-

phologies were observed in samples sprayed at standoff distances
of 100, 150 and 200 mm. Fig. 7 shows the fraction of each splat
morphology with respect to standoff distance.

Both disk-type and splash-type splats are formed when there is
good contact between the splat and the substrate; poor contact leads
to fragmented splats. The disk-type splat [Fig. 6(a)] exhibits a greater
diameter compared to a splash-type splat [Fig. 6(d)]. An initial analysis
of these microstructural artifacts can assume the same flattening ratio
for both splats when sprayed at the same standoff distance. In this
instance, the disk-type splat with the smaller diameter originates from
smaller particles. The impact section of the splat starts solidifying due
to good thermal contact with the substrate. At the same time the top
part of the splat is still molten and while at a reduced temperature will
show an increased viscosity. Therefore, there is insufficient fluidity to
freely flow and a disk-type splat evolves. This hypothesized formation
mechanism is reinforced by the higher fraction of disk-type splats
observed at lower standoff distances, Fig. 7.

On the other hand, splash-type splats are formed when the
thermal contact resistance is low, allowing spreading of the impacting
particles. As mentioned earlier, splash-type splats have a greater
diameter than the disk-type splats. Applying the same assumption on
flattening ratio, splash-type splats originate from bigger particles,
hence higher impact velocity that results in enhanced radial flow of
the molten layer along the substrate surface [33]. In addition, due to
the rapid cooling, the molten top layer does not have sufficient time to
lose its momentum; thus causing overflow of the molten material
beyond the solidified central core boundary [34]. Formation of splash-
type splats due to higher impact velocity is evident by the increased
fraction of splash-type splats as the standoff distance increases, Fig. 7.
The dominating splat type shifted from disk-type to splash-type as
the standoff distance increases. This is also supported by the fact
that in-flight, or residence, time becomes longer as standoff dis-
tance increases, resulting in higher impact velocity.

Dhiman et al. [35] pointed out that there are two types of splash-
type splats: (1) freezing-induced splash with long radial fingers and
(2) impact-induced fragmented splash with a central core surrounded
by a ring of fragments. Only freezing-induced splash behavior was
observed in the current study. Thus, solidification of splats upon im-
pact is important in determining the splat morphology of Nd-Fe-B, as
was emphasized through modeling of splat formation by Mostaghimi
et al.[36]. Dhiman et al. [35] introduced a dimensionless solidification
parameter, ©, which can be used to predict splat morphology and the
degree of splashing.

Fig. 6. Nd-Fe-B splat morphology: (a) disk-type, (b) disk-type with resolidified Fe, (c) disk-type with pock-like feature, (d) splash-type, and (e) splash-type with resolidified Fe.
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Fig. 7. Percentage of each type of splat morphology at standoff distances 100, 150 and
200 mm.

Splashing can also be caused by the presence of adsorbates and
condensates on the substrate surface. Upon contact with hot molten
particles, the thin layer of adsorbates and condensates vaporizes
rapidly and destabilizes the droplet spreading; thereby resulting in
splash-type splats [37]. However, for smaller molten particles, the
momentum of the impacting droplet is insufficient to transform
droplets into splashes. Instead, vaporization of adsorbates and
condensates leads to disk-type splats with pock-like features on the
surface, also known as gas escapement holes as shown in Fig. 6(c). The
role of impact momentum on the formation of splats with pocks is
reinforced by two complementary effects; i.e., (i) the decrease of
disk-like splats with pocks is (ii) compensated by an increase in
splash-type splats as the standoff distance increases.

Despite the desirability for splats formed from well molten
droplets, the majority of splats observed exhibit the morphologies
shown in Fig. 6(b) and (e), which contain “bumps” that can be
associated with either unmelts or resolidified particles. Similar

morphologies were observed for Nylon-11 splats by Ivosevic et al.
[38] and their formation with an unmelted core was attributed to
the large radial temperature profile of the polymer particles. In the
case of Nd-Fe-B, however, the “bumps” observed were not unmelts,
but Fe particles that have been resolidified during in-flight. This
phenomenon is attributed to non-equilibrium solidification of the
molten droplets and will be discussed further in the next section.
More than 65% of the observed splats contain resolidified particles;
i.e,, disk-type or splash-type with resolidified particles, indicating
that the majority of the molten droplets undergo non-equilibrium
solidification.

3.3. Coating formation

Coatings discussed herein were sprayed at a feed rate of 120 g/min.
Samples sprayed at lower feed rates do not have sufficient thickness
to be analyzed and the coatings were friable during metallographic
preparation, indicating poor mechanical properties and coating in-
tegrity. The coatings have an average thickness of 50 pm and failed
to build up beyond 50 um, suggesting poor cohesion.

Topographic views of (i) the substrate after grit blasting and
(ii) the coating are depicted in Fig. 8(a) and (b) respectively. Topo-
graphic images at 500x magnification, Fig. 8(c) and coating cross
sections, Fig. 8(d) illustrate typical features of thermal spray coatings
such as splats, unmelts and porosity. Occurrence of porosity is often
caused by incomplete filling of crevices due to the surface tension
of molten droplets [39]. These pores are often small, of less than a
few micrometers, depending on the size of the feedstock particles.
However, nearly spherical voids as large as 20 um were observed in
the cross sections of Nd-Fe-B coatings. These nearly-spherical voids
are resolidified particles that were removed during metallographic
preparation due to the brittleness of the material. Thus, within the
practical manufacture of a coating there would be no voids present.

Fig. 8. Topographic view of (a) grit blasted Al 5005 substrate, (b) and (c) Nd-Fe-B coating at 100x and 500x magnification respectively, and (d) cross sectional view of Nd-Fe-B

coating.
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Fig. 9. Schematic of (a) non-equilibrium solidification of Nd-Fe during in-flight, which
results in resolidified Fe-rich core area and molten or semi molten Nd-rich area
surrounding the core and (b) formation of splat from resolidified Fe core surrounded by
Nd-rich molten droplet.

Two distinct phases were observed in the coatings, the lighter
Nd-rich and the darker Fe-rich phase. Similar phase separation was
observed in Nd-Fe-B plasma sprayed coatings by Wystocki et al.
[40], however the reasoning behind such phase separation was not
elaborated further. It was observed that most of the darker Fe-rich
areas are near spherical. The shape of these Fe-rich areas indicates
that they are either unmelted or have been resolidified during im-
pact with the substrate.

Referring back to the characterization of the feedstock, the
feedstock particles are homogeneous alloy particles, and not a
mixture of individual Nd and Fe particles. There are also no signs of

segregation within the particles when they are sectioned, which
suggests that the near spherical Fe-rich areas are not unmelts, but
Fe particles that have been resolidified during in-flight. Such reso-
lidification of Fe from the alloy droplet occurred as a consequence
of metastable phase formation and decomposition followed by non-
equilibrium solidification.

Heating by flame spray melts the feedstock, which contains
84.5 at.% Fe, to a liquid phase. Upon cooling to below 1180 °C in a
stable system, Nd,Fe 4B (¢) and Fe phases are formed [41]. However,
rapid heating and solidification via flame spray lead to metastable
behavior where a new phase Nd,Fe;gB (x) forms. Primary crystalli-
zation of the ¢ phase is suppressed in favor of Fe phase formation.
Decomposition of x will eventually lead to the formation of ¢ and Fe
phases but this did not follow due to the high cooling rate. Instead,
the presence of a fourth component, such as oxygen potentially
results in the formation of Fe, Nd,03 and NdB, phases. Since boron
cannot be detected by EDS due to overlapping spectra to carbon, the
NdB,4 phase was detected only as a Nd-rich phase.

Formation of the different phases was accompanied by the
occurrence of non-equilibrium solidification. Non-equilibrium solid-
ification leads to non-uniform distribution of elements within an
alloy, resulting in segregation within a particle. During non-
equilibrium solidification, the element with a higher melting point
(which is Fe in this case) will tend to concentrate in the droplet center
because this region is the first to solidify. This leaves the lower melting
point Nd in a molten or semi molten state, surrounding the Fe-rich
core as illustrated in Fig. 9(a). As this semi molten droplet with
resolidified Fe core impacts onto the substrate, the resolidified Fe
remains in its near spherical shape while Nd deforms onto the
substrate to form a splat, as shown in Fig. 9(b).

This type of splat, which contains resolidified Fe, is the dominant
splat type as mentioned in the previous section. This explains the
failure for a coating to build up and the formation of a non-uniform
coating as depicted in Fig. 10(a), since the resolidified Fe core could
easily bounce off the surface upon impact, unless there is sufficient
adherence between the resolidified Fe and the deformed Nd, or if they
are trapped by an incoming semi molten droplet. Another possibility
is that the in-flight semi-molten droplet traverses at sufficient velocity
(hence high enough impact energy) to deform the resolidified Fe core
onto the substrate or existing layer. However, this is not the case in
the flame spray process.

b

Fig. 10. (a) The cross section of the non-uniform coating and the resemblance between a feature in the cross section and a single splat; (b) schematic cross section view and (c) planar view.
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Table 5
Hardness of the Al 5005 substrate and Nd-Fe-B coating.

Table 4

Composition of Nd-Fe-B feedstock and flame spray coating.
Element Weight %

Feedstock Point A Point B

Neodymium 19.00 51.20 0.00
Iron 73.08 148 95.89
Oxygen 0.00 29.02 0.00
Titanium 2.08 3.88 0.78
Zirconium 5.84 14.42 0.00
Carbon 0.00 0.00 333

The non-uniform coating, Fig. 10, contains more Fe-rich phases
(dark area) compared to the more uniform coating, Fig. 8(d), which
reinforces the statement that the resolidified Fe causes non-
uniformity in the coating. One of the distinct features in the non-
uniform coating has been highlighted as a splat with resolidified Fe,
as shown in Fig. 10(b) and (c). Table 4 shows the result of elemental
analysis that confirms that the lighter area (Point A in Fig. 11) is a
Nd-rich area where the weight percent of Nd has increased to
51.20% in the coating compared to only 19.00% in the feedstock;
while that of Fe has dropped from 73.07% in the feedstock to 1.48%
in the coating. On the other hand, the darker region (Point B in
Fig. 11) shows that majority of the area consists of Fe — with a high
weight percentage of 95.89%. The remaining area is comprised of Ti
additive and C, which may arise due to combustion of the feedstock
during particle flight. The presence of oxygen in the Nd-rich area
also indicates that this phase is in a molten state during in-flight
longer than the Fe-rich area, thus more susceptible to oxidation. This
further reinforces the statement that Fe has been resolidified during
in flight via non-equilibrium solidification.

The two distinct phases in the coatings were further analyzed
by the Knoop microhardness test. The Knoop microhardness test was
selected due to the brittleness of the coating material as well as the
limited coating's thickness. Only five sets of indentations were
made on the uniform coating's cross section due to the limitation in
the coating's thickness. The indentations were made at the center
of the Nd-rich phase, Fe-rich phase and the substrate respectively
using a 50 g load for a period of 15 s. The hardness test reveals that
the two distinct phases have different hardness values, as presented
in Table 5. For comparative purpose, the Knoop hardness values
obtained have been converted to Vickers hardness value, also
included in Table 5. Hardness of the Nd-rich area was found to have
increased to 542 HV compared to pure Nd (343 HV). The increase in
hardness is mainly attributed to the oxidation of the Nd-rich phase.
The presence of Ti and Zr additives, which have Vickers hardness of
well above 970 and 903 HV respectively could also contribute to the
increase in hardness value. On the other hand, the hardness value of

Fig. 11. The cross section of Nd-Fe-B coating highlighting lighter Nd-rich phase (Point
A) and darker Fe-rich phase (Point B).

Vickers hardness,
HV (converted for

Area tested Knoop hardness, HK 0.05/15

Mean Standard deviation .
comparison purpose)
Al alloy substrate 60.3 14 -
Nd-rich area 570.7 394 542
Fe-rich area 676.2 834 639

the Fe-rich area is 639 HV, which is fairly close to that of iron
(608 HV). This value agrees with the elemental analysis data where
there is no oxidation and relatively little Ti additives detected in
this region.

4. Conclusions

The Nd-Fe-B feedstock particles have a spherical morphology
with a mean size of 38.7 um. The feedstock powder is amorphous and
shows hard magnetic properties with remanent magnetization, B, and
intrinsic coercivity, H. of 746 mT and 731 kA/m respectively. Single
splat studies revealed that there are five types of Nd-Fe-B splat
morphology namely, disk-type, disk-type with resolidified Fe, disk-
type with pock-like feature, splash-type, and splash-type with
resolidified Fe.

Splats with resolidified Fe are the dominant splats (more than
65%) for the spray parameters used, indicating non-equilibrium
solidification of the molten droplet prior to impact. Flame sprayed
Nd-Fe-B coatings with an average thickness of 50 um were obtained
where there are two distinct phases observed, the lighter and darker
phases. Elemental analysis and hardness test verified the two phases
to be the Nd-rich and the Fe-rich phase. The occurrence of such phase
separation is attributed to metastable phase formation and decom-
position followed by non-equilibrium solidification of the molten
droplet where the higher melting point Fe concentrates at the center
of the droplet and solidifies prior to impacting with the substrate.
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Fabrication of components that require magnetic parts such as in micro motors and micro generators demands
an alternative to micro machining processes that are costly and time consuming. In this study, Nd-Fe-B coatings
with an average thickness of 200 pm were deposited onto stainless steel substrates by an atmospheric plasma
spray technique using amorphous feedstock powder of spherical morphology. The microstructure of the
coatings shifted from lamellar to spherical in nature as standoff distance (SOD) increased. The total porosity of
the coatings exhibited a minima with respect to SOD and ranged from 1.8 to 8.2%. Two distinct phases; i.e., the
Nd-rich and Fe-rich phases, were observed and imply phase separation during the plasma spray process. Occur-
rence of phase separation was argued to arise due to metastable phase formation and non-equilibrium solidifi-
cation. The Fe-rich phase increased with increasing SOD due to longer in-flight time allowing non-equilibrium
solidification to occur. The presence of two phases results in a bimodal Weibull distribution for Vickers hardness
data. However, Weibull plots for Knoop hardness and elastic modulus show monomodal behaviour. The correla-
tion between the degree of data scattering, as reflected by the Weibull modulus, with porosity and phase per-

centage was determined.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Neodymium iron boron (Nd-Fe-B) is a rare-earth transition-metal
that is used in permanent magnet applications. It has the strongest
magnetic properties among other hard magnets including samarium
cobalt, alnico and ceramic magnets, which make it a desirable material
when the performance and size of the magnet is of prime importance.
Increasingly popular use of magnetic parts in minute components
such as micro motors [1,2] and micro generators [3,4] has led to studies
to improve methods used to fabricate magnetic films or coatings.

Preparation of magnetic films has involved physical processes such
as sputtering [5,6], evaporation [7,8] and molecular beam epitaxy
[9,10]. Films produced by these techniques have comparable magnetic
properties as the bulk material. However, these techniques often pro-
duce thin films that do not exceed 5 um in thickness, and the process in-
volves a long processing time. Other deposition methods including
screen printing [11,12], tape casting [13,14], pulsed laser deposition
[15,16] and thermal spray [17-19] have overcome these limitations.

Thermal spray has been used to deposit rare-earth magnetic coat-
ings since the late 1970s [20,21]. Its ability to operate over a wide
range of temperatures and demonstrate a high deposition rate proves
to be effective in overcoming the limitations of other methods. Magnet-
ic properties of samarium cobalt coatings deposited by plasma spray
have been reported to be superior to its bulk counterparts, due to its

* I

0257-8972/% - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.surfcoat.2012.11.040

finer grain size. While Nd-Fe-B has stronger magnetic properties com-
pared to samarium cobalt in its bulk form; the magnetic properties of
plasma sprayed Nd-Fe-B coatings have not been optimized. Nd-Fe-B
coatings have significantly lower intrinsic coercivity of 867.4 kA/m
compared to 3979 kA/m of samarium cobalt coatings. In spite of the
successful deposition of thick Nd-Fe-B coatings by controlled atmo-
sphere plasma spray (CAPS) [22] and cold spray [23], the studies either
(i) involve relatively expensive environment or (ii) produce coatings
that exhibit significant defects.

There have been no reports on a systematic study of thermal spray
coatings of Nd-Fe-B in the literature. Existing literature reports on the
deposition process and resulting magnetic properties of the coatings
neglect to address the effects of the spray parameters on other proper-
ties of the coatings; e.g., the mechanical properties. Most reports do not
include the spray parameters used in the experiments, which makes it
difficult to reproduce the Nd-Fe-B coatings. Important microstructural
features of thermal spray coatings that play significant roles in the mag-
netic properties of a coating, such as porosity, have also not been
reported in sufficient detail.

Porosity is considered as a microstructural defect that anchors the
Bloch walls of a magnetic structure. Porosity prevents the continuity of
magnetic properties throughout the coating and leads to an increase of
coercivity. Cherigui and co-workers [24] established that an increase in
standoff distance results in increased coercivity due to an increased po-
rosity level, and that the correlation between the standoff distance and
porosity is parabolic in nature. It is controversial which outcome, i.e., a
low or high coercivity, is considered better performing. Improvement
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of coercivity values in soft magnetic materials is often associated with a
decrease in porosity since the retainment of magnetism after the exter-
nal magnetic field is removed is undesirable. On the other hand, applica-
tions that involve hard magnetic materials; such as those mentioned
earlier — motor and generator, usually demand high coercivity for a lon-
ger lifetime.

This study is focused in developing suitable process conditions to de-
posit Nd-Fe-B coatings via atmospheric plasma spray. Variations in mi-
crostructural features, especially porosity and phase distribution, and
mechanical properties of the coatings as a function of standoff distance
are the primary concern of the present work. Magnetic data of the coat-
ings are not presented since the current study is directed towards
achieving coatings with a microstructure that are most likely to exhibit
functional, extrinsic properties and to understand the behaviour of Nd-
Fe-B feedstock that is processed by a thermal spray source. Moreover,
the magnetic properties of the as-sprayed coatings are not the primary
interest of this paper since they are expected to be improved via subse-
quent post-deposition heat treatments.

This paper also focuses on the mechanical properties of the Nd-Fe-B
coatings since this is an important attribute for a coating that is used in a
functional application. The primary potential applications for this coat-
ing are micro motor or micro generator, and these applications typically
require certain endurance towards torque or force. However, most work
in relation to Nd-Fe-B films/coatings primarily focuses only on their
magnetic properties and rarely addresses issues concerning the films/
coatings' practicality in relation to their mechanical attributes. Mechan-
ical properties of the coatings are a simple and fundamental measure of
the coating integrity. In this work, the mechanical properties have been
analysed using the Weibull method of distribution analysis to determine
the consistency and reliability of the properties throughout the coatings
as a function of porosity and phase content.

2. Experimental methods
2.1. Feedstock material

The feedstock material used was a commercially atomized Nd-Fe-B
powder supplied by Magnequench International Inc. (MQP S-11-9). The
particle size of the feedstock was determined by a microscopy tech-
nique, where the diameters of 1000 particles were measured. The feed-
stock exhibited a spherical morphology with a mean particle size of
38.9 um; more than 90% of the particles are within the range of
20-60 pm, Fig. 1. The feedstock was analysed by an Oxford Instruments
Inca X-act energy dispersive X-ray spectroscopy (EDS) and the elemen-
tal composition of the feedstock is shown in Table 1. A total of five spec-
tra each were analysed on both the top surface and cross section of the
feedstock. The EDS analyses show that the composition of the feedstock
at the top surface and cross section is within the same range; as speci-
fied in Table 1. Boron was not detected due to limitations of the EDS

technique, however the composition was given as 0.5-1.8% by the man-
ufacturer. Titanium and zirconium are present as additives to enhance
the magnetic properties of the material. An X-ray diffraction (XRD)
analysis reveals that the as-received feedstock is amorphous, Fig. 2.
Most commercial magnetic powders are supplied in an amorphous
form since rapidly quenched amorphous powders will provide superior
magnetic properties compared to slowly quenched crystalline powders
when the powders are subsequently sintered into magnet [25].

2.2. Plasma spray process

The as-received feedstock was fed internally to an SG-100 (Praxair
Surface Technologies Inc., USA) atmospheric plasma spray torch and
sprayed onto austenitic stainless steel 304 substrates (60x30x 3 mm).
The substrate was degreased and grit blasted with Black Beauty® abra-
sives (Burwell Technologies, NSW, AU) to obtain a surface roughness, R,
of about 6 pum prior to spraying. Spray parameters are listed in Table 2.
All parameters were kept constant except for the standoff distance,
which varied between 100 and 300 mm at 50 mm intervals. The coat-
ings were produced by using a varying number of passes at different
standoff distances to achieve a coating thickness of 200 pum, due to vary-
ing deposition efficiencies at different standoff distances. The coatings
were annealed in vacuum (<0.01 Pa) at 650 °C for 30 min.

2.3. Characterisation

The coating samples were prepared metallographically by sectioning
the coatings in the direction perpendicular to the coating surface and
cold mounted using epoxy. Mounted coating cross sections were
polished to 1 um finish. A thin layer of gold film was sputtered-coated
on all the samples prior to characterisation. Morphology and microstruc-
ture of the feedstock and coatings were observed using a ZEISS Supra 40
VP field emission scanning electron microscope (FESEM) while the
chemical compositions were characterized by an in-build energy disper-
sive X-Ray spectroscopy (EDS) unit. The coatings were characterized
using the secondary electron (SE) mode of the FESEM; where a high ac-
celerating voltage of 15 kV was used to discriminate phases via their
contrast. A Bruker AXS D8 Advance X-ray diffractometer (XRD) with
Cu K, radiation at 40 kV and 40 mA identified the phases present in
the feedstock and coatings. The scanning step and sampling time
employed were 0.01° and 0.5 s, respectively.

The percentage porosity in the coatings was evaluated using Image
Processing and Analysis in Java (Image ]) software from the National In-
stitutes of Health, Bethesda, MD [26]. The evaluation was carried out in
compliance with Test Method B of standard ASTM E 2109 [27]. Twenty
fields of random, non-overlapping SEM images at 1000 x magnification
were used to obtain the average total porosity (P,) of the coatings. Crit-
ical threshold values were selected by sampling various threshold
values and determining the threshold value where the number of

Fig. 1. Morphology and particle size distribution of Nd-Fe-B feedstock powder.
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Table 1
Elemental composition of Nd-Fe-B feedstock and plasma sprayed coatings (wt.%).
Nd Fe B 0 Ti Zr C Co Pr
Feedstock
As supplied 15.00-22.00 70.00-82.00 0.50-1.80 0.00 0.00-5.00 0.00-5.00 0.00-1.00 0.00-5.00 0.00-5.00
Measured 17.27-19.51 52.79-73.07 0.00 0.00 0.00-2.94 0.00-5.84 0.00-1.70 0.00-3.07 0.00-2.11
Coating
Fe-rich (dark) 0.00-4.15 77.27-95.14 0.00 0.00-5.52 0.00-2.22 0.00 0.00-5.21 0.00-4.04 0.00-2.79
Nd-rich (light) 42.29-47.89 3.27-7.91 0.00 19.05-26.55 3.87-5.45 0.00-13.13 2.26-2.57 0.00 0.00-5.94
Unmelts 16.22-17.74 65.90-71.57 0.00 0.00 2.10-2.77 0.00 2.77-3.84 0.00 0.00-2.77

isolated bright pixels increased abruptly [28]. Globular pores (P,) were
isolated from the crack network (P.) by using the opening function;
Fig. 3. Phase distribution within the coatings was evaluated using a tech-
nique similar to that as for porosity quantification by image analysis.

Vickers hardness values of the coatings were measured using a
single load indentation under a 100 g load for 15 s. The indentations
were made near the centre line of the coating thickness. A total of 30
measurements were carried out on the polished cross sections of each
coating. The elastic modulus of the coatings was measured using
the Knoop indentation technique developed by Marshall et al. [29]. A
total of 30 indentations were made on each coating cross section with
the major diagonal perpendicular to the substrate. Statistical analysis
on the basis of the Gaussian and Weibull distributions was performed
on the hardness and elastic modulus data.

3. Results and discussion
3.1. Microstructure

Cross sections of Nd-Fe-B plasma sprayed coatings deposited at var-
ious standoff distances (SOD) are shown in Fig. 4(a), (b), (c), (d) and
(e). The coatings sprayed at SOD 100, 150, 200, 250 and 300 mm will
be referred to as coatings A, B, C, D and E respectively herein. The coat-
ings have an average thickness of 200 pm, which is substantially thicker
than previously reported for flame sprayed coatings of the same mate-
rial [30]. Microstructural features of the coatings, including splats,
macro and micro cracks, porosity and unmelts were examined critically
as a function of the SOD since they each have vital roles in governing the
intrinsic as well as extrinsic properties of the coatings.

The presence of individual pan-cake like splat layers can be observed
in the coating cross sections; Fig. 4. The splat layers become less distinct
as SOD increases. At lower SOD, a lamellar-type structure as shown in

Fig. 2. X-ray diffraction (XRD) patterns of (a) as-received feedstock, (b) feedstock annealed
at 650 °C, (c) as-sprayed coating and (d) coating annealed at 650 °C.

Fig. 5(a) is mainly observed in the coatings (coatings A and B). This sug-
gests that at SOD 100 and 150 mm the particles are already molten or
semi-molten. However, the splat layers in coating A were distinguished
to be thicker than those in coating B, indicating that SOD 150 mm pro-
vided better melting while particles at SOD 100 mm were only partly
molten. As SOD increases beyond 200 mm, the structure of the coatings
undergoes a transition from lamellar-type to spherical-type; Fig. 5(b).
Such observation indicated that there was coalescence and
resolidification of some particles during in-flight at a higher SOD; i.e.,
from 200 mm onwards. Similar lamellar and spherical structures have
been described by Chen et al. [6] for the magnetic domain patterns in
Nd-Fe-B films as being strip-like and cloud-like, respectively, whereby
cloud-like domains correspond to a higher level of disorder and hence
harder magnetic properties. Therefore, it is expected that lamellar and
spherical structures observed here will follow a similar trend. However,
further validation of the relationship between the type of structure and
magnetic domain pattern is necessary.

The character of the microstructure allowed a qualitative determina-
tion of the coating adhesion and cohesion since the mounting and
polishing preparation stages can be quite aggressive. All coatings ex-
hibited microstructures that were indicative of good adhesion and cohe-
sion, with the exception of coating A that demonstrated poor cohesion.
Coating A revealed the presence of a continuous horizontal macro
crack along the first few layers of splats. Such cracking could form as a
consequence of high thermal and quenching stress experienced by coat-
ings deposited at short SOD. The high thermal stress resulted from the
high thermal flux [31] at a short standoff distance while quenching
stresses developed as a consequence of high thickness per pass [31] at
a short standoff distance due to incomplete melting and flattening of
splats.

The extent of cracking could also be influenced by the level of poros-
ity and presence of metastable phases in coatings. There is also the pos-
sibility of cracking due to post-deposition processing. However, given
that the post-processing procedures were identical for all coatings, it is
highly unlikely for the crack to be an artefact of post-deposition process-
es. Regardless, the presence of the continuous crack in coating A but not
in the other coatings poses concern because it leads to a cohesion failure
issue and eventually delamination of the coating; Fig. 4(f). Fine inter-
splat micro cracks perpendicular and parallel to the spray directions
were also observed in all coatings. These cracks arise probably due to

Table 2

Experimental parameters for plasma spraying of Nd-Fe-B coatings.

Current (A) 750
Voltage (V) 40
Primary gas flow, Ar (slpm) 39
Secondary gas flow, He (slpm) 22
Carrier gas flow, Ar (slpm) 15
Feed rotation (rpm) 3.5
Feed rate (g/min) 30
Standoff distance (mm) 100-300
Torch traverse speed (mm/s) 100
No. of passes 20-50
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Fig. 3. Isolation of globular pores and crack network from total pores by image analysis.

stress alleviation during cooling or anisotropic thermal expansion
among the different phases in the coating, and were accounted for as a
part of the porosity and crack network — see Section 3.2.

Spherical inclusions, marked as Uin Fig. 4, were observed in the coat-
ing cross sections. The spherical inclusions were confirmed to be
unmelts and not resolidified particles by comparing the cross section
of these inclusions with that of the feedstock (not shown). In addition,
the EDS analysis on the spherical inclusions revealed that they exhibit
the same composition as the feedstock and do not show any presence
of oxygen, Table 1. Note that these spherical inclusions identified as
unmelts are different than the resolidified particles mentioned earlier
in this section. Resolidified particles imply that these particles have
been melted during in-flight, and undergo phase separation, which
will be discussed in Section 3.3. To put it simply, the resolidified particles
will appear to have a distinct phase contrast when observed in the coat-
ing cross sections (labelled R in Fig. 4).

Large unmelts with diameter greater than 50 um were observed in
coatings C, D and E while unmelts observed in coatings A and B were
generally smaller with diameters of ~20 pum. Note that the cross section
images of coatings A and B are of different magnifications than the im-
ages of coatings C, D and E. Unmelts of ~20 um in diameter were present
in coatings A and B since some of the particles could be travelling at the
periphery of the plasma plume instead of the ideal centreline trajectory
for particles of this size. The presence of large unmelts in coatings depos-
ited at SOD 200 mm and greater, but not in coatings deposited at shorter
SOD contradicts the belief that a longer in-flight time attest to better par-
ticle melting. A possible explanation for this observation is that large
unmelts are also present at SOD 150 mm and shorter. However, these
large unmelts were not found in the cross sections of coatings A and B
because these particles were either (i) rebounded off the substrate or
previously formed splat layers; or (ii) flattened to what appeared to be
partially molten splats (denoted by M in Fig. 4) when there was suffi-
cient momentum.

At longer SOD, the spherical shape of the unmelts were retained and
the particles were not flattened to form M because the particle velocity
decreased with the increase of SOD and therefore the particles did not
have the sufficient momentum to flatten upon impact. The retention
of unmelts at longer SOD was also attributed to the decrease in thermal
energy density [32] and the higher heat capacity of larger particles
[32,33]. The number of unmelts retained and the decrease of splat

flattening as SOD increased has contributed towards the increase of
the porosity level and subsequently deteriorated the mechanical prop-
erties of the coatings, which will be discussed in the following sections.

3.2. Porosity

The importance of porosity in a magnetic structure has been empha-
sized in the Introduction section. In thermal spray coatings, pores are
typically formed as a result of (i) curling up of splats due to thermal
stresses or surface tension of molten splats; (ii) entrapment of gas
under impacting particles; or (iii) incomplete filling of crevices or sur-
face irregularities among previously formed layers. Surface irregularities
could stem from (i) the rough, grit blasted substrate; (ii) the presence of
unmelts; or (iii) solidified satellite droplets that are detached from
droplets impacting on the substrate [34].

From the cross sections of the coatings (refer to Fig. 4), it can be ob-
served that coatings A, D and E comprised large globular pores and
micro cracks while coatings B and C were relatively dense with the pres-
ence of smaller globular pores and a crack network. Total porosity de-
creased drastically from 7.1% to 1.8% when the SOD increased from 100
to 150 mm. The high level of porosity in coating A can be justified by
the lower degree of melting due to a shorter in-flight time compared to
coating B. Flattened partially molten splats can be clearly distinguished
in Fig. 4(a) where the splats are thicker than the fully molten splats ob-
served in Fig. 4(b). At SOD beyond 150 mm, the molten particles began
to resolidify due to the drop in plume temperature at distances further
away from the plasma torch, and this results in an increase in the poros-
ity level. The change in the porosity level from SOD 150 to 250 mm is not
significant suggesting that the resolidification rate is low within this
range. A further increase of SOD to 300 mm resulted in a rise in total po-
rosity to 8.2% since the particles resolidify at a much higher rate; presum-
ably due to a greater drop in plume temperature beyond this point. The
presence of large unmelts in coatings C, D and E, as discussed in the pre-
vious section, also contributed towards the rise in porosity level.

Sobolev and Guilemany [35] proposed that there are two types of
pores: (i) large pores found between flattened particles, referred to as
closed or globular pores, which are formed from gas porosity and (ii)
smaller pores within the flattened particles, which are referred to as
open pores or crack network, that arise from shrinkage porosity. Isolation
and quantification of these two types of pores allow the identification of
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Fig. 4. Cross sections of Nd-Fe-B coatings deposited at standoff distances (a) 100 mm, (b) 150 mm, (c) 200 mm, (d) 250 mm, (e) 300 mm and (f) delamination of coating A. C= crack,
G=embedded grit, M = partially molten splat, P=pore, R=resolidified particle, S=splat and U= unmelt.

Fig. 5. Transition of (a) lamellar-type structure at standoff distance 100 mm to (b) spherical-type structure at standoff distance 300 mm.
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Fig. 6. Variation of percentage pore area with respect to standoff distance.

the pore architecture as well as the dominant mechanisms involved in
pore formation associated with that particular set of spray parameters.
This information will lead to an understanding of the particle behaviour
on impact with the substrate; ie. spreading, fragmentation and
splashing; and ultimately allow the construction of coatings with the de-
sired pore architecture and porosity level.

The procedure to isolate globular pores and crack network (inter-
and intralamellar) from total porosity is indicated in Fig. 3. Fig. 6
shows the variation of globular pores, crack network and total porosity
with SOD. Changes in both globular pores and crack network with SOD
followed the trend of total porosity; a significant decrease from coating
A to coating B followed by a gradual increment from coating B to coating
D, and then increasing from coating D to coating E.

As mentioned earlier in this section, the decrease of porosity from
coating A to coating B arose from the more complete melting of particles
with increased SOD; i.e., longer in-flight time. Particles at SOD 100 mm
are only partially molten when they impact the substrate and this led to
a low degree of flattening and spreading of splats. This resulted in poor
filling of surface irregularities and gave rise to globular pores. It can be
argued that the low degree of flattening and spreading of splats of coat-
ing A led to a higher coating thickness per pass, and therefore yielded a
greater quenching stress [31] compared to coating B. In addition, the
greater thermal flux at shorter SOD caused a higher thermal stress in
coating A. due to the greater temperature difference upon impact [31].
Therefore, the greater residual stress; i.e., combination of quenching
stress and thermal stress, in coating A consequently promoted the for-
mation of inter- and intralamellar cracks.

Increasing SOD beyond 150 mm brought about a drop in particle tem-
perature that consequently resulted in an increase in the molten particle
viscosity and thus a decrease in particle fluidity. Reduced particle fluidity
led to poor particle spreading upon impact and, therefore, the inability to

fill surface irregularities on the previously formed layer. This resulted in
the formation of stacking defects and increased globular pores. The de-
crease in particle temperature with SOD also caused the in-flight particles
to resolidify and as these resolidified particles impact and subsequent
layers are formed, shadow effects developed and contributed towards
globular pores. The degree of crack network in coatings B, C and D is com-
parable, which suggested that the interlamellar contact and quenching
stresses within these coatings were similar to each other.

The higher particle temperature at SOD 100 mm compared to
300 mm is anticipated to result in lower surface tension, hence higher
particle fragmentation. The higher degree of particle fragmentation in
coating A can be observed in the top surface of the coating, Fig. 7. Particle
fragmentation tended to reduce shrinkage upon solidification and
quenching stresses [36], and therefore coating A was expected to have
reduced inter- and intralamellar cracks. However, this was not observed
and instead the average percentage of crack network in coating A was
higher than in coating E despite the fact that coating E revealed a higher
level of total porosity. The implication is that the quenching stress re-
duction from particle fragmentation was insufficient to compensate
for the greater quenching stress and thermal stress in coating A; these
effects result from the higher thickness per pass, higher particle temper-
ature and shorter solidification time.

3.3. Phase distribution

Cross sections of plasma sprayed Nd-Fe-B coatings, Fig. 4, revealed
that the coatings were inhomogeneous, with the presence of two dis-
tinct phases. Using EDS analysis, the dark phase was identified as a
Fe-rich phase while the lighter phase was an Nd-rich phase. The lighter
phase consisted of more than 40 and 19 wt.% of neodymium (Nd) and
oxygen, respectively, with traces of iron and additives such as titanium
(Ti), zirconium (Zr), cobalt (Co) and praseodymium (Pr). On the other
hand, the darker phase contained more than 77 wt.% of iron and only
traces of neodymium, oxygen and similar additives; with the exception
of zirconium which was not detected in the Fe-rich phase. The unmelts
retained the composition of the original feedstock. The compositions of
Nd-rich and Fe-rich phases as well as unmelts in the coatings are shown
in Table 1. Note that there are limitations for employing EDS for quanti-
tative analysis. In this work EDS analysis was mainly used to distinguish
the difference in composition of the main elements, i.e., neodymium
and iron, in various regions of the coatings, and was not used to calcu-
late the stoichiometric compositions.

The distribution of the two phases and total porosity in each coating
was quantified by varying the threshold level using a technique similar
to that for porosity determination and is shown in Fig. 8. The percentage
of Nd-rich and Fe-rich phases does not vary significantly with an in-
crease of 50 mm in SOD; i.e., coatings A and B as well as coatings C
and D have approximately the same level of Nd-rich and Fe-rich

Fig. 7. Top surface view showing particle fragmentation in (a) coating A compared to (b) coating E.
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Fig. 8. Relative phase distribution in Nd-Fe-B coatings as a function of standoff distance
(SOD).

phases. However, at the 100 mm SOD interval, the dark Fe-rich phase
increased by more than 10%, accompanied by a decrease in the light
Nd-rich phase. An increase in the Fe-rich phase with SOD was attributed
to the increase of the in-flight time; i.e., the molten droplets have more
time to undergo phase separation. The increase of the dark phase with
SOD can be observed on the coating cross sections (refer to Fig. 4).

The XRD patterns of the as-sprayed and annealed coatings are
shown in Fig. 2(c) and (d). There was no distinguishable difference in
the XRD patterns for coatings deposited at different SODs, therefore
only one spectrum is presented. The phases observed include neodym-
ium iron boron, Nd,Fe 4B; alpha iron, a-Fe; neodymium oxide, Nd,03
and iron oxide, Fe,0s. After annealing, the coatings were crystallized
and the primary phase was the tetragonal Nd,Fe;4B. The major
Nd,Fe;4B peaks that demonstrate the strongest intensity were observed
at reflections of the (004), (006) and (008) planes, indicating that the
coating crystallography was dominated by the <001> texture. In other
words, the coatings have the c-axis aligned in the direction perpendic-
ular to the coating plane. The easy axis of magnetisation for the Nd-
Fe-B alloys occurs when the c-axis is oriented in the direction of the te-
tragonal structure [37]. Other peaks of the Nd,Fe4B phase with weaker
intensity that were also observed are the (314), (116) and (208) peaks.
In addition to the strong <001> texture observed, the absence of the
(410) peak, which is the most intense peak in the tetragonal Nd,Fe;4B
phase based on randomly oriented grains [38], further confirmed that
the coatings were anisotropic.

The intensity of the (006) peak was higher than that of the other
peaks. This implies that part of the peak could be contributed by the
a-Fe (110) plane at 44.7°; ie., the superposition of the Nd,Fe 4B
(006) and a-Fe (110) peaks. This is supported by the presence of the
«a-Fe (200) peak at 26 65.1°. The a-Fe (110) plane has been known to
exhibit high scattering intensity; therefore a small amount of iron can
contribute to a large increase in intensity [39]. The presence of the
a-Fe phase could result from the metastable phase formation and
non-equilibrium solidification, where Fe-rich phase has separated
from the Nd-rich phase during plasma spray processing.

Such phase separation has been observed in previous works [19,30].
The unique nature of the thermal spray process where deposits are rap-
idly solidified upon impact with the substrate results in a metastable
phase formation, as was the case in the plasma sprayed Nd-Fe-B coat-
ings. Instead of solidifying to the stable Nd,Fe4B (¢) phase, rapid heating
and solidification involved in the plasma spray process led to the forma-
tion of the metastable phase, Nd,Fe;gB (x) [40]. Under normal circum-
stances; i.e., without the presence of oxygen as it should be in a typical
Nd-Fe-B alloying process, this metastable phase that forms (if at all)
will eventually decompose to Nd,Fe;14B (¢) and Fe since this is the stable
phase for Nd-Fe-B. However, in the presence of oxygen under the atmo-
spheric plasma spray process, the oxygen “pulls” Nd from its lattice since
Nd is prone to oxidation. The oxidation of Nd led to the formation of

Nd,O3 and left behind Fe and NdBy, thus forming the Nd-rich (Nd,O3
and NdB,) and Fe-rich phases. This justification is supported by the fact
that only traces of oxygen were detected in the Fe-rich region while the
Nd-rich region consisted of more than 19 wt.% of oxygen. In the metasta-
ble condition, the remainder of Nd and B formed NdB,4 [40] and since
boron could not be detected by EDS due to the overlapping spectra with
carbon, this was designated as an Nd-rich phase. The NdB4 phase was not
observed in the XRD diffraction patterns because this phase eventually
formed the Nd,Fe 4B phase with Fe upon heat treatment. Trace amounts
of Nd in the Fe-rich region and Fe in the Nd-rich region suggested that a
ternary Nd-Fe-B phase was present in the coatings. This ternary phase
arose from incomplete oxidation of the material prior to impact and
therefore was not phase separated. The ternary phase subsequently crys-
tallized into the Nd,Fe 4B phase upon post-deposition heat treatment,
Fig. 2(d).

Rare-earth elements are prone to oxidation. At the high tempera-
tures experienced in the plasma spray process and within an atmo-
spheric environment, the extent of the Nd-Fe-B oxidation observed
was low. Low Nd-Fe-B oxidation was observed because of the short
in-flight time, in the order of fractions of a millisecond; and rapid solid-
ification, in the order of microseconds. The overall oxygen content with-
in the coatings ranged from less than 6.00 to almost 16.00 wt.%. Oxygen
was detected in the Nd-rich phase but not in the Fe-rich phase and
suggested that Nd was more susceptible to oxidation than Fe. Although
the Nd-rich (oxidation prone) phase decreased with the increase of
SOD, the oxygen content did not decrease. Instead, the overall oxygen
content was found to increase with SOD as expected, considering the
longer in-flight time and hence more exposure to oxygen.

Edgley et al. [41] detailed an oxidation process for Nd-Fe-B that was
supported by Li et al. [42]. Li et al. [42] proposed an overall oxidation re-
action, Eq. (1). The reaction involved dissociation of Nd-Fe-B followed
by the oxidation of Nd and B. Note that Eq. (1) serves as a reference
for the oxidation mechanism of Nd,Fe 4B under stable conditions; i.e.,
the NdyFe 4B was maintained in solid state at a temperature of less
than 600 °C [41,42]. The products of dissociation and oxidation for the
solid state oxidation studies differed slightly than that suggested for
the metastable phase formation in the present study wherein B,0;
was formed in the solid state condition instead of NdB,. In the present
study, the particles were melted at high temperature in the plasma
plume and underwent metastable phase formation and, therefore,
NdB,4 [40] was formed in preference to B,0s. Despite the different final
products of oxidation, both the equilibrium and metastable phase trans-
formation underwent similar oxidation mechanisms of dissociation
followed by oxidation. The absence of oxygen in unmelts (Table 1) indi-
cated that the in-flight time and the duration before the next layer was
formed were too short to render oxidation in the unmolten state possi-
ble although the processing temperature was sufficiently high.

4Nd,Fe,,B+90,—4Nd,0; + 2B,0; + 56F €. (1)

In addition to the formation of the metastable phases and the oxida-
tion reaction, the difference in melting point of Nd and Fe resulted in
non-equilibrium resolidification of the particles during in-flight, which
also contributed to the phase separation. In non-equilibrium solidifica-
tion, elements within an alloy were distributed non-uniformly where
the higher melting point element was concentrated in the centre of
the droplet since this region was the first to resolidify. In this case, the
higher melting point Fe segregated in the centre of the molten droplet
forming an Fe-rich core while surrounded by the lower melting point
Nd-rich region. Referring back to Fig. 5, the microstructure of the coat-
ings shifted from a lamellar-type to spherical-type as SOD increased.
The spherical sections shown in Fig. 5(b) are the dark, Fe-rich regions.
This further reinforces the statement that non-equilibrium solidification
has occurred in-flight.

At shorter SOD, non-equilibrium solidification initiated. However,
before solidification occurred in-flight, the particles that have already
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separated into Fe-rich and Nd-rich regions but still remain molten, im-
pacted onto the substrate and solidified, forming a lamellar structure. At
higher SOD, the particles with a separated region have more time to so-
lidify during in-flight and by the time the particles impact onto the sub-
strate, the Fe-rich core has already solidified with the surrounding
Nd-rich region still remaining molten; hence the spherical structure. A
higher degree of melting at high SOD also indicated the possibility of co-
alescence during in-flight or upon impact onto the substrate; which also
contributed towards the spherical-type structure and more well-
connected dark phase observed at the coating cross sections.

3.4. Mechanical properties and statistical analysis

3.4.1. Bimodal distribution of Vickers microhardness

Thermal spray coatings are generally anisotropic and heterogeneous
in nature, thus causing a wide scatter in the hardness values. This micro-
structural effect will be analysed statistically using Gaussian and Weibull
distributions. The statistical analysis of the Vickers microhardness data for
each coating is summarized in Table 3.

In spite of the large scatter, a trend in the hardness values with re-
spect to SOD can be observed. The mean Vickers hardness of the coat-
ings increased from 668 to 691 kgy/mm? when SOD increased from
100 to 150 mm and then decreased from 150 mm onwards. This trend
can be explained by referring to the porosity level of each coating. As po-
rosity level increased, the stiffness of the coating was lowered [43]. Po-
rosities tend to constrain the elastic recovery of the indents, hence
resulting in the low hardness value [44]. Coating B (sprayed at SOD
150 mm), which exhibited the lowest total porosity of 1.8%, revealed
the highest hardness value of 691 kgy/mm?. On the other hand, coating
E (sprayed at SOD 300 mm) had the lowest hardness value of 556 kgg/
mm? corresponding to its high porosity level (8.2%). The hardness
range determined is comparable to several values reported for the
Nd-Fe-B bulk material [45-47] but is slightly lower than that reported
by Ahmed et al. [48].

A variation of Fe-rich and Nd-rich phases with SOD also contributed
towards the coating hardness. The Fe-rich phase exhibited a higher
hardness compared to the Nd-rich phase [30]. Therefore, an increase
of the Fe-rich phase in a coating is expected to bring about an increase
in the hardness value. Since the percentage of the Fe-rich phase in the
coatings increased as SOD increased, it is expected that the hardness
value would increase. However, this was not observed. Instead, the in-
crease of hardness occurred concurrently with the increased Nd-rich
phase. The effect of porosity level dominated over the role of the
Fe-rich phase increment on microhardness.

Coating A exhibited a hardness value slightly higher than coating D
(668 compared to 640 kgy/mm? respectively) although the total poros-
ity of coating A is higher by 3.2%. This behaviour could be explained by
differences in the coating microstructure. Coating A revealed a lamellar
microstructure whereas that of coating D shifted more towards a spher-
ical type. In other words, coating A demonstrated better interlamellar
contact despite revealing a higher porosity level.

The hardness value reported up to this point is based on the assump-
tion that the data follows a Gaussian distribution. However, the

Table 3

Statistical analysis for Vickers microhardness values of plasma sprayed Nd-Fe-B coatings.

heterogeneity of thermal spray coatings and the presence of features
such as pores and cracks often result in positively skewed distributions
[49]. Analyses have shown that the coating microhardness at all SODs
do not fit Gaussian distributions. The microhardness data for all coatings
were positively skewed while the kurtosis of the data also showed that
the microhardness values do not fit Gaussian distribution, for which
the kurtosis should ideally be zero, Table 3. Thus, mean and standard de-
viation alone are insufficient to describe the mechanical properties of
thermal spray coatings.

The Weibull distribution (or failure probability function), which is
based on the weakest link theory, has been shown to be more appropri-
ate to describe the mechanical properties of thermal spray coatings due
to the presence of defects such as pores and cracks that are bound to
cause a higher probability of failure [50,51]. The derivation of the
Weibull modulus can be used to describe the variability of a material's
mechanical properties. A higher Weibull modulus indicates that the
material has lower variability in the measured mechanical property.
The two-factor Weibull plots for the Vickers microhardness data of plas-
ma sprayed Nd-Fe-B coatings are given in Fig. 9(a), (b), (c), (d) and (e).

The microhardness Weibull plots for each coating revealed bimodal
distributions with two unique Weibull moduli. The Weibull moduli (m)
and characteristic values (xo) of each coating are summarized in Table 3.
Although a bimodal distribution could result from the use of a small in-
dentation test load [51], the bimodal behaviour observed here arose
from the hardness difference of the two distinguishable phases; i.e.,
Fe-rich and Nd-rich phases. The hardness value would be higher in
the region with a higher concentration of the Fe-rich phase. Such bi-
modal Weibull distributions have also been observed in nanostructured
and multi-modal coatings [52,53], although the bimodal behaviour was
more attributed to the mixture of molten and unmolten particles in the
coating rather than two distinct phases.

The slopes of the Weibull plots were determined by analysing the
coefficient of determination, R? values of two linear lines on each In
[In(1/(1—P))] vs. In(HV) plot with ascending n; and descending n,
for all 30 measurements. The point where the largest R? values for
both lines intercept is the transition point where both data sets are sta-
tistically more significant than the other [52]. The Weibull modulus at-
tributed to the Nd-rich phase (m;) generally decreased as the SOD
increased, while the Weibull modulus associated with the Fe-rich
phase (m,) increased with SOD. The m; of coating E is large due to the
limitation of the Nd-rich area to be tested where the phase percentage
is well below 20%. The correlation between both Weibull moduli with
porosity and the phase percentage will be discussed in Section 3.4.3.

3.4.2. Knoop microhardness and elastic modulus

The statistical analysis of the Knoop hardness and elastic modulus of
the coatings are summarized in Table 4. Similar to the Vickers hardness,
the Knoop hardness also increased from SOD 100 to 150 mm then de-
creased from 150 mm onwards. As mentioned previously, porosity
plays an important role in determining the hardness value. However,
the Weibull plot of Knoop hardness, shown in Fig. 10(a), does not reveal
a bimodal distribution. This could be attributed to the geometry of the
indenter. Since Knoop hardness is determined by measuring its major

Sample/SOD (mm)  Gaussian distribution

Weibull distribution

w(kgymm?) o (kgymm?)  CV (%)  Skewness (£0.4°)  Kurtosis (£0.8%) n; my Xoy (kggymm?)  n; My Xoz) (kgg/mm?)
A — 100 668 80 11.94 0.416 —0.404 8 22.6 626 22 74 699
B — 150 691 86 12.51 0.817 —0.106 8 243 654 22 6.1 718
C—200 673 84 12.49 0.616 0.045 8 19.0 643 22 6.7 704
D — 250 640 80 12.49 0.523 0.214 10 16.2 621 20 6.7 669
E — 300 556 53 9.59 0.222 —1.152 5 49.0 509 25 9.4 578

2 Refers to the standard error.
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Fig. 9. Weibull plots for Vickers hardness for Nd-Fe-B coatings plasma sprayed at (a) 100 mm, (b) 150 mm, (c) 200 mm, (d) 250 mm and (e) 300 mm.

diagonal, and the indent was made with its major diagonal perpendic-
ular to the substrate, both Fe-rich and Nd-rich phases were measured
in a single indent. On the contrary, the geometry of the Vickers indent
does not produce as large an areal impression on the coating thickness,
but is more localised and hence detects the hardness difference of the
two phases.

Studies have shown that the use of Knoop indentation to measure
the elastic modulus of the thermal spray coatings revealed different re-
sults when measured parallel (cross section direction) and perpendicu-
lar (in-plane direction) to the surface due to the anisotropic nature of
the coatings [54-57]. The dependency of the coating mechanical proper-
ties on the measurement direction was determined by the amount and
morphology of pores and cracks in the coatings; i.e., the relative crack
density caused by: (i) horizontal interlamellar pores and cracks and
(ii) vertical intrasplat cracks [58]. For most thermal spray coatings, the
microhardness and elastic modulus measurements on the cross sections

produce higher values than the in-plane direction [54-57]. Such aniso-
tropic behaviour is rendered by the fact that the pores are built up by
the in-plane surface while the cracks mainly occur in the cross section
direction. Since the pores exhibited a greater total surface area than
the cracks, then the mechanical properties were lower in the direction
of the in-plane surface [54].

Indents with their major diagonal parallel to the substrate were cor-
related to the indenter load when measurements were performed par-
allel to the deposition surface. The resulting elastic modulus was
greater than when the indents were located with the major diagonal
perpendicular to the substrate. This statement can be explained by
sliding phenomenon of the interlamellar boundary. The elastic modulus
measured by the Knoop indentation relied on the recovery of the minor
diagonal. In the case where the major diagonal is parallel to the sub-
strate and interlamellar boundary, the interlamellar boundary sliding
occurred more readily and, therefore, resulted in a shorter minor
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Table 4
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Statistical analysis for microhardness and elastic modulus values of plasma sprayed Nd-Fe-B coatings from Knoop micro indentation.

Sample/SOD  Hardness, KHN Elastic modulus, E (GPa)
(mm) Gaussian distribution Weibull Gaussian distribution Weibull
distribution distribution

u o cv Skewness Kurtosis m Xo u o cv Skewness Kurtosis m Xo
(kgg/mm?)  (kgy/mm?) (%) (£0.4%) (£0.8%) (kgy/mm?) (GPa) (GPa) (%) (£04%) (£0.8%) (GPa)

A —100 616 90 14.59 0.235 —0.902 7.5 655 85.6 33.6 3930 0468 —0.814 2.7 96

B — 150 653 68 1044 —0.323 —0.878 104 684 142.7 415 29.10  0.023 —0.905 36 158

C—200 571 62 10.93 0.496 0.407 10.1 598 1422 46.8 3294 0241 —0.918 32 159

D — 250 565 71 12.50 0.294 —0.571 89 596 139.5 40.5 29.01 0.044 —1.119 36 155

E — 300 550 74 13.44 0.455 —0.624 82 582 94.1 34.8 37.01 0935 0.749 31 105

2 Refers to the standard error.

diagonal compared to the length of a major diagonal [56]. Consequently,
the ratio of the minor to the major diagonal was lower and calculates a
greater elastic modulus value.

The measurements involving Knoop indentation in this work were
performed on the cross sections with the major diagonal perpendicular
to the substrate. Therefore, the properties measured represent the attri-
butes of the surface parallel to the deposition surface. The elastic mod-
ulus of the coatings followed a trend similar to the hardness values
when the SOD was varied. As mentioned previously, the hardness and
elasticity of a material were interrelated and were associated with the
porosity levels. Coatings with a higher porosity exhibited lower stiffness
and hence restrained the ability of an indent to recover elastically;
resulting in lower hardness. The mean elastic modulus of the coatings
varied from 85.6 to 142.7 GPa, which is slightly lower than that of the
corresponding bulk material [59].

The Weibull plot of the elastic modulus of the coatings is shown in
Fig. 10(b). The Weibull plot exhibited a monomodal distribution, akin
to that of the Weibull plot for the Knoop hardness. The Weibull modulus
for both the Knoop hardness and the elastic modulus generally increased
then decreased as the SOD increased. The correlation of the Weibull

modulus with the porosity level and phase percentage will be discussed
in the next section.

3.4.3. Relationship between Weibull moduli with porosity and phase
distribution

Both the Weibull moduli for the Vickers microhardness will be re-
ferred to as m; and m, while the moduli for the Knoop hardness and
elastic modulus will be referred to as myx and mg, henceforth. As men-
tioned previously, the Weibull modulus represents the degree of scatter
in a data set. A greater Weibull modulus indicated lower variability in
data and does not necessarily coincide with an enhanced (i.e., larger)
mechanical property value, although the Weibull modulus generally in-
creased when the mean hardness and elastic modulus increased in this
work.

Fig. 11(a) and (b) reveal the correlation between the bimodal
Weibull modulus for the Vickers hardness data and porosity as well as
the Nd-rich phase percentage. Note that the Nd-rich phase percentage
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Fig. 10. Weibull plots for (a) Knoop hardness and (b) elastic modulus of Nd-Fe-B coatings
plasma sprayed at standoff distances (SOD) of 100-300 mm.
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Fig. 11. Correlation between Weibull moduli for Vickers hardness (m; and m,) and (a) po-
rosity and (b) Nd-rich phase percentage.
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and the Fe-rich phase percentage have an inverse relationship; i.e., the
Fe-rich phase increases at the expense of the Nd-rich phase. As men-
tioned in Section 3.3, the m; value for coating E is large compared to
that of the other coatings. The m; value, which is established at the
lower hardness values, was associated with the Nd-rich phase. Since
the indentations were made randomly across the coating and the
Nd-rich phase in coating E is below 20%, the number of indents that
were made in relation to the Nd-rich phase is limited: n; is five. There
are, thus, a limited number of points associated with this modulus
value and m; for coating E was distinctively large. The authors feel
that this is an abnormality of the data set that requires a future investi-
gation and, therefore, this data point has been omitted from the current
analysis. It is noted that high Weibull modulus values have been ob-
served in the nanostructured titania-hydroxyapatite coatings where a
value of over 60 was attributed to 6 data points [60] for a bimodal distri-
bution. The Weibull moduli for the Vickers microhardness of the other
coatings were within the range determined for other thermal spray
coatings [51,61], but were higher than that determined for coatings
with bimodal distributions [52,53].

From Fig. 11(a), m; was found to exhibit a quadratic relationship
with porosity while m, generally increased with porosity. This finding
contradicts the general understanding that porosity increased data var-
iability since the measured values tended to be lower when indenta-
tions were made closer to pores. The implication is that the degree of
scatter for the hardness data when there are more than one phase pres-
ent (i.e., bimodal) does not depend on porosity alone. Instead, the phase
percentage has a more significant role. Fig. 11(b) shows that m; and m;,
increased and decreased respectively when the percentage of the
Nd-rich phase increased. This trend is expected since m;, which is
established at lower hardness values, was associated with the Nd-rich
phase while m,, found at a higher hardness value, was associated with
the Fe-rich phase. As the amount of the respective phase increased in
the coating, the hardness values measured that are representative of
that phase also became more consistent, hence the increased Weibull
modulus.

From Fig. 12, it was established that both mpyx and mg decreased
when the porosity level increased. The decrease of the Weibull moduli
for the Knoop microhardness and the elastic modulus indicated that
the variability of mechanical properties in the coatings increased when
the porosity level increased. The myx and mg values were comparable
to that of other thermal spray coatings [54]. The mg values were general-
ly lower than the other moduli since there was a systematic error intro-
duced to the elastic modulus values when measuring the minor diagonal
of the indents, resulting in a more scattered data [56]. On the other hand,
there was no distinguishable correlation between the phase percentage
with myy and mg, indicating that the microhardness and elastic modulus
values measured by the Knoop indentation were independent of the
phase percentage.
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Fig. 12. Correlation between Weibull modulus for Knoop hardness, myy and elastic modulus,
mg with porosity.

The linear relation of my and mg values with porosity and their sub-
stantial independence of the phase content indicate that the Knoop in-
dentation tests are more representative of the coating microhardness
and the elastic modulus values in relation to the microstructural fea-
tures compared to the Vickers indentation tests when the same load is
applied. However, the Vickers indentation test can be representative
of the overall properties when a greater load is used, thereby producing
larger indents that will measure properties of both phases in a single in-
dent. Due to the restriction of the coating thickness in this work, the
Knoop indentation is more suitable to represent the overall coating
properties. The relationship established between the Weibull moduli
with porosity and the phase content can be used to predict the optimum
microstructure that produces coatings with high reliability of mechani-
cal properties; i.e., high Weibull moduli.

4. Conclusion

The microstructures and mechanical properties of plasma sprayed
neodymium iron boron (Nd-Fe-B) coatings have been investigated at
standoff distances (SOD) of 100-300 mm. The microstructure of the
coatings shifted from a lamellar to a spherical type when the SOD in-
creased. The critical SOD was determined to be 150 mm at the given pa-
rameters - below which particles were not sufficiently melted and
above which particles started to resolidify — both of which contributed
to an increased porosity. Phase separation was observed in coatings
due to the metastable phase formation and non-equilibrium solidifica-
tion. The darker Fe-rich phase increased with an increase in SOD at
the expense of the lighter Nd-rich phase, with an increment trend at
100 mm SOD intervals.

Increased porosity level results in a decrease of the microhardness
and elastic modulus values of the coatings. Mechanical properties
were greatest for coating B (SOD 150 mm) with Vickers hardness,
Knoop hardness and elastic modulus of 691 kgg/mm?, 653 kgy/mm?
and 142.7 GPa respectively. The Weibull plot for the Vickers hardness
data exhibited bimodal behaviour while data acquired through the
Knoop microindentation revealed a monomodal distribution. Porosity
has a more significant role in determining the degree of data scattering
(Weibull modulus) when monomodal behaviour was observed. Where
a bimodal distribution was observed, the Weibull moduli were more
influenced by the phase percentage of the different phases present.
The material properties of Nd-Fe-B coatings can be optimised with re-
spect to the thermal spray process conditions so that an appropriate mi-
crostructure can be created for specialised applications.
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Quantification and Taxonomy of Pores in Thermal Spray
Coatings by Image Analysis and Stereology Approach

JO ANN GAN and CHRISTOPHER C. BERNDT

Porosity is one of the most important microstructural features in thermal spray coatings and has
been actively studied and measured by many methods. Image analysis techniques have become
popular techniques in determining porosity in coatings because of simplicity, accessibility, and
an ability to measure both open and closed porosities as well as pore characteristics such as size,
shape, orientation, and spatial distribution. In the current study, an image analysis technique
has been complemented by several stereology procedures to determine the porosity level and
characteristics of pores within coatings. Stereology protocols such as Delesse, DeHoff, and
Cruz-Orive analyses were used to derive the porosity level, pore size, and shape distributions,
and the effectiveness of each stereology protocol was compared. Standoff distance (SOD) and
annealing process did not alter the distribution trend of number of pores but influenced the
distribution of pore volume fractions significantly. The bivariate size—shape distribution of the
pores was used to predict the dominant pore type and fractions of pores that arose from
different formation mechanisms. It was found that nearly spherical pores that originated from
gas bubbles and entrapped gas pockets dominate at shorter SOD, while the different types of

pores become more evenly distributed when the SOD was increased.
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I. INTRODUCTION

POROSITY is perhaps one of the most studied
features of thermal spray coatings. Porosity refers to the
voids within a body of material usually formed during
processing, and is often expressed quantitatively in
fraction or percentage. Porosity affects the physical
properties of a material distinctively. The dependence of
a material’s properties on porosity was classified into
three categories by Rice:!" (i) properties not dependent on
porosity, such as thermal expansion coefficients and
melting temperature; (ii) properties dependent only on
the porosity level but not on its characteristics, such as
heat capacity and dielectric constant; and (iii) properties
dependent on both the porosity level and its character-
istics, such as mechanical properties and thermal con-
ductivity. Properties of thermal spray coatings that are
influenced by porosity level and its characteristics include
mechanical properties,”” magnetic properties,” thermal
conductivity,™ and electrical conductivity."!

Throughout the literature, various types of porosity in
thermal spray coatings have been identified, which can
be categorized based on its formation mechanism./®”
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Table I summarizes the types of porosity in thermal
spray coatings. Regardless of the formation mechanism,
a majority of the pores formed because of the inability
of the incoming molten particles to fill the surface
irregularities of previously formed layers. These protu-
berances could be unmelts, fragmented particles, con-
densates, or the surface architecture of the substrate.
Pressure within the incoming molten droplet was often
insufficient to break its surface tension; hence, the
droplet was unable to penetrate into smaller cavities.
This phenomenon depends on factors such as the
pressure distribution within the molten droplets, sub-
strate topography, as well as the solidification rate.!®!
While pores formed of this nature are more irregularly
shaped, those arising from gas entrapment are more
spherical®® and generally smaller.'”

Porosity could also arise from (i) the shadow effect, (ii)
the roof effect, and (iii) the splat-curling effect. The
shadow effect occurs when a rough peak-like feature on a
previously formed layer blocks incoming particles from
depositing on the “shaded area” of the surface. Voids
arise from these shaded areas as consecutive layers are
formed by the incoming particles, see Figure 1(a). On the
other hand, the roof effect is caused by the inability of
incoming particles to fill in the concave part of the
previously formed layers, thus forming a roof-like-shaped
void within the coating, Figure 1(b). The curling effect
could be caused by (i) stresses due to thermal expansion
coefficient mismatches at interfaces, (ii) surface tension of
molten splats, (iii) surface roughness, or (iv) substrate
remelting.'"! An assumption was made by Xue ez al.l'!
that curling occurred entirely because of splat shrinkage
upon cooling. The center of the splat was attached to the
substrate upon impact while the top surface of the splat
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Table I. Mechanism of Formation for Various Pore Types in Thermal Spray Coatings'

16,7]

Type Mechanism of Formation

1 interlamellar stacking of particles. quantity and size depend directly on particle size
and distribution of feedstock.

2 trapped gas pockets turbulence of gas flow.

3 gas bubbles dissolution of gas into molten metal and subsequent evaporation
upon solidification of the metal.

4 between fragments disintegration of spray particles at impact.

5 between condensates condensation of partially evaporated particles; often contains powdery residue.

6 between dendrites solidification shrinkage of the particles to highly textured dendrites
disrupts the coating structure.

7 micro cracks various (solidification, cooling, external load ezc.).

Fig. I—Schematic of pore formation: (a) shadow effect, (b) roof
effect, and (c) splat curling up.

contracted, thus causing the edges to curl up, Figure 1(c).
The curl up angle depended on the area of splat bonded to
the substrate and the thermal expansion coefficient of the
substrate. The microstructural artifact of a curl up is more
prone in metallic coatings than in ceramic coatings
because of their ductility and higher thermal expansion
coefficients. Besides, ceramic coatings are more brittle in
character, and stress relief would be reflected by cracking
across the splat profile.!]

Measurement techniques to evaluate porosity level in
thermal spray coatings include mercury intrusion poros-
imetry,'? helium pycnometry,!'” image analysis,!'*!”
electrochemical methods,'® and small angle neutron
scattering.l'”'8 Image analysis has become an increasingly
popular technique to determine porosity in thermal spray
coatings because of its simplicity, convenience, and its
capacity to determine various aspects of pores; i.e., open
and closed Forosity, pore size distribution, and spatial
distribution.!"”! Copper electroplating®*"! has also been
used to infiltrate the pores within plasma sprayed coatings
and improve visualization of the pores to be analyzed via
image analysis. However, this technique is applicable to
electrically insulating materials only. There is also concern
that the electroplating process might alter the microstruc-
ture that is being assessed. The appropriate measurement
technique must be selected with considerations to the
advantages and limitations of each technique.

In the current study, porosity of the coatings was
quantified using an image analysis technique that was
complemented by a stereology approach. The porosity

METALLURGICAL AND MATERIALS TRANSACTIONS A

level and characteristics, such as size and shape
distributions, within thermal spray coatings were
examined. The porosity levels quantified by different
stereology protocols, as well as the efficiency of each
protocol in the quantification of pores in thermal spray
coatings were compared. The pores were classified
according to their characteristics, and the fractions of
each pore type within the coatings were predicted. The
significance of these characteristics in terms of the
coatings is that it allows for the prediction of the pore
origins and therefore, the size and shape of pores
within the coatings can be optimized by adjusting the
spray parameters to maximize the type of pores
desired.

II. THEORETICAL BACKGROUND

Stereology provides an estimated three-dimensional
(3D) space projection based on measurements made on
two-dimensional (2D) sections; i.e., the coating’s cross
section. The estimate is based on geometric probabili-
ties, and the size or shape distribution is expressed
instead of the absolute volume of the feature of interest.
3D projection of pore distribution is more accurate than
2D ones in the sense that a 2D distribution often
assumes the dominance of elliptical-shaped pores
although there is a significant number of spherical pores
present.”?! Besides, in certain cases, the pore shape is
assumed to be spherical, and the pore sizes are given as
equivalent diameters. Such assumptions present mis-
leading pore distributions. 3D analysis through a
stereology approach offers a more realistic approxima-
tion of pore size distributions.

Most features in thermal spray coatings, such as
splats and pores, can be approximated to ellipsoids of
revolution. There are generally two types of ellipsoids:
prolate and oblate ellipsoids which are generated by
rotating an ellipse around its major axis (M) and minor
axis (m), respectively. The pore shape in thermal spray
coating analysis is assumed to be oblate ellipsoid
because of its pancake-like features. Therefore, only
the calculations for oblate ellipsoids will be discussed
henceforth. There are two protocols for size—shape
distributions, which have been ag}])lied for thermal s&)ragf
coating analysis: the DeHoff**** and Cruz-Orive*>2®!
protocols. Both protocols were used to derive the pore
size distributions in the current study.

VOLUME 44A, OCTOBER 2013—4845



The DeHoff protocol was derived from Saltykov’s
analysis for spherical particles.?”* In this dl’ldlySlS the
relative volume of pores was repartitioned in each size
class based on its 2D boundaries. However, it should be
noted that the distribution given by a DeHoff analysis
was a step function and not a continuous one; i.e., it was
assumed that the ellipsoids in a given size class were
approximately the largest ellipsoid in that particular size
class. It was also assumed that the cross sections where
the measurements were made represent the  average of all
possible sections throughout the coating.”®

The 2D cllipses at the coating cross sections were
projected into 3D oblate ellipsoids by revolving the
ellipses around their minor axis (m). The pore size
(major axis, M of the ellipse) was divided into k size
classes of A size increment, where A = M ,a,/k; M pax 1S
the longest major axis in the largest size class. The
number of ellipsoid particles in each size class per unit
volume is given by

1 k

WZ/WJ) “(Na), (1]

where k(g) is the shape factor for oblate spheroids, A
is the size increment, f(i,j) are the Saltykov coefficients
determined from the Saltykov matrix, and (N4); is the
number of ellipses of ¢ axial ratio per unit area in each
size class. The shape factor for oblate particles is ex-
pressed as

2 72
2 _ . 2
:/ / \/1+(qn/21) COS P ine - de - do
0 0

2]

(NV)i:

where ¢ is the average axial ratio of the ellipses, ¢ is the
angle between the normal of the test plane and the z-
axis, while 0 is the angle between the projection of this
normal on the xy plane and the x-axis. A plot of shape
factor, k(q) for oblate and prolate ellipsoids of revolu-
tion can also be found in the original literature.**

The volume fraction of the pores per size class, (V) can
then be calculated by multiplying (Nv); by the equlvalent
volume of the e111p501d Vi where V; =% (Mmm,) qi;
M ax.; 1S the maximum major axis at size CldSS i and g; is
the average axial ratio (¢ = m/M) of size class i.

On the other hand, Cruz-Orive developed a model
that links the size—shape probability density function
(pdf) for spheroids with variable size and shape by
solving the general spheroid problem.”>*®! Again, the
systems of particles are considered to consist of either
prolate or oblate ellipsoids of revolution generated by
ellipses at plane sections. However, this analysis takes
into account the shape variations; i.e., random variation
about a single type of shape such as ellipsoidal. The
shape factor is represented by the eccentricity parameter
of x* = 1 — (b/a)* where a and b are the major and
minor axes of the spheroids, respectively.

In order to apply this analysis, the phase of inter-
est—pores, must be satisfactorily modeled by spheroids
of the same type—must be either prolate or oblate.
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Second, the phase of interest must be dilute—the volume
occupied by the pores is small in relation to the total
volume. The pores are assumed to be non-overlapping,
and the orientations of the pores are assumed to be
random and isotropic.

Recall that the size variable for oblate spheroids is defined
by their major axes. Therefore, the range of pore size is
divided into k classes of A = A/k where A is the maximum
major axis of the pores in the body of interest. The shape
factor, x* is also divided into s classes of size 1/s. Therefore,
the population of pores within the body of interest can be
described by the bivariate variable (a x%), which is repre-
sented in a k x s matrix. Each pore is designated as an ij
spheroid with a certain size of 7 and shape ;.

The number of pores per unit volume of sample as a
function of pore size and shape is expressed as

K k
=AY N P NA(o, B)gY 3]

a=i fi=j

where i = 1,2,3,....kandj = 1,2, 3,..., s; p™ and ¢%
are inverse matrices of p;, and gg;, respectively; and N
is the number of ij ellipses per unit area.

The volume fractions of the pores for each size class,
Vv, can then be calculated by multiplying the equivalent
volume of spheroid ij by Ny. Further details on the
derivation of Cruz-Orive protocol can be found in the
original literature.!*>-*

III. EXPERIMENTAL METHODS
A. Feedstock Material and Plasma Spray Process

The feedstock was atomized neodymium iron boron
(Nd-Fe-B) powder of grade MQP S-11-9, manufactured
by Molycorp Magnequench Inc., Singapore. The feed-
stock exhibited a dense, spherical morphology with
more than 90 pct of the particles between 20 and 60 um;
Figure 2. The as-received feedstock was deposited via a
SG-100 (Praxair Surface Technologies Inc., USA)
atmospheric plasma spray torch onto stamless steel
304 substrates (60 x 30 x 3 mm?®). The spray parame-
ters are presented in Table II. All parameters were kept
constant, except for the standoff distance (SOD) and
number of passes. The SOD was varied to introduce a
different range of porosity level and pore characteristics
into each coating.”” "' The number of passes was varied
to maintain the coating thickness by compensating for
the decrease of deposition efficiency as the SOD
increased. The sprayed coatings were then annealed in
vacuum (<0.01 Pa) at 873 K to 923 K (600 °C to
650 °C) for 30 minutes.

B. Image Analysis and Stereology Implementation

The image analysis technique implemented in the
current study involved a five-step process: (i) sample
preparation (sectioning, mounting, and polishing), (ii)
image acquisition via scanning electron microscope, (iii)
image pre-treatment, (iv) image treatment, and (v) ster-
eology implementation.
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Fig. 2—(a) Morphology and (b) particle size distribution of Nd-Fe-B feedstock powder.

Table II. Experimental Parameters for Plasma Spraying
of Nd-Fe-B Coatings

Current (A) 750
Voltage (V) 40
Primary Gas Flow, Ar (slpm) 39
Secondary Gas Flow, He (slpm) 22
Carrier Gas Flow, Ar (slpm) 15

Feed Rotation (rpm) 3.5

Feed Rate (kg/s) 5x 1074
Standoff Distance, SOD (m) 0.1t0 0.3
No. of Passes 20 to 50

All the samples were sectioned in a direction perpen-
dicular to the coating surface and cold mounted using
epoxy. The mounted coatings’ cross sections were pol-
ished to a 1 um finish. A thin layer of gold film was
sputtered on all the samples before image acquisition
using a ZEISS Supra 40 VP field emission scanning
electron microscope (FESEM). Electron microscope
images provided more accurate results than images taken
by optical microscopy because of the former’s higher
resolution;!'” thus all images used in the current study
were electron micrographs. Twenty fields of random, non-
overlapping SEM images were taken for each sample at
1000 times magnification. All the images were taken using
the same acceleration voltage, working distance, resolu-
tion, magnification, brightness, and contrast.

The images acquired were processed using Image
Processing and Analysis in Java (Image J) software from
the National Institutes of Health, Bethesda, MD.*? The
evaluation was carried out in compliance with Test
Method B of standard ASTM E 2109.°%! The pretreat-
ment process of the images refers to the implementation
of filters to optimize and reveal the specific structures to
be studied; which in this case were the pores. However,
this step should be implemented cautiously and not
eliminate any of the features to be studied. Four types of
filters that are often employed are (i) contrast filters, (ii)
arithmetic and logic filters, (iii) spatial filters, and (iv)
frequency filters.® Only a contrast filter was imple-
mented in the current study, since the images obtained in
the current study did not contain any apparent noise
that required excessive image pre-treatment.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The pre-treated images were further processed by
image segmentation and filtering. Image segmentation
was performed by thresholding, Figure 3. The critical
threshold values were selected by sampling various
threshold values and determining the threshold value
where the number of isolated bright pixels increased
abruptly.'>) The open filter was used to distinguish
between globular porosity and crack network; Figure 3.
The opening function was executed by consecutive
erosion and dilation operations, where the erosion filter
removed pixels from the edges of digital objects while
the dilation filter added pixels to the edges of the objects.
The objects were the contiguous black areas in the
binary image, while the remaining white area was the
background. A pixel was removed by erosion filter if
four or more of its neighbors were white, and a pixel was
added by the dilation filter if four or more of its
neighbors were black. More than 10,000 voids were
analyzed.

The stereology approach was applied to compare the
porosity level and pore size distribution derived by 2D
image analysis and 3D space projection. The stereology
protocols that were implemented include the De-
Hoff**** and Cruz-Orive protocols.?>?®! The theoret-
ical background of these protocols was discussed in
Section II. For both protocols, the pore sizes were
divided into 15 size classes (k) of 2 um increment (A).
The shape factor, x°, in the Cruz-Orive protocol was
divided into s classes of size 1/s wherein s was 10.

IV. RESULTS AND DISCUSSION

A. Microstructure

The cross sections of the plasma sprayed Nd-Fe-B
coatings revealed features that were typical of thermal
spray coatings; i.e., splats, porosity, and unmelts,
Figure 4. There were two phases that were observed in
the coatings—the bright Nd-rich phase, and the dark
Fe-rich phase. These two distinct phases result from
metastable phase formation and non-equilibrium solid-
ification of Nd-Fe-B during thermal spray process-
ing 1331
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Fig. 3—Implementation of thresholding for image segmentation and opening function to distinguish between globular porosity and crack net-

work.

Fig. 4—Cross section of plasma sprayed Nd-Fe-B coating sprayed at
200 mm. G = embedded grit, P = pore, R = resolidified particle,
S = splat, and U = unmelt.

The pore types observed in the coatings corresponded
to the types listed in Table I and are visualized in
Figure 5. Each pore type arose from a different forma-
tion mechanism. The size and shape of the pores can be
interpreted to predict the origin of the pores and classify
them according to their formation mechanisms. This
will be discussed further in Section IV-D.

The cross sections of as-sprayed and annealed Nd-Fe-
B coatings are shown in Figure 6. It can be observed
visually that the porosity level of the coatings has
reduced after annealing. Microcracks also evolved as a
result of annealing. The quantification of the porosity
levels will be discussed in the next section.
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Fig. 5—SEM micrograph showing the various pore types in plasma
sprayed Nd-Fe-B coatings. Note The numbers correspond to differ-
ent pore type listed in Table I. 1 = interlamellar, 2 = trapped gas
pockets, 3 = gas bubbles, 4 = between fragments, 5 = between
condensates, 6 = between dendrites, 7 = micro cracks.

B. Comparison of Total Porosity

1. Delesse vs DeHoff’s protocols

The total porosity level of the coatings was quantified
using an image analysis technique, implementing two
stereology protocols: (i) Delessel*® and (ii) DeHoff.[?**%
Delesse’s protocol states that for a structure that
contains a secondary phase, p, then the area density,
Aa of phase p on a random cross section is equal to the
volume density, Vy of that phase in the structure.*® In
other words, the total area of a secondary phase p on
random cross sections of a structure is proportional to
the total content of phase p in the whole structure. On
the other hand, the DeHoff’s protocol functions on the
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Fig. 6—Cross-sectional views of (a), (¢) as-sprayed, and (), (d) annealed Nd-Fe-B plasma sprayed coatings deposited at 250 mm.
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Fig. 7—Comparison of porosity level of plasma sprayed Nd-Fe-B
coatings deposited at various standoff distances (SOD) determined
using Delesse’s and DeHoff’s protocols.

concept of repartitioning the projected volume of
ellipsoidal pores in each size class based on its 2D
boundaries. The theoretical background of DeHoff’s
protocol has been discussed in Section II.

Figure 7 shows the comparison of porosity level of as-
sprayed coatings determined by the two protocols. The
Delesse’s protocol averaged the porosity determined
from 20 different images; thus, the error bars represent
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the minimum and maximum porosity determined from
the 20 images. There were no error bars for the plot of
porosity level derived from DeHoff’s protocol because
this method integrated the data collected from all 20
images to a single pool of information to generate the
size distribution that was used to calculate the aver-
age porosity level. The porosity levels determined by
Delesse’s protocol were close to those determined using
DeHoff’s protocol, with a difference of less than 0.8 pct.
This implied that the porosity level determined by the
pore area (Delesse’s protocol) was accurate and was a
simple method to determine the overall porosity level
compared with an ellipsoids of revolution approach (i.e.,
DeHoff’s protocol).

2. Effects of standoff distance and annealing

The variation of porosity level in the as-sprayed and
annealed coatings determined via Delesse’s protocol is
shown in Figure 8. In general, the total porosity levels
for all the coatings decreased after annealing, consistent
with micrographic observations. An annealing temper-
ature of 873 K (600 °C) was observed to be more
effective in reducing the total porosity level rather than
923 K (650 °C). The higher porosity level of coatings
annealed at 923 K (650 °C) may have been caused by
the development of microcracks due to relief of residual
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Fig. 8—Variation of porosity level for as-sprayed samples and sam-
ples annealed at 873 K and 923 K (600 °C and 650 °C).

stressi®”! or the coarsening of 1%obular pores through the

expansion of entrapped gas.!

Exceptions in the porosity reduction trend were
observed for coatings deposited at SODs of 150 and
200 mm. The porosity level for annealed coatings
deposited at 200 mm does not change significantly
compared with the as-sprayed coating; however, the
porosity level of the coating deposited at 150 mm
increased after annealing. This distinct increase of
porosity level for the coating deposited at this SOD
may have been caused by the increased brittleness of the
coating after annealing, thus causing pull-outs during
metallographic preparation. Another possibility for the
incrﬁase of porosity was the expansion of entrapped
gas.

The refinement of pore structure, and hence the
porosity level, in plasma sprayed coatings resulted from
the combined actions of phase transformation and
sintering.*®! Phase transformation altered the bulk
density of a structure, which in turn led to a change in
the bulk volume of a sample. Through the annealing
process, the amorphous Nd-rich phase, formed through
rapid solidification endowed by the plasma spray
process, transformed into the more stable crystallized
Nd,Fe 4B and a-Fe phase. Densification of the coatings
was often compensated by shrinkage of the sample or
increased porosity through formation of microcracks.*®
On the other hand, sintering altered the porosity level
through shrinkage of small pores or coalescence of
smaller globular pores to form larger pores.

Figure 9 shows the variation of globular pores and
crack network for as-sprayed and annealed coatings. It
can be seen that the percentage of globular pores
generally decreased after annealing, with the exception
of the coatings deposited at SOD 150 mm. This increase
in globular pores reinforced an earlier statement that
brittleness of the coating after annealing led to more
pull-outs during polishing. The increase of globular
pores also suggested that the particles at this SOD
underwent more gas flow turbulence before deposition,
hence more trapped gas pockets that were subjected to
expansion during annealing.

On the other hand, the percentage of microcracks
for all the coatings increased except for coatings
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Fig. 9—Variation of (a) globular pores and (b) crack network for as-
sprayed coatings and coatings annealed at 873 K and 923 K (600 °C
and 650 °C).

deposited at 100 mm. The percentage of microcracks
dropped by about 1.1 pct after annealing for coatings
deposited at this SOD. Phase transformation for this
coating, hence the coating densification through for-
mation of microcracks, might not be so severe as
compared with the other coatings since the extent of
phase separation during deposition varied for each
SOD.P!

Most case histories throughout the literature indi-
cated that microcracks tended to preferentially anneal
out even at low temperature."*! However, such a
trend was not observed for the remainder of the plasma
sprayed Nd-Fe-B coatings. Instead, the microcracks
developed through coating densification were preserved.
Such an increase in microcracks for annealed coatings
has also been observed in other plasma sprayed coat-
. [37.40] . . . .
ings. In addition to the densification of coatings,
the microcracks may have also arisen from the relief of
residual stress coupled with the coefficient of thermal
expansion mismatch between the coating and sub-
strate.’”! It was also observed in Figure 9(b) that the
percentage of microcracks for coatings annealed at
923 K (650 °C) was always higher than for coatings
annealed at 873 K (600 °C). This observation further
reinforced the statement that microcracks were partly
caused by residual stresses and coefficient of thermal
expansion mismatches.
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Fig. 10—Distribution of (a) aspect ratio and (b) circularity of the pores in plasma sprayed Nd-Fe-B coatings deposited at various standoff dis-
tances.
Table III. Definitions of Various Size and Shape Descriptors Used in Pore Quantification
Descriptor Symbol Definition
Aspect Ratio AR ratio of major axis (M) to minor axis (1)
Circularity C defined by 4m(4/p?), where A is the area and p is the pore perimeter
Feret’s Diameter dr the longest distance between any two points along the pore boundary
Major Axis M the longest diameter of the best fitting ellipse
Shape Factor or x° defined by x*> = 1 — (b/a)?, where a and b are the major and minor axes

Eccentricity Parameter

of the spheroids, respectively.

Fig. 11—Schematic illustrating Feret’s diameter, dF and major axis,
M of a pore.

C. Pore size and Shape Distribution

1. Two-dimensional (cross section)

The shape of pores within thermal spray coatings
depends on their formation mechanism. Certain pores
may be spherical, such as those formed by trapped gas
pockets or gas bubbles.”*!! However, pores that arose
from other mechanisms may not be spherical. To prove
this point, the shape descriptors such as aspect ratio and
circularity of the pores within the coatings were deter-
mined. Aspect ratio, AR, is defined by the ratio of major
axis (M) to minor axis (m), while circularity, C is given
by 4n(A/p*) where A is the area, and p is the pore
perimeter. Aspect ratio and circularity approach unity
when a pore becomes more spherical. The aspect ratio
increases while the circularity decreases, when pores
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become more elongated. Figure 10 shows the distribu-
tion of aspect ratio and circularity of the pores in plasma
sprayed Nd-Fe-B coatings. Although the majority of the
pores show an aspect ratio and circularity equivalent to
unity, indicating that they were in fact spherical, there
were still more than 50 pct of pores within the coatings,
which were not spherical.

Therefore, it is inaccurate to represent pore size by
equivalent circular diameters. Instead, two other terms
known as the Feret’s diameter and the major axis have
been adopted for the purpose of classifying 2D pore size.
Feret’s diameter, df, is defined as the longest distance
between any two points along the void boundary, while
major axis, M, is defined as the longest diameter of the
best-fitting ellipse. A summary of definitions for these
shape and size descriptors is provided in Table III.
Figure 11 illustrates Feret’s diameter and the major axis
of a pore. The distributions of major axis and Feret’s
diameter in the as-sprayed coatings are shown in
Figure 12. The shape of the size and shape descriptors’
distributions were similar for coatings deposited at all
SODs, although they were of varying frequency levels
due to the difference in porosity level.

The 2D pore size distributions for all the coatings
were positively skewed, with a large portion of the pore
Feret’s diameters and major axis average ranging from
2 to 4 um. It can be observed that the increase in total
porosity is contributed by both the increase in the
number of pores and the pore size. While coatings
deposited at SOD 300 mm exhibited the highest poros-
ity level, the coatings deposited at 100 mm revealed a
relatively higher number of pores. The coatings depos-
ited at SOD 300 mm showed pores with a wider size
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distribution; i.e., Feret’s diameter and major axis, see
Figure 12. On the other hand, coatings deposited at
SOD 150 mm, which showed the lowest porosity level,
displayed the lowest number of pores and a narrow
pore size distribution compared with all the other
coatings.

Figure 13 depicts the bivariate distributions of pore
size and shape of coatings deposited at SOD of 100 mm.
Coatings deposited at other SODs exhibited the same
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trend of bivariate pore size and shape distribution, albeit
having different frequencies due to difference in porosity
level. It can be seen that the major axis and Feret’s
diameter of the pores were directly proportional to one
another, Figure 13(a). On the other hand, the shape
descriptors, aspect ratio and circularity of the pores did
not exhibit any apparent trend. However, there was a
preference for aspect ratio to decrease as circularity
increased. There were many pores that exhibited an
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Fig. 12—Distribution of (a) Feret’s diameter and (b) major axis of the pores in plasma sprayed Nd-Fe-B coatings deposited at various standoff

distances.

Fig. 13—Bivariate pore size and shape distributions for Nd-Fe-B coating deposited at standoff distance 100 mm: (a) major axis vs Feret’s diame-
ter, (b) aspect ratio vs circularity, (¢) major axis vs aspect ratio, and (d) major axis vs circularity.
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Fig. 14—Effects of annealing on the distribution of (a) Feret’s diameter, (b) major axis, (¢) aspect ratio, and (d) circularity of the pores in plas-

ma sprayed Nd-Fe-B coatings deposited at standoff distance 100 mm.

aspect ratio equivalent to unity, but with varying
circularity values that were less than unity. Again, this
demonstrated that even though the pores were not
elongated; i.e., since they revealed the same values of
major axis and minor axis, they were not necessarily
circular.

Plots of major axis and shape descriptor frequency
distributions, Figures 13(c) and (d), show that the shape
descriptors approach unity; i.e., becomes more spheri-
cal, when the pore size is small. These tiny circular pores
were small globular pores that were formed from gas
bubbles, type 3 pores in Table I, and contributed most
toward the number of pores within the coatings,
although the cumulative volume of this type of pore
was small. Pores that have a high aspect ratio in
addition to a large major axis were attributed to
microcracks; type 7 pores in Table I.

The effects of annealing on the distribution of the size
and shape descriptors of the pores for coatings depos-
ited at SOD 100 mm are depicted in Figure 14. In
general, annealing of plasma sprayed Nd-Fe-B coatings
in the temperature ranging from 873 K to 923 K
(600 °C to 650 °C) did not affect the curve shape of
the pore size and shape distributions, but only changed
the area under the curve. This is true for coatings
deposited at all SODs.

As mentioned earlier in this section, the total porosity
level was contributed by both the pore size and the
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number of pores. Since these distributions were plotted
as a function of frequency, the area under the curve was
determined by the number of pores in the coatings
instead of the total porosity level. Considering that
small globular pores and microcracks contributed most
to the number of pores in a given coating, the change in
area under the curve for the pore size and shape
distributions reflected the changes in the number of
these types of pores instead of the total porosity. The
broadening of the pore size distribution after annealing
above 1273 K (1000 °C), which arose because of con-
version of microcracks to globular pores or coarsening
of the spherical pores by entrapped gas,'® was not
observed here.

The reduction of globular pores and development of
microcracks after annealing did not have significant
effects on the shape of the pore size and shape
distributions for the temperature range studied. How-
ever, a significant change in the area under the curve
corresponded to the change in total number of pores
after annealing was observed. A slight narrowing of the
pore size distributions was observed for annealed
coatings, caused by the development of microcracks in
the annealed coatings.

2. Three-dimensional (stereology implementation)

The pore size distributions for coatings deposited at
various SODs derived using the DeHoff’s protocol are
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Fig. 15—Pore size distribution of coatings deposited at standoff dis-
tances ranging from 100 to 300 mm derived by DeHoff’s protocol:
(a) number of pores per unit volume, (Nv); ; and (b) volume fraction
of pores, (Vv);.

shown in Figure 15. The pore size for all the coatings
exhibited multimodal distributions. The first peak rang-
ing from 2 to 4 um corresponded to microcracks and
small globular pores, and was the most intense peak
observed for all the coatings. This intense peak for
microcracks and small globular pores indicated that
these pores contributed to over 90 pct of total porosity
by number, Figure 15(a). However, only about 50 pct of
the total porosity by volume was composed of these
pores, Figure 15(b). This difference in fraction of
porosity by number and volume can be explained by
the cubic relationship between the pore diameter and its
volume.['*!

The subsequent peaks for the coatings corresponded
to large globular pores, and had considerably lower
intensity than the first peak. The peaks for large
globular pores ranged from 8 to 28 um, depending on
the SOD. The coatings deposited at 300 mm, which had
the highest porosity level, exhibited the most diverse
globular pore size among all the coatings where the large
globular pores ranged from 8 to 24 um. On the other
hand, the coatings deposited at 150 mm, which revealed
the lowest porosity level exhibited the highest relative
amount of microcracks and small globular pores, where

4854—VOLUME 44A, OCTOBER 2013

these types of pores constituted more than half of its
total porosity. Several pores in coatings deposited at 100
and 300 mm showed sizes exceeding 30 um, which have
been treated as outliers and omitted from the analysis.
These large pores were presumed to be pull-outs that
arose from metallographic preparation because of the
brittleness of the coatings. Since all the coatings were
prepared using the same metallographic procedure, the
presence of pull-outs in these coatings implied that they
have poor cohesion compared with coatings deposited at
other SODs.

Note that the shape of the distribution for pore size
distributions in Section IV-C-1, Figure 12(a) and (b), is
similar to the shape for the plot of number of pores per
unit volume, (Ny);, Figure 15(a). Unlike the 2D analysis
of pore size distributions presented in the previous section
where the area under the curve represented the number of
pores within each coating, the (Vv); plots, Figure 15(b),
represented the total porosity level of the coatings. In
other words, the plots of 2D pore size distributions as a
function of frequency disclosed the change in number of
pores with respect to different coatings while the plot of
3D pore size distribution reflected the change of total
porosity level for each coating.

While univariate size distributions, i.e., distributions
derived by DeHoff’s protocol, are simple, they are
suitable only to describe particles with constant shape,
which is often unrealistic. The pore size distribution
derived using the Cruz-Orive protocol is more suitable
to convey information within thermal spray coatings
since the pores vary in shape. The bivariate size—shape
pore distribution for coatings deposited at SOD 100 mm
is depicted in Figure 16. The coatings deposited at other
SODs demonstrated similar bivariate pore size—shape
distribution trend, with varying N, Ny, and Vy
intensity depending on their porosity levels.

Most of the pores observed were within 0 to 10 um;
Figure 16(a). More than 95 pct per unit volume of the
pores were within the range of 2 to 4 um, Figure 16(b),
consistent with the analysis by DeHoff’s protocol. The 2
to 4 um pores existed for the entire range of the shape
factor while the pores greater than 4 um demonstrated a
shape factor between 0.2 and 1.0. This trend of pore
size-shape distribution held for all the as-sprayed
coatings, regardless of the SOD. Note that spherical
pores revealed a shape factor or the eccentricity param-
eter, x°, of zero and the value increased to ~1 as the
pores became sharper and flatter; i.e., there was an
increase in the ratio of minor axis to major axis.
Although pores with size greater than 4 ym account for
less than 5 pct of the number of pores per unit volume,
the volume fraction of these pores contributed up to
over 50 pct of the total porosity, Figure 16(c), consistent
with the DeHoff analysis.

The trend of bivariate size-shape distribution derived
using stereology, Figure 16, was notably different from that
derived on a 2D basis, Figure 13. This result arose because
of the different shape parameters used between these two
sections. However, it should be noted that the bivariate pore
size—shape factor plots derived on a 2D basis corresponded
to the trend observed for N4 plot, Figure 16(a).
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Fig. 16—Bivariate pore size—shape distributions of coating deposited
at standoff distance 100 mm: (a) number of pores per unit area, Na;
(b) number of pores per unit volume, Nv; and (c¢) volume fraction of
pores, Vy.

D. Pore Taxonomy

The pore shapes can be classified into three categories:
(i) nearly spherical pores, 0.1 <x®> < 0.5; (ii) non-flat
spheroidal pores, 0.5 < x*> < 0.8; and (iii) sharp disk-
shaped pores, 0.8 < x> < 1.*2) The volume fractions of
the three pore types for coatings deposited at SOD
ranging from 100 to 300 mm are illustrated in Figure 17.
As mentioned earlier, the pores within the range from 2
to 4 um consisted of small globular pores and micro-
cracks and were present in the entire shape factor range.
However, it can be seen that regardless of the SOD, the
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Fig. 17—Volume fraction of pores for coatings deposited at various
standoff distance: (a) nearly spherical pores, 0.1 < x> < 0.5; (b) non-
flat spheroidal pores, 0.5 <x?*<0.8; and (¢) sharp disk-shaped
pores, 0.8 < x* < 1.

majority of the pores within this size range were small
pores that were nearly spherical. On the other hand,
pores greater than 4 um were mostly non-flat spheroidal
pores and sharp disk-shaped pores.

Recall that the pores were categorized into globular
pores and cracks in Section IV-B. In relation to these
two pore types, globular pores were contributed by the
pores with a shape factor <1; i.e., nearly spherical and
non-flat spheroidal pores. Cracks were contributed by
the pores with a shape factor of ~1 since cracks are
mostly sharp compared with interlamellar pores. Refer-
ring back to the mechanism of pore formation discussed
in the Introduction, the origin of these globular pores
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and cracks can be predicted according to their size and
shape.

Small nearly spherical pores with size ranging from 0
to 4 um were most likely caused by gas bubbles within
molten particles that evaporated upon solidification,
while near spherical pores larger than 4 um were caused
by trapped gas pockets that result from turbulence of
gas flow. Nevertheless, nearly spherical pores can also be
formed by other mechanisms such as those for non-flat
spheroidal pores; although the likelihood for these pores
to be formed by gas bubbles and trapped gas pockets is
significantly higher because of their “‘nearly spherical”
shape. Non-flat spheroidal pores, regardless of their size,
were formed through a variety of mechanisms including
stacking defects, disintegration of particles, condensa-
tion of evaporated particles and solidification shrinkage.
Sharp pores with shape factors of ~1 were associated
with microcracks that could result from a variety of
mechanisms; e.g., solidification, thermal stresses and
external loads. Microcracks within the size range of 0 to
4 um were allocated as intralamellar cracks while those
greater than 4 um were considered to be interlamellar or
translamellar cracks.

The distribution of the three types of pores—(i) nearly
spherical, (ii) non-flat spheroidal, and (iii) sharp disk-
shaped pores, as a function of SOD—are depicted in
Figure 18. The pores formed by gas bubbles and
entrapped gas pockets, i.e., type (i), dominated at low
SOD. The three types of pores became more evenly
distributed when the SOD increased; see Figure 18. This
indicated that the dominance of pore-formation mech-
anism shifted as SOD varied, because of variation of
in-flight time, particle velocity, and solidification rate.

It is apparent that the majority of the pores, ~50 pct,
at lower SOD were formed by gas bubbles and trapped
gas pockets. Note that it is possible that globular pores
originated from a porous feedstock. However, this was
not the case in the current study since cross sections of
the as-received feedstock showed a dense and non-
porous structure. The gas bubbles arose because of gas
dissolution from the molten particles during their
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in-flight history; whereas trapped gas pockets were
likely to be formed by turbulent gas flow near the
plasma spray torch nozzle, refer to Table I. The gas
bubbles and trapped gas pockets were subjected to
shrinkage and may collapse if the pressure of the molten
droplet increased. Thus, collapsed porosity may have
also evolved from decompression of dissolved %as
during molten droplet impingement on the substrate.[*”
The release of gas bubbles upon impingement depends
on the particle velocity as well as the solidification rate.
The globular pores may also be contributed by the
evaporation or desorption of gases upon solidification,
which dissolved into or adsorbed onto the particles
during their in-flight trajectory.!**

Coatings deposited at SOD of 300 mm exhibited a
lower volume fraction of small globular pores than
those deposited at 100 mm, despite having a higher total
porosity. This behavior can be explained by the dynam-
ics of gas bubbles within liquids, where small bubbles
tend to coalesce to a larger bubble within the droplet.[*”
Such a mechanism also explains the significant amount
of large globular pores in coatings deposited at SOD of
300 mm since these pores experienced a longer in-flight
time and may coalesce. After solidification, some of
these trapped gas bubbles have sufficiently large internal
pressure that, when released, the formation of micro-
cracks, fragmentation, and residual stresses can evolve.

Figure 19 compares the relative volume fractions of
the three types of pores in as-sprayed and annealed
coatings. Note that this plot of volume fraction com-
parison is in relative volume fraction—they are in terms
of percentage and the actual volume fractions of pores
depends on the total porosity of each coating. It can be
seen that the overall percentage of sharp disk-shaped
pores generally decreased after annealing and was
compensated by the increase of nearly spherical or
non-flat spheroidal pores. The data reinforced a mech-
anism whereby intralamellar cracks were healed or
transformed to nearly spherical or non-flat spheroidal
pores after annealing.

According to Erk et al.** there were two mechanisms
responsible for microstructural changes during the heat
treatment of plasma sprayed coatings: surface diffusion
and volume diffusion. Surface diffusion was responsible
for the healing of intralamellar cracks and commenced
at around 1073 K (800 °C) for ceramic coatings.*” On
the other hand, volume diffusion occurred at a higher
temperature—well above 1273 K (1000 °C) for ceramic
coatings—and accounted for the reduction of porosity
through shrinkage of interlamellar pores. However,
these temperatures are likely to differ for different
materials. Heat treatment was found to decrease the
porosity in a co[%per coating at temperatures as low as
573 K (300 °C).

Since all the coatings were heat treated under the
same conditions, there was no reason for the difference
in sintering behavior to be caused by the annealing
process. The different annealing mechanisms were most
likely attributed to either the difference in the porosity
level or phase content. The coatings deposited at SODs
of 100 and 300 mm exhibited an almost similar total
porosity level, with a difference of ~1 pct. Therefore, the
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Fig. 19—Effects of annealing on the distribution of nearly spherical pores, non-flat spheroidal pores, and sharp disk-shaped pores as a function
of standoff distance. Note Each of the three columns for the five SODs represents, from left to right, as-sprayed, annealed at 873 K (600 °C) and
annealed at 923 K (650 °C) conditions. The values above each column represent the total porosity of the coatings.

different annealing mechanisms did not contribute to the
overall porosity level. Instead, the as-sprayed coatings
deposited at SOD of 100 mm showed double the
microcrack content of coatings deposited at other
SODs. The microcracks that arose from quenching
stresses were reformed during the initial stage of
annealing into interlamellar pores. The small interla-
mellar pores subsequently coalesced or coarsened to
larger pores.

On the other hand, coatings that were deposited at
other SODs experienced a further step of releasing the
thermal stresses by developing microcracks during the
initial stage of the annealing process—hence, the rise in
small globular pores. Since the annealing time was the
same for all the coatings; i.e., 30 minutes, the coatings
deposited at SODs ranging from 150 to 300 mm only
underwent the non-densifying mass transport mecha-
nism where interlamellar cracks transformed into small
globular pores, and the annealing process ceased before
pore coarsening could take place.

V. CONCLUSIONS

Cross-sectional studies of plasma sprayed Nd-Fe-B
coatings show that coating porosity varies in size and
shape, indicating that porosity arose from different
formation mechanisms. The pore structure of the
coatings also evolved after annealing, where the overall
porosity decreased after annealing. The total porosity
level determined via Delesse’s protocol and DeHoff’s
protocol were comparable, and it was concluded that
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the Delesse’s protocol offers a simpler and accurate way
to determine the total porosity level.

The pore size and shape distribution were determined
by comparing the distributions derived on 2D plane and
3D projection (stereology). The SOD did not influence
the distribution trend for the number of pores per unit
area, N5 and the number of pores per unit volume Ny,
but significantly affects the volume fraction of pores, Vy.
The area under the curve for the plots of Ny and of Vy
revealed the total number of pores and total porosity of
the coatings, respectively. The pore size distributions
derived using DeHoff’s and Cruz-Orive analyses were
consistent with one another. While DeHoff’s protocol
was effective in deriving the pore size distribution, Cruz-
Orive’s protocol can be used to derive bivariate size—
shape distributions of the pores.

The bivariate distributions of pore size and shape,
where shape factor was represented by the eccentricity
parameter, x°, allowed for the prediction of dominant
pore type in the coatings and the pore fractions that
were derived from different origins:

(i) Nearly spherical (0.1 < x* < 0.5): gas bubbles (2 to
4 um) and trapped gas pockets (>4 um).

(ii) Non-flat spheroidal (0.5 < x* < 0.8): interlamellar
defects, particle disintegration, particle condensa-
tion, and solidification shrinkage.

(iii) Sharp disk-shaped (0.8 < x* < 1): intralamellar
cracks (2 to 4 um) and interlamellar cracks (>4 pum).

SOD influenced the pore formation mechanism
because of varying in-flight time, particle velocity, and
solidification rate. Type (i) pores dominated at short
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SOD, while at longer SOD, the three types of pores
became more evenly distributed as the entrapped gas
were transformed into other forms of pores. Annealing
decreased type (iii) pores, while it increased type (i) and
(i1) pores, as microcracks were transformed into glob-
ular pores.

The means to quantify and classify different types of
pores, as well as predict the formation mechanisms for
each pore type within thermal spray coatings presented
in the current study provide useful insights into con-
trolling the pore size and shape to optimize the preferred
porosity level and pore type in the coatings.
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Thermal Spray Coatings: Processing, Microstructural Architecture and their Materials Engineering
Design

Chapter 3. Mechanical Property Testing

3.1 Introduction

The 5 manuscripts in Chapter 3 focus on mechanical properties of thermal spray coatings.
This topic was the focus on the applicant’s thesis and the studies have been refined since his
own submission in 1981. Work has been selected from the 1993-2001 timeframe, with
manuscript #7 being a review of the “Measurement of adhesion for thermally sprayed
materials”. This work also developed into measuring “Contact Damage in plasma-sprayed
alumina-based Coatings”, manuscript #8; and two companion manuscripts on the “Influence
of plasma spray parameters on mechanical properties of yttria stabilized zirconia coatings”.
These manuscripts, #9 and #10, examined the four point bend test and acoustic emission to
measure Young’s Modulus, a pseudo yield point, and cracking mechanisms.

Hardness measurements have been a favoured technique of the applicant for many years and
the unique usefulness, attributes and simplicity of this method is illustrated in manuscript #11
(2001) where the ‘Evaluation of microhardness and elastic modulus of thermally sprayed
nanostructured zirconia coatings’ is explored. This work related hardness to roughness for the
series of samples analysed. Likewise, this work was the forerunner to further analysis on the
bimodal distribution of hardness tests measured by a Weibull distribution analysis; work that
was introduced to the thermal spray community by the applicant in 1988.

The 144 publications with the identification numbers below are considered as contributions
that focus on this specific subject material. Chapter 7 of this thesis outlines the methodology
employed for this analysis.

3 33 83 154 234 294 347
4 34 85 159 236 295 349
5 41 87 168 239 296 351
6 42 89 169 240 297 352
7 43 94 170 244 299 358
9 44 100 171 250 303 365
10 55 103 172 251 308 371
11 56 104 176 259 309 377
12 57 105 182 260 310 379
14 58 106 193 261 311 380
15 59 108 194 262 312 381
16 60 112 195 263 313 383
17 62 114 196 269 314 392
23 63 116 206 272 315 394
24 64 127 207 273 316 413
25 67 129 211 277 318 436
28 71 131 213 281 331 453
29 72 136 214 282 332 459
30 76 142 218 286 333

31 77 143 219 287 338

32 78 144 220 292 342

Chapter 3. Mechanical Property Testing Page 61
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Abstract— Thermally sprayed coatings have a distinctive microstructure which can be described as'a
three-dimensional layered structureof discs which are interlaced to form a material of composite nature'.
The coatings are normally greater than 25 um in thickness and can thus be described as bulk coatings.
The minimum microstructural detail would be a single splat (often described as a lamella), which is
about 5 um in thickness and up to 80 um in diameter. This paper focuses on methods used to define
and measure the adhesion of coatings or deposits formed by thermal spray technology. The
properties distinguished include those of strength and toughness. Measurements such as the tensile
adhesion (according to ASTM C633) and double cantilever beam (DCB) tests will be addressed to
illustrate the relevance (if any) of such methods to present industrial practice. Acoustic emission
studies have also assessed a function termed as the ‘crack density function', i.e. a product of the
number of cracks and crack size. Other measuring methods applied to this technology include micro-
hardness and scratch testing. The former technique has demonstrated that the material properties of
coatings are anisotropic, and the latter method is being considered within the biomedical industry to
assess the adhesion of hydroxyapatite to orthopedic prostheses. These techniques, among others, may
be used for both fundamental understanding of coating performance (i.e. life prediction and cracking
mechanisms) and as testsfor quality control.

Keywords: Acoustic emission; adhesion; adhesion measurement; coating failure; degradation; double
cantilever beam test; fracture mechanics; indentation; lifetime modeling; scratch test; thermally
sprayed coatings.

1. INTRODUCTION
1.1. Formation and structure of thermally sprayed coatings

A variety of thermal spray processes are available to deposit thick coatings for a
broad range of applications [1-3]. The processes are essentially similar in that a
material is heated up by a gaseous medium and simultaneously accelerated and
projected onto the substrate. The family of thermal spray processes includes,
among other processes, flame spraying, plasma spraying, vacuum plasmaspraying
(also called low pressure plasma spraying), high velocity oxygen fuel, arc
metallization, and detonation gun spraying. The prime distinctions between these
spraying processes are the temperature of the process and the velocity of the
thermal source used in the process. These process variables control the nature of
the materials that can be sprayed. The techniques also differ with regard to their
process economics; that is, factors such as the cost of the equipment, the cost of

*To whom correspondence should be addressed.
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thefeedstock materials and other consumables such as gases, grit blast media, etc.
that may limit the viahility of a particular process.

Thermal spray technology is not limited to coating substrates but now also
encompasses the manufacture of net shapes [4], which can be considered as very
thick coatings [up to, say, 1" (25 mm) in thickness] stripped from the substrate (or
'forming tool") and then used directly as an engineered materia [5]. The avail-
ability of thermal spray processes enables the production of materials of varying
composition and structure-theso-called 'functionally gradient materials.

Several conferences have been devoted to thermal spray and such proceedings
[6-8] cover many of the processing variables associated with this technology. In
addition, a quarterly journal called the Journal of Thermal Spray Technology is
now available that covers the complete engineering and scientific arenas o this
technology.

Thermally sprayed coatings consist of a layered structure that is highly
anisotropic such that individual splats are oriented paralel to the substrate
surface [9]. A microstructural cross-section of a thermally sprayed material is
illustrated in Fig. 1, where unmelted particles are embedded within the layered
structure and also pores exist either totaly inside or between each layer [10].
After formation of the coating, thefirst property criterion for this coating system
is'How well is the coating adhered to the substrate' and it therefore follows'How
can we evaluate this adhesion strength, especialy for coatings which are in
service? The intent of this paper is to describe and then discuss methods of

VvOID

OXIDIZED
PARTICLE

UNMELTED
PARTICLE

Fig. 1. Microstructure of thermally sprayed coatings [10].
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measuring the'adhesion strength' of thermally sprayed coatings. A strong intent is
to aways rel ate such measurements to the ultimate application(s) of the coatings.

1.2. Rationalefor measuring adhesion

According to Mittal [11], adhesion can be expressed in various ways. For
example, 'basic adhesion' signifies the interfacia bond strength and is the
summation o all intermolecular or interatomic interactions. The result of an
adhesion test is called 'practical adhesion’ and is afunction of basic adhesion and
many factors—all of which represent the work required to detach afilm or coating
from a substrate. Many theories or mechanismsfor adhesion have been proposed
[12, 13]; however, noneisfulfilled by al situations and thereis no adhesion test
available which satisfies al requirements. Therefore the best test method often
becomes the one that simulates practical stressconditions.

The term 'adhesion’ requires special definition for the purposes of thermal
spray coatings. For example, the American Society for Testing and Materials
(ASTM) [14] states adhesion as 'the dtate in which two surfaces may consist of
valence forces or interlocking forces or both'. The theories of adhesion between two
materials, in general terms, include mechanisms based on diffusion, mechanical
interlocking, electrostatic attraction, physical adsorption, chemical bonding, and
weak boundary layers [15]. However, the above global definition cannot be
universally applied to thermal spray materials since these coatings can be
considered as 'composites at the microstructural level. Thus, bonding
mechanismsfor forming an integral coating or net shape will also be complex and
may involve adhesion processes which are exclusive of those established for
classical joining technology. The basic bonding mechanisms that have been
defined for thermal spray coatings can be categorized into three major groups
[16] (Tablel).

The specific thermal spraying process will influence the microstructure of the
coating and, therefore, it can be inferred that the adhesion strength of the deposit
will vary. For example, the high velocity oxygen fuel (HV OF) technique produces
avery dense microstructure with porosity typically less than 2% compared to the
less than 5% porosity, at best, for a flame sprayed or an atmospheric plasma
sprayed material. Thus, factors affected by the spray parameters, including the
size and distribution of porosity, oxide content, residual stresses, and macro- or
micro-cracks, have an important influence on the performance and eventual
failure o thecoating system.

Table 1.
The basic bonding mechanisms of thermally sprayed coatings

M echanical interlocking (anchoring)

Metallic bonds (metal-metal bonds)
dispersion forces
chemisor ption and epitaxy
diffusion

Chemical bonds
inter metallic compounds
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The service failure mode(s) can be described as interfacial, cohesive, or of
mixed interfacial/cohesive failures* This service failure mode must also be
reflected by any testing method which seeks to perform a meaningful quality
control test of coatings. It is thus preferable that any laboratory test induces the
observed service failures, otherwise they will be of limited application to
engineering design. Useful measurements on adhesion strength and interpretation
of the test resultsto predict the service life of coatings or net shapes are the most
challenging problem for thermal spray scientists.

1.3. Application of fracture mechanicsto adhesion measurement

The adhesion of thermally sprayed coatings is not only an interfacial problem of
the individual lamella within a coating, but also concerns examination of the
integrity of the interface between the substrate and coating, residual stresses,
crack population, and pore size and distribution. Fracture mechanics [17, 18]
considers the energy required to initiate or propagate cracks and evaluates the
adhesion of the coating system in terms o ‘fracture toughness, [19-21]. Four-
point bending methods, single-edge notched specimens, double cantilever beam
tests, indentation techniques, and other measurements have been employed to
assessthe adhesion of coating systems[22-24].

The purpose of al these methods is fundamentally the same when they are
expressed from the viewpoint of fracture mechanics. The experimental
proposition is to establish the equilibrium condition where the elastic energy
provided by an external force (asdefined by the geometry of the specimen and the
applied load) is balanced by the propagation of a stable crack. Oneform of this
energy balance criterion derives the strain-energy release rate, G (inJ/m?), and is
defined as:

3 (W= )
G=""T7
A

where W isthe work done by external forces (inJ), Uis the elastic energy stored
inthesystem (inJ),and A isthe crack area (inm?).
It isconvenient to write Gas

1)

F?* dcC
G="7— (2)
2B dL

where Fistheforcerequired to extend acrack (inN), L isthecrack length (inm),
Bisthethickness (inm),and Cisthecompliance (inm/N).
Thestrain-energy release rate can berelated to thefracture toughness by

EG
K_\/l—v2 (3)

where Eistheelastic modulus (inMPa) and vis Poisson's ratio (dimensionless).

*Thermal spray engineers should recognize that the term ‘'interfacial’ is used in preference to
'adhesive’ to avoid confusion with an 'adhesive’ which is used to join materials (i.e. adhesive will be
used asanoun rather than asan adjective).
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When G exceeds a critical value, G, crack propagation occurs and failure of
the coating system results. The evaluation of K assumes that both the elastic
modulus and Poisson's ratio of the material are known. The physical representa-
tion of the above equations is that the change in compliance of the specimen
controls the energy input into the creation of new fracture surfaces. Thus, the
corollary of this theory is that the crack path and rate of crack growth can be
controlled very precisely by appropriate design of the specimen.

Thus, 'mechanical adhesion' can be evaluated in terms of adhesion strength or
fracture toughness. Such measurements of coating-substrate adhesion have been
reviewed recently and are listed in Table 2 [25-27]. However, test methods for
thermally sprayed coatings are restricted. The techniques to be discussed in this
paper include the double cantilever beam test, acoustic emission technology,
microhardness assessment, and the scratch test. The tensile adhesion test (TAT)
isnot covered in detail but will be referenced.

Table 2.

Methods that can be used to determine coating-substrate adhesion

Qualitative Quantitative

Mechanical methods

Scotch tape test Direct pull-off method

Abrasion test Laser spallation test

Bend and scratch test Indentation test
Ultracentrifugal test
Scratch test

Non-mechanical methods

X-ray diffraction Thermal method
Nucleation test
Capacitance test

2. ADHESION MEASUREMENTS
2.1. Methods

One difficulty with any mechanical property assessment of coatings is how to
attach a loading device to the coating without influencing the property that is
being measured. Some investigators [28] have approached this problem by
manufacturing a pin or disk that could be removed from a mating component
(Fig. 2). The surface of this assembly was thermal sprayed and then the pin or
disk, depending on the assembly used, removed. Theforce at fracture was used to
find a parameter termed 'the adhesion strength' of the coating. The corresponding
shear test is performed by spraying the outside diameter of acylinder or the head
of apin (Fig. 3) [29]. One potential difficulty with the above test is that the duplex
nature of the specimen assembly may influence the coating quality since the
heating and cooling behavior of the deposit will be affected by the interface
between the two components. Another feature of both the tensile and the shear
tests is that the fracture mode is ambiguous since mixed mode failure often
occurs.

Other geometries that do not need an adhesive are illustrated in Figs 4 [30]
and 5 [31]. These tests have not been widely implemented outside of their
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Fig. 2. (a) Specimen for determining adhesion strength; (b) centering device and specimen in cross-
section [28].

v
(@) (b)

Fig. 3. Shear tests[29].

laboratories of origin. The method of spraying two adjoining conical parts is
expected to incorporate afailure which has a large shear component, whereas the
other shear test may exhibit either shear failure parallel to the substrate surface or
shear failurethrough the coating thickness.

Theadhesion propertiesof coatings wereinvestigated on the microscopic level
[32] by shearing individual particles from the substrate surface (Fig. 6). This
study considered that adhesion to the substrate arose from interactions across the
particle-substrate interface and a 'strength of growth rate constant' (K') was

defined as
K = —tlln (1 —N(”) @)

0

where tisthetime, N(¢) is the number of atoms that react during the interaction
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time, and N, is the number of atoms in the particle and substrate that are in
contact.

The upshot of this analysis was that the strength of the coating at some inter-
action time of 't' was compared with the maximum strength of the coating at the
end of thethermal spray process. It was established that the extent of the particle/
interface reaction increased with both increasing particle pressure and
temperature, and this agreed with the experimental observations that coating
adhesion also increased under these conditions. Further theoretical work [33] has
treated adhesion as a stochastic process which depends on the formation
characteristicsof thefirst monolayer of material. The coating buildup istreated as
a dtatistical process involving input data from the thermal spray processing
parameters such as the relative motion between the torch and substrate (i.e. the
spray pattern), the velocity and temperature distribution of the thermal source,
and the particlesize.

2.2. Application of adhesion measurements

The reason for performing adhesion measurements can be brought into focus by
examining how such experiments are used to ascertain the utility of coatings. For
example, bond strength measurements allow optimization of different grit blast
media and the angle of grit blasting, as well as establishing the best coating
thicknessfor aluminum coatings (Fig. 7) [34]. Other workers[35] have optimized
ceramic compositions and plasma spraying parameters with respect to strength.
Thus, the historical basis for these measurements is significant. In recent years,
with the adoption of design of experiment methods [36], bond strength measure-
ments along with other physica measurements (roughness, porosity, etc.) have
been used to establish specifications to select coatings.

The strength of the specimen may not be the same as the strength of the
engineered coating. It can also be difficult to establish how process-induced
residual stresses influence the strength measurements. The adhesion measure-
ment is now taken as a control parameter that can be used as a guide to optimize
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the many process parameters that areinvolved during thermal spraying. Oftenthe
tensile adhesion test is performed as a quality control test and numerous
references can befound in thermal spray conference proceedings [6-8].

2.3. Fracture mechanicsapproach

2.3.1. Overview. Thefracture mechanicsapproach to evaluate crack propagation
is based on defining adhesion in terms of a stress intensity factor K or strain-
energy release rate G. Methods of measurement include the double cantilever
beam (DCB) test; the doubl e torsion test; the bending (three-point or four-point),
single-edge notched test; and the compact tension test. Among these, the DCB
method allows multiple fracture toughness readings by testing a single specimen
and will be discussed in thefollowingsection.

Thefracture mechanics mode of failureisalso a material property that can not
only be controlled (tosome degree), but must be quantified for engineering design
purposes. Thus, amgjor justificationfor afracture mechanicstest isthat a mode |
(tensile) or a mode II (shear) test can be performed and the response of pre-
existing flaws ascertained. There is also the possibility of carrying out mixed
mode tests that may better replicate a variety of service conditions that the
coating may experiencethroughout itslifetime.

Thedoubletorsion test [37, 38] has been applied to thermally sprayed coatings
(Fig. 8).The prime advantage of this test is that thereis no need to measure the
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crack length because cracking occurs at a constant strain-energy release rate or
stress intensity factor. Specimen manufacture involves incorporating the coating
into an arrangement so that a torque can be applied to the crack front. The short-
comings of the test are that mode | cracking, where the crack front is orthogonal
to the crack propagation direction, was never verified despite several attempts. It
also appeared that both arms of the double torsion specimen were deflecting at a
constant angle along their entire length. Both these conclusions are reflected in
the fracture surface morphology asindicated in the inset diagram (on the bottom
right) of Fig. 8 wherea mixed mode of failureisobserved.

The four-point bending test has also been applied to measure the fracture
toughness of ceramics joined with metals [39]. The configuration is quite simple
and one measurement can be obtained from each test.

2.3.2. Double cantilever beam (DCB) test. A major advantage of the DCB test is
that it may have wide applicability to the design engineer; however, this ideal
comes at the expense of complex specimen preparation and more sophisticated
experimental techniques than the quality control departments of thermal spray
shops may be prepared to undertake.

Many configurations of this test are available (Fig. 9) and an example of the
technique on a thick film conductor of alumina is shown in Fig. 10 [40]. The
applied moment method was used in this case since the crack length, a difficult
property to measure for these opaque coatings, was not required. These studies
are analogous to those on thermal spray coatings (Fig. 11) [41], whereinterfacial
and cohesive modes of failure were distinguished in terms of fracture toughness.
Another DCB geometry arrangement isillustrated in Fig. 12 [42], where a single
contoured arm was used.

The general nature of the force vs. displacement requirement of a DCB
experiment is shown in Fig. 13. The elastic energy of the specimen arms controls
the amount of energy which is transferred to the creation of new crack faces
within the locus of fracture. Thus, crack growth, asindicated by the dashed linein
Fig. 13, will continue until a stable condition is reached and crack propagation
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Fig. 12. Specimen with DCB geometry in which one arm iscontoured {42].

stops at that point. The new slope of the force-displacement curve (i.e. the
compliance) indicates the magnitude of the new crack length, and the area
enclosed within the force-displacement curve is related to an energy transfer
(from the DCB armsto the crack) during crack growth. Thus, the versatility of the
DCB method isthat the energy input into the coating can be controlled by altering
the elastic modulus and/or geometry of the DCB arms.
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It is also necessary to verify that the arms of the DCB are indeed bending and
that thereis no rigid movement of the adherends (Fig. 14a). It wasestablished that
true bending of the DCB arms did take place asindicated in Fig. 14c, rather than
the ideal situation as depicted in Fig. 14b. The composite DCB geometry which
incorporated an adhesive joint does not directly obey the Mostovoy formulation
[43] but a modified equation that incorporated displacement at the crack-tip and
deformation beyond the crack-tipfitted reasonably well to thetheory (Fig.15).

2.3.3.DCB test for thermally sprayed materials. In the basic DCB test on
coatings (Fig. 16), a tension force is applied to the specimen assembly and
displacement is measured by an extensometer placed on the arms [22]. When
cracking initiates, as noticed by load decreasing with extension increasing, the
DCB is unloaded. Several loading/unloading sequences are performed until
completefailure o the specimen, at which point the morphology can be examined
by optical microscopy and scanning electron microscopy (SEM). Either one of
the threefailure modes, i.e. interfacial, cohesive, and mixed, can be observed and
both inter- and trans-lamellar cracking is exhibited. The locus of fracture can be
controlled by grooving the edges of the DCB as shown in the inset (right-hand
side) of Fig. 16. Another feature of the DCB method is that the method is not
limited by the strength of the adhesive, asis the casefor tensile adhesion tests but
sinceit isafracture mechanicstest, it is only necessary for the fracture toughness
of the adhesive to be greater than that of the coating. This is a relatively easy
condition to satisfy.
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2.34. G,c determination. The critical strain-energy release rate, Gy, is deter-
mined from equation (2). The compliance values, dC/dL, are determined from
the displacement at the loading points (C p), which differs from the values
recorded by the extensometer which is termed the crack opening displacement
(Ceop)- An experimentally determined calibration curve is necessary to calculate
dC/dL [22, 44]. Severa laboratories have used this technique [45, 46] to
generate G, data. The results are compiled with fracture indentation measure-
mentsin Table 3. The mean G, valuesfor ceramic coatings exhibit a large range
but generally they can be considered to lie below = 100 J/m?, whereas Gi¢ values
for metallic coatings are greater than 100 J/m?.

Table 3a.

G values(inJ/m?) for thermally sprayed aluminacoatings

Material Mean SD Method Note Ref.  Appendix
AlLO, 12 2 DCB IF 22 Metco 101
AlLO, 16.1 5.3 DCB CF 23 Metco 105
Al,O, 21 5 DCB CF 22 Metco 101
AlLO, 31.6 9.3 DCB CF 23 Sedled
ALO, 34 9 DT CF 22 Metco 101
AlLO, 49.8 14.0 DCB CF 23 PC-WAF
AlLO, 52.7 145 DCB CF 23 Assprayed
AlLO, 58 16 DCB Int. BCFail. 22 Metco 101
AlLO, 78 29 DT IF 22 Metco101
AlLO, 209 - Ind. Load: 47 N 23—

AlLO, 189 - Ind. Load: 98N 23  —

ALO, 976  — Ind. Load: 147N 23  —
AlLO;-2.5wt% TiO, 159 5.6 DCB CF 23—
ALO,-2.5wt% TiO, 218 - Ind. Load: 735N 23  —
ALO,-2.5wit% TiO, 268 — Ind. Load: 147N 23  —
AlLO,-2.5wt% TiO, 301 - Ind. Load: 98 N 23—
Al,0,-40% TiO, 48.7 15.8 DCB IF 23—

“For datagivenin K, equation (3)is used to convert K into G by assuming E = 48 GPa: v = 0.25.
SD: standard deviation; | F= interfacial failure; CF= cohesive failure; Int. BC Fall.: interfacial bond
coat failure; Ind.: indentation.
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Table 3b.

G, vaues (inJ/m?) for thermally sprayed zirconia coatings'

Material Mean sb Method Note Ref.
Zr0,~10 CeO, 11.4 3.6 DCB IF 21
Zr0,-15 CeO, 74.1 22.9 DCB IF 21
Zr0,-15CeO, 1254 51.1 DCB CF 21
Zr0,-6 Y,0, 49.9 16.7 DCB IF 21
Zr0,-6 Y,0, 95.5 39.4 DCB CF 21
Zr0,-6 Y,0, 148.3 52.3 DCB Mixed 21
Zr0,-20 Y,0, 30.0 10.4 DCB IF 21
Zr0,-20 Y,0, 69.7 31.8 DCB CF 21
Zr0,-20Y,0, 43.2 19.6 DCB Mixed 21
Zr0,-8 Y,0, 11.1 1.3 Ind. Load: 50 N 68
Zr0,-8 Y,0, 10.4 1.3 Ind. Load: 100 N 68
Zr0,-8 Y,0, 16.0 1.0 Ind. Load: 50 N 68
Zr0,-8 Y,0, 21.2 1.2 Ind. Load: 100 N 68
Zr0,-8 Y,0, 5.7 0.9 Ind. Load: 50 N 68
Zr0,-8 Y,0, 3.8 0.5 Ind. Load: 100 N 68
Zr0,-8 Y,0, 5.3 0.5 Ind. Load: 50 N 68
ZrO,-8 Y,0, 5.8 0.7 Ind. Load: 100 N 68
YSZ 24.0 6.4 Ind. Load: 588 N 65

"For data given in K, equation (3) is used to convert K into G by assuming v = 0.25. Mixed: mixed
modefailure.

Table 3c.

G, values (inJ/m?) for thermally sprayed coatings of some metalsand ceramics?

Materials Mean SD Method Note Ref.
Mild Steel 116 21 DCB IF 22
Mild Steel 261 71 DCB CF 22
Ni-Al 319 95 DCB CF 22
Cr,0, 43.0 52 Ind. Load: 9.8-98N 64
Spinel 47.0 12.7 Ind. Load: 294 N 65
Ti 6.79 0.34 4-P Bending With stress 39
Ti 2.98 0.19 4-P Bending Without stress 39
Ni-20% Al 362 16 DCB CF 23

"For datagivenin K, equation (3)is used to convert K into G by assumingv = 0.25.

2.4. Acoustic emission

24.1. Background. Acoustic emission (AE) is a term describing a class of
phenomena whereby transient elastic waves are generated by the rapid release of
energy from localized sources within a material.' [47]. The energy usually arises
from one or more sources [48], which include phase transformation, plastic
deformation, corrosion, and crack initiation and growth [49]. An AE event is
detected by a piezoelectric transducer when energy is released from the material.
The output is amplified and then features of the A E signal such as the ring down
count, rise time, and/or pulse height are subjected to analysis. Often a multi-
channel systemis used to examine different energy levelsand the signal may also
be digitized or integrated for an energy analysis.

Special interest lies in formulating crack initiation and growth criteria which
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are based on the microstructural design of coatings. This is important because
microstructural features can be quantitatively determined [50] by image analysis
methods and leads to the conclusion that the microstructure of coatings can be
‘controlled’ by the thermal spray'process. AE technology has been combined with
fracture mechanics measurements [51-53] or thermal tests [54, 55] to
characterize coating properties. AE technology has been applied to better
understand failure mechanisms and to predict lifetimes[56-58]. It has also been
applied to quality control and in-service monitoring.

2.4.2. Crack density function. A thermal spray coating has a very rich micro-
structure, and both macro- and micro-cracking, among other sources, can release
energy during coating service. A difficulty is that the AE response is over-
whelming with regard to acquiring data and this often limitsthe AE method to be
a qualitative technique since individua AE response-to-coating morphology
correlations cannot be made. However, quantitative AE anaysis may still be
possible through a test procedure which is combined with calibration [59, 60].
For example, studies on thermal barrier coatings that were subjected to heat
cycling changed from a systematic response to a stochastic response during a
certain thermal cycle. Thiswas considered to beindicative of achangein cracking
response from micro- to macro-cracking since the change in AE response was
correlated to the observation of theformation of largecracks (Fig.17) [61].

The record of AE response for coatings will be a combination of al possible
noise origins, and a'crack density function' (CDF) [62] which incorporates both
the number of cracks and the size of cracks has been proposed. It isfound that
macrocracking events tend to occur at low values of the CDF. Figure 18 showsan
example of a CDF analysis for two coatings that were prepared to exhibit
different behaviors. The essentia details are that one sample (indicated by the
filled-in parts of the histogram) exhibited alower frequency of the CDF function
and thisisindicative of alower degreeof cracking, in termsaof both the number of
cracks and the size of cracks (since the CDF incorporates these physical charac-
teristics o coatings). At failure and after failure (Figs18b and 18c¢), thefrequency
of these eventsincreased.

(a) (b)
80 — L
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i IV CRACKING
.~ SIGNAL FALLS OFF AS
60 dT/dt DECREASES
COUNT
RATE
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2 /  INCREASES ~ SYSTEMATIC
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l I _ | | I
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Fig. 17. Schematic diagram of A E effects.(a) Typical cooling cycle; (b) failureduring cooling cycle.
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AE methods have also been use in conjunction with mechanical property
measurements. For instance, it has been established that the number of A E counts
emitted during a hardness test increases as the density of the material decreases.
Figure 19 indicates a number of processes and materials where it is generally
understood that flame spraying (indicated by ‘f*) will produce aless dense deposit
than plasma spraying ('p) and also that additions of titania to alumina increase
the deposit density. Thus, an intuitive interpretation is that the most dense
material exhibits the least cracking behavior and thisis reflected in a lower AE
response.

Similar correlations have been proposed on the basis of A E measurements
performed during tensile adhesion tests (TATs). The AE count accumulated
during a TAT is graphed with respect to the so-determined bond strength in Fig.
20. The coatings which incorporate metallic constituents exhibit an activity lower
than that of the non-metallic coatings (at equivalent bond strengths). Therefore, a
physical interpretation of the mechanical response is that the metallic materials
allow more plastic deformation than the ceramic materias. This simple explana-
tion relates well to the general understanding of bulk material behavior, i.e.
ceramics are more brittle than metals. However, one caution is that such correla-
tions between bulk material properties and thermally sprayed materials may not
be correct since these thick coatingsareformed by arapid solidification process.

The purpose of this discussion is to show that adhesion and cracking
mechanisms are symbiotic material properties that can be linked by AE
processes. Thus, in a very broad sense, a study and understanding of cracking
mechanisms will lead to real improvements in maximizing the adhesion of
coatings. For example, consider relating the A E response during a TAT to the
cracking and deformation behavior of the specimen assembly. Figure 21 is a
schematic diagram which indicates that the strain in the bond coat (the metallic
constituent) is aways greater than the ceramic strain, athough the absolute
extension in the ceramic layer is greater than that of the bond coat. The overal
view isthat cohesivefailure occurs by many microcracks throughout the material,
whereas interfacial failure has a lower density of cracks. The other implication
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from Fig. 21 is that cracking during a TAT aways begins at the edges of the
material and that flawsin this region may dictate the so-determined strength value
sincethey aretheweakest link.

2.5. Microhardness assessment

2.5.1. Indentation fracture toughness. Indentation techniques are often used as
surface characterization tests. The hardness, implying the resistance of a material
to permanent indentation, is measured by asharp or bluntindenter. Specific crack
patterns can be observed [63] in the material at certain loads on theindenter. The
indentation method allows the fracture toughness of materials [64-66] and, in
particular for thermal spray coatings, the properties of the interface between the
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coating and substrate to be measured. T he coating toughness has been measured
by the Vickers indentation test [67, 68], where it is necessary to measure the
indent diagonals and the crack lengths produced during the test.

The results of several workers have been summarized in Table 3. Theindenta-
tion fracture toughness measurements tend to be greater than those obtained
from DCB tests. Aspects of these measurements that lead to critical discussion
are mainly based on the application of the indentation theory to thermal spray
coatings since these materials are highly anisotropic. Thus, obtaining a
symmetrical crack pattern during any test is never assured, since the coating
microstructure has many features that influence their formation and propagation,
and therefore the so-determined valuesare often highly variable. For example, the
Weibull modulus of an alumina coating is 0.5 and the modulus of an alumina-
titania coating is 0.8. The other main point, as will be discussed in the following
section, isthat coatings are highly anisotropic throughout their thickness and thus
randomly placed indentation fracture mechanics tests would not be expected to
have consistent values.

2.5.2. Anisotropy of thermally sprayed coatings. The microstructure of ther-
mally sprayed coatings is a mix of lamellag, pores of varying geometry, and
oxides, etc. It is recognized that the coating is hot homogeneous and micro-
hardness measurements can be used to examine any anisotropy. The mean values
of microhardness and the distributions of data sets across the coating thickness
change with respect to the test position [69]. Hence, characterizing thermally
sprayed coatings by only their hardness is of limited value, since hardness
dependson the precise location of the measurement. However, the microhardness
measurements can quantify the material property variation in the specimen if the
Weibull modulus is determined. In thisfashion it wasfound that the variability of
surface properties isgreater compared to the properties throughout the specimen
cross-section. The morphology of microhardness indents also changes and this
feature can be used to study the variation in homogeneity and stress concentra-
tion within the specimen.
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Asshownin Fig. 22, the Weibull modulus fluctuates and suggeststhat the data
distributions are a reflection of microstructural changes in the bond coat. For
example, the variation in ‘m’ may imply theformation and distribution of oxides
and crack networks.

2.5.3. Interpretation to lifetime. Microhardness measurements have been used
to monitor coating behavior after thermal treatments [70]. For example, a series
of thermal barrier coatings (a NiCoCrAlY intermetallic bond coat and Ce-
stabilized zirconia layer) aged at different times and temperatures (at 400 and
800°C for 100, 500, and 1000 h) were tested for microhardness to assess any
material property changes [71]. The major failure mechanismsof thermal barrier
coatings are oxidation within the bond coat and cracking due to thermal
expansion mismatch within the coating system. This can be reflected by the
hardness variation and, in the future, afailure model and lifetime prediction may
be based on the analysisof such data.

Temperature effects were noticed in the coating systems. For ceramic coatings,
microcracks produced by thermal expansion mismatch may have different sizes
and densities. These cracks will be responsible for the variation of mechanical
properties. At the same time, the oxide film surrounding the lamellae within the
bond coat should have different thicknesses according to the oxidation kinetics at
various temperatures. These oxide films, though they may contribute to the
increase of microhardness, decrease the adhesion strength of the bond coat.
Schematic illustrations d mechanisms that cause coating variation are presented
in Fig. 23. Non-monotonic response of hardness and the low Weibull modulus
imply complex processes such as stress relaxation, growth of oxides within the
bond coat, and phase change.
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Fig. 23. Physica model of (a) the bond coat-substrate interface and (b) the bond coat-ceramic
coating interface.

Thermal cycling of TBCs not only deteriorates the strength of the material at
and near the bond coat interface, but also reduces the reliability of the ceramic
thermal barrier layer. Microhardness measurements can be used to quantify the
material property variation in the specimen. Weibull modulus values obtained in
the study show that the reliability of the ceramic coating decreases from 10.5
before cycling to 5.5 after thermal cycling. The wide scatter in the hardness data
indicates the variable nature of stressconcentration at the test location.

Thus, increasing the reliability of coatings by controlling the variable nature of
the material properties requires that the mechanical response throughout coatings
be precisaly quantified. Microhardness has been selected since this has been used
by many authors not only to characterize specific coatings, but also to compare
coatings formed from different feedstock materials, spray processs, and process
parameters, as well as many other properties.

2.6. Other methods

26.1. The scratch test. The scratch test, originally studied by Benjamin and
Weaver [72], is often used to characterize thin hard coatings, such as TiN and TiC
[73, 74]. In this test, a loaded Rockwell C diamond stylus is drawn across the
coating surface under either constant or gradualy increasing load. In one
variation of the test, the AE is aso monitored during the scratching procedure so
that the critical load ‘L.’ for failure can be measured. The failure morphology is
examined by optical microscopy or scanning electron microscopy. If interfacial,
cohesive, or a mixed failure mode is observed, then L. is used as a qudlitative
valueof coating-substrate adhesion.

Three contributions to coating loss have been identified for the scratch
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adhesion test [75-78], these being an elastic/plastic indentation (a ploughing
component), and internal stress component, and a tangential frictional stress (an
adhesion component).

Bull et a. [76] discussed the importance of frictional drag and suggested that
under certain limitations the applied load, together with the scratched cross-
sectional area, can be a convenient means of predicting the adhesion of thin
coatings. Sekler etal. [77] discussed techniques to determine the critical load, and
thefailure modesin the scratch test were recently reviewed by Bull [78].

The scratch test has been applied in the evaluation o thermally sprayed
coatings [52, 79-82]. The major problem for utilization is that all the theories
were developed based on thin coatings and may no longer be appropriatefor bulk
coatings. Das et a. [52], in studying plasma sprayed yttria-stabilized zirconia
(Y SZ) coatings, proposed a method for the determination of the critical load and
discussed the effect of the loading rate dL/d¢ and the scratch table speed dx/d«.
Beltzung et al. [81, 82] performed scratch tests on the cross-section of aumina-
based coatings. A half-cone-shaped fracture was formed as the indenter
approached thefree surface. The height of this cone can berelated to the cohesive
strength or intrinsic fracture toughness of the coating. Interfacial cracking may
also occur and can be utilized as a measure of the adhesion strength.

2.6.2. Some teds not covered. There are many other methods that can be
employed to evaluate adhesion in the qualitative or quantitative sense. The
followingare some examples:

(1) wear tests [83, 84], whichare related to theinterfacial or cohesive strength of
coatings;

(2) thermal tests [85, 86] during thermal cycling and thermal shock protocols
that influence the adhesion strength during heating and cooling processes;

(3) shear tests[87, 88], which may best reflect thein-service conditions;

(4) modified short bar [89] and crack-opening displacement methods [90] for
fracturetoughness tests.

There is still no ideal adhesion test which can satisfy al requirements.
Modifications of existing. techniques and designing new methods can further
improveadhesion tests.

3. DEGRADATION AND FAILURE OF THERMALLY SPRAYED COATINGS
31 Failure mechanisms

Thermally sprayed coatings have been used widely in applications varying from
biomaterials to thermal barrier coatings [91]. Coating failure can occur by one or
more mechanisms such as surface damage (e.g. wear or corrosion), elastic or
plastic deformation, fracture, etc. The degradation or failure of coatings is
fundamentally related to the decrease of adhesion and cohesion strength, both of
which cause spallation. Fundamental studies on failure mechanisms, especialy for
TBCs, have been discussed by NASA [92].

Thermal barrier coatings, usualy comprising a metallic bond coat and a
ceramic coating, endure detrimental thermal and chemical environments. General
failure modes include thermal-mechanical ceramic failure, oxidation bond coat
failure, hot corrosion, erosion, and fatigue [93]. The therma variations and
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inelastic strain due to interfacial oxidation, which leads to crack propagation and
coating spallation, should exacerbate coating failure. Meanwhile, phase
transformation and bond coat plasticity (or pseudo-€lasticity) may also contribute
to these mechanism(s). It has been suggested that failure is the result of slow crack
growth and microcrack link-up within the ceramic which takes place in the
ceramic layer closeto the bond coat interface.

Chang et al. [94] used finite element analysisto calculate the stress field within
a hypothetical wavy interface and found that radial stress would promote crack
propagation. The stress owing to the thermal expansion mismatch can be
estimated as[95]

EC
Ux,vz Aa(Tmol— Thot) (1 _ VC) (5)
where A a is the difference in thermal expansion coefficients between the
substrate and coating, T, is the lower temperature to which a coated specimen
cooled, T, is the upper temperature of a stress-free state, E, is the elastic
modulus of the ceramic, and v, is Poisson'sratio of the ceramic.

A representation of the thermal-mechanical properties resulting from the
coating splat structureis shown in Fig. 24. It has generally been recognized that
the coating failure is 'time-at-temperature’ dependent, especially for oxidation.
Macro-and micro-cracking will decrease the adhesion strength of the system and
thusappropriate interpretation of the data obtained from adhesion measurements
may be beneficial toimproving the reliability and durability of thecoatings.
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Fig. 24. Schematic representation of thermal-mechanical properties resulting from the coating
splat structure of a plasma-sprayed thermal barrier coating. The diagram represents the influence
of microstructure on the thermal conductivity, the stress vs. strain response, fatigue, and creep
properties[93].

3.2. Lifetime modeling

A thermal barrier coating life model was proposed by Miller [95] based on the
assumption that oxidation is the 'single most important factor' that limits coating
lifetime. An oxidation-based model was used to calculate the cyclestofailureasa
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function o heating cycle duration. The coating life can be expressed by the
oxidative weight gain and oxidation-induced strain as

(-2 2]
N=1 & J\Wc &

where N is the number of cycles, N; is the number of cycles to failure, ¢, is the
radial strain, g isthefailure strain, W, is the oxidative weight gain at cycle N, W,
is the critical weight gain which would lead to failure in a single cycle, mis the
relationship between effective strain and weight gain, and b is the subcritica
crack-growth exponent.

The NASA-sponsored HOST program contributed more effort to model the
TBC life [96-98]. Hillery et al. [96] used time-dependent, nonlinear finite
element analysis to model the stress and strain within the coating system and
expressed thelifemodel as

Aggy + 0.4A e = 0.121 N; 0486 )

where A gy, is the shear strain range, A isthe normal strain range, and N; isthe
number of cyclestofailure.

Strangman et al. [97] expressed the TBC life as a function of bond coat
oxidation, zirconia transformation, and damage due to molten salt deposits. The
empirical equation was

=1 (6)

0.25
TBC life— (£925+ 0.181)MTBREF )
{exp[ —0.015 T+ C]}" ' +{exp[ - 0.041 T+ G,]} !
where MTBREF is the multi-temperature burner rig experience factor; T is the
temperature (inK); t isthetime; and C, and C, are constants.
DeMasi et al. [98] considered the fatigue performance and expressed the
relationship between strain and the oxide layer thickness, 6, as

Ag, = Aefo(l;éd)c-l-Agi (?)d )

C

[

where Ag; isthe strain, Agg, isthe oxidation strain, Ag; istheinelastic strain, 6is
the oxide thickness at a particular cycle number, 6, isthe critical oxide thickness,
and ¢ and dare constants.

Recently, Meier et al. [99] studied TBC deposited by the electron beam PVD
fatiguelife model and gave

N

where N isthe cyclic life, Agg is the furnace failure strain, Ae is the strain range,
6 is the oxide thickness at a particular cycle number, ¢, is the critical oxide
thickness, and b and ¢ are constants (b= 7.64, ¢ = 1.0).

The lifetime modeling of active in-service engineering components is a more
complex problem and further effort isin progress.

4. CONCLUDINGREMARKS
The measurement of the adhesion of thermally sprayed materialsis, at least on the
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conceptual level, a routine operation. The tensile adhesion method as detailed in
ASTM C633 is simple and often used in industry for ranking different coatings.
However, the mgjor shortcoming of this test is that it does not promote any
understanding of coating performance, i.e. how coatings can be designed to be
more functional. Thus, the present paper has addressed other methods based on
fracture mechanics and mechanism-based studies.

The design of experiments with regard to material property optimization of
coatingsis another area of intense effort. Experimental protocols which are based
on Taguchi and response surface methodology alow engineers efficient and
viable ways to optimize the process parameters {100, 101]. Such statistical
methods are executed to discriminate key parameters which induce the variation
of coating properties. The signal-to-noise ratios of the processing parameters are
derived from such studies [102]. The Taguchi method does have some short-
comings and limitations [103] but it is a simple and powerful process control
procedure.

The coating should be considered as part of the overall component system and
therefore current trends are to design the coating as an integral part of the
component assembly rather than as an add-on to the substrate. Whereas the
property of coating adhesion to the substrate is of principal interest, thereis still
no single measurement which can satisfy al the requirements for determining
material properties. Standardization of measurements, which may be achieved by
improving existing experimental techniques or by the combination of two or more
techniques, will aid future coating development. Finally, a coating design (i.e. both
microstructural and mechanical engineering designs) which is based on lifetime
modeling is the critical information that should be forthcoming from any test
method. Such designs will increase the knowledge-base and understanding of
thermal sprayed materials and coatings so that their reliability and application
will grow.
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Abstract

Yttria (8 wt.%) stabilized zirconia (YSZ) with a NiCrAlY bond coat was atmosphere plasma sprayed on mild steel substrates.
The bond coat thickness (100250 pm), YSZ coating thickness (300—500 um), stand off distance (80—100 mm), and substrate
temperature (273-393 K) were changed in a four by 17 experimental design matrix to investigate the influence of each spray
parameter on the mechanical properties of coatings. Coatings were tested using a four point bend test arrangement. Coatings
sprayed with thinner bond coat on a cold substrate exhibited higher yield strength and stiffness under bending. Change in the
stand off distance and the top coat thickness did not statistically influence either yield strength or stiffness of the coatings. © 2000

Elsevier Science S.A. All rights reserved.

Keywords: Thermal barrier coatings; Mechanical properties; Plasma spray parameters

1. Introduction

Yttria stabilized zirconia (YSZ) plasma sprayed coat-
ings are common thermal barrier coatings (TBCs) for
applications such as gas turbines and diesel engines [1].
The TBC system allows conventional metals to be
reliably used at high temperatures. At high tempera-
tures, the ceramic layer provides thermal stability to the
base metal due to insulation from the heat, while the
bond coating (NiCrAlY) provides oxidation resistance
[2].

Performance of the coating depends on the composi-
tion and characteristics (size and shape) of the feed-
stock powders [3,4], as well as the spraying condition
such as plasma gun type, gun power, plasma gas com-
position and flow rate, and powder feeding rate [1,3-5].
The performance of TBCs has been determined by

+ Corresponding author. |

! Present address: PQ Corporation, Research & Development Cen-
ter, 280 Cedar Grove Rd., Conshohocken, PA 19428-2240, USA.

measuring the physical properties such as thermal con-
ductivity [1], thermal shock resistance [6,7], oxidation
resistance [2], porosity amount and distribution [4],
residual stresses [§—10], and mechanical properties such
as tensile adhesion [10,11] and bending strength [12,13],
hardness [14], and fatigue [15].

The common practice is to optimize spraying
parameters to manufacture coatings with a desired per-
formance. The mechanical performance of YSZ coat-
ings involves brittle fracture by crack initiation and
growth. Therefore, it is crucial to understand cracking
in ceramic coatings under load. A variety of cracking
mechanisms will evolve during loading, and arise from
defects such as pores, splat boundaries, secondary
phase interfaces, and pre-existing cracks within coat-
ings. Acoustic emission (AE) analysis has also been
used to monitor cracking in ceramic coatings during
mechanical testing (three point bending [16], four point
bending [12,13,17,18], tensile adhesion test [19], and
indentation [20]) and during thermal cycling [21].

In the current study, the performance of plasma
sprayed YSZ coatings on mild steel substrates with
varying bond coat thickness and top coat thickness was

0921-5093/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
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Table 1
Samples sprayed according to experimental design
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Samples Bond coat (um) Top coat (um) Substrate temperature (K) Stand off distance (mm)
Gl 100 300 393 80
G2 100 300 393 100
G3 250 300 393 80
G4 250 500 393 100
G5 250 500 393 80
G6 100 500 273 80
G7 100 500 273 100
G8 250 300 273 80
G9 100 500 393 80
Gl10 100 300 273 80
Gl1 250 300 393 100
Gl12 250 300 273 100
Gl13 250 500 273 80
Gl4 250 500 273 100
Gl15 100 300 273 100
Gl6 100 500 393 100
G17 175 400 333 90

determined using four point bend tests. The influence of
substrate temperature and spraying distance on the
performance was also investigated. This study aimed to
provide further understanding on the mechanical char-
acteristics of thermally sprayed coatings and how the
spray processing variables influence these characteris-
tics. It is clear that such information on the mechanical
characteristics of the thermally sprayed coatings leads
coatings with a better performance.

Senturk et al. [12,13] showed that the in situ monitor-
ing of samples using an AE transducer during a four
point bend test could provide further understanding on
the deformation of the plasma sprayed YSZ coatings.
The same in situ monitoring of the AE activities was
also followed during the four point tests in the current
study, but will be reported in a separate publication
[22].

2. Experimental procedure

2.1. Sample preparation

YSZ (8 wt.%) was sprayed onto mild-carbon steel
substrates (90 x 26.5 x 2.6 mm?®) under spray parame-
ters which were altered with respect to: (i) coating
thickness (either 300 or 500 um); (ii) the stand off
distance (either 80 or 100 mm); and (iii) the substrate
temperature (either at 273 or 393 K). The substrate
temperature was measured using a hand held infrared
temperature detector. The substrates were grit blasted
and cleaned with ethyl alcohol before spraying. The
average roughness of the grit blasted substrate was
measured as 4.0 + 0.5 pm using a Hommel T1000 me-
chanical profilometer (Hommel America, New Britain,

CT). A NiCrAlY bond coating of either 100 or 250 um
thickness was atmospherically plasma sprayed before
application of the YSZ top coat. Coatings were sprayed
to dimensions of 30 x 26.5 mm, leaving approximately
20 and 40 mm uncoated substrate on both sides since
these areas made contact with the bend testing device.
Air cooling on the back side of the substrates avoided
overheating during the spray process.

A statistical experimental design procedure using
StatGraph software (Statistical Graphics, Rockville,
MD) was employed to determine the number of sam-
ples to be sprayed and the spray parameters necessary
to determine relevant correlations. Table 1 lists the
samples sprayed in the current study according to this
experimental design. Six samples from each group in
Table 1 were sprayed (the conditions given in Table 2)
using a Metco 3 MB plasma gun (Sulzer-Metco, West-
bury, NY) mounted on a six-axis articulated robot
(Model S400, GMF Fanuc). Commercially available
ceramic (YSZ) (Metco 204NS) and metal (NiCrAlY)
(Praxair NI-346-1, Praxair Surface Technologies, Indi-
anapolis, IN) feedstocks were used.

Table 2
Spraying parameters

YSZ NiCrAlY
Gun Type Metco 3MB  Metco 3MB
Current (A) 600 500
Voltage (V) 70 70
Primary gas, Ar (I min—") 40 40
Secondary gas, H, (I min—1) 11 8
Powder carrier gas, N, (I min—") 3.5 3.65
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2.2. Four point bend test

An Instron universal test machine (Model 8502, In-
stron, Canton, MA) was used to perform the four point
bend tests at a crosshead displacement rate of 10 um
s~ !. The length for inner and outer spans were 20 and
40 mm, respectively, and the samples were tested in a
configuration to place the coating in tension. It was
determined that six samples from each group would
generate a 95% confidence limit. The sides of the sam-
ples were polished with 600 mesh abrasive before the
tests to minimize artifacts from edge cracking. Six
uncoated steel substrates were also tested to establish
baseline criteria for the mechanical properties of un-
coated samples. Load and displacement were recorded
for each measurement. The displacement was corrected
for the deformation in the support and the loading
beam; i.e. the compliance of the test rig was measured
and taken into account. The displacement was cali-
brated using an external LVDT (Model CD375-500,
Macro Sensors, Pennsauken, NJ) that was placed close
to the load actuator to enable more exact
measurements.

3. Results

3.1. Four point bend tests

Fig. 1 illustrates the load—displacement curves ob-
tained during the four point bend tests. In the figure,
one representative curve is presented although there
exists six load—displacement curves for each group. The
load—displacement curve could be reproduced with a
random 5-20% variation. Bending modulus was calcu-
lated from the slope of the load—displacement curve
using the following equations:

2D3 AP
EN*=——— 1
(ED* =" (M
where

wE.
(EI)* = 381[(151 - ZNA)3 + t%\IA]

wk,
+ TC[(tSt +1c — tna)’ — (ts— taa)] 2

where E is the bending modulus, 7 is moment of inertia,
and fy, is the distance of the neutral axis of the bar
from the bottom of the substrate (Fig. 2) and is equal
to

Eg 13+ Ecte + 2Ectgtc
2(Eg s, + Ectc)

where, P is the applied load, D is the distance between

the loading and support bar (10 mm), y is the displace-

ment, AP/Ay is the slope of the load—displacement

curve, w is the width of the bar, tg, and ¢- are the

thickness of the substrate and coating layers including
both top (t1c) and bond (¢g) coat layer, respectively.
The terms Eg, and E- are, respectively, the bending
modulus of the substrate and coating layer including
both top and bond coatings; i.e. top and bond coat was
considered as a whole assembly in the calculations. The
bending modulus of steel substrate, Eg, was calculated
from the load—displacement curve for blank steel sub-
strates using the equation:

_spar
Cowtd Ay

st “)
where thicknesses were measured with an error of +
0.01 mm. The bending modulus of the blank mild-steel
substrate, Eg, was measured as 200 + 14 GPa which is
in agreement with the literature value of 204 GPa [23].
Bending modulus of coatings, E- was calculated by
solving Egs. (1)—(3) simultancously. A graphical solu-
tion routine was followed to determinate the E- and
tya from these three equations. In the solution, the
bending modulus of the steel (Eg,) substrate was taken
as 200 GPa. The bending modulus of some coatings
(E¢) calculated, such as those for group 14, was slightly
negative and indicates a poor physical meaning. The
reason for these negative values is that the bending
modulus for these coatings are so small that a steel
substrate with a coating and a blank steel substrate are
indistinguishable in their bending properties within the
limits of the experimental errors. One should note that
when the Eg, was taken as 186 GPa, the calculated E
became slightly positive for those groups. The average
E values for all the coatings are illustrated in Fig. 3
along with the average yield stress values at the outer
surface of the coatings (One should note that stress
values change throughout the coating as given in Fig.
2). The yield stress was calculated using the equation:

_ PyeD(tg + tc — tna)
Oyc= 2EI)* c

where Py is the yielding load and it was taken as the
load for 0.01 mm permanent displacement where corre-
sponding strain would be around 0.1%, and (EI)* is as
given in Eq. (2).

The comparison of bending modulus to yield stress is
illustrated in Fig. 4 along with the inset showing yield
strain for each group. Yield strain was calculated from
Hooke’s law by dividing oy by Ec. Yield strain values
are similar for the coatings, but it is smaller for the steel
substrate.

®)

3.2. Statistical analysis

To further understand the significance of the parame-
ters on the properties of the coatings, all the results
were statistically analyzed using the Statgraphics Plus
2.0 software.
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Fig. 1. (a) Load—displacement curves for groups 1-8 along with that of steel substrate. Notice that only one representative curve of six is
presented. Inset highlights the yielding load. (b) Load—displacement curves for groups 9—-17 along with that of steel substrate. Notice that only
one representative curve of six curves is presented. Inset highlights the yielding load.

3.2.1. Yield strength of coatings

To understand whether bending yield stresses (oyc)
significantly differ between the groups, the mean of the
yield stress values for each group was compared statisti-
cally (Table 3). The numbers in Table 3 were calculated
by subtracting the bending stress of the group in the
column from the bending stress of the group in the row,

and then normalizing with respect to the bending stress
of group in the row (i.e (row — column)/row). The
largest difference in means of the bending yield stress is
between group 14 (being lowest) and group 15 (being
highest), while many groups have statistically the same
mean bending stresses as indicated by an ‘N’ in Table 3.
Although the comparison in Table 3 indicates the dif-



Table 3

Comparison of the mean of the bending yield stresses of coating layer (o) for the groups®

Gl G2 G3 G4 G5 Go6 G7 G8 G9 Gl10 Gll GI2 G13 Gl4 GI15 Gl6 G17
Gl 0.4 0.7 1 0.3 0.5 N N 0.8 0.3 0.9 0.8 N 1 —0.5 —0.2 1
G2 —0.6 0.5 0.9 N N —-04 —-0.7 0.7 N 0.9 0.6 N 1 —13 —-09 0.9
G3 —-23 —1.1 0.8 —14 —0.7 —1.8 —-2.6 N N N 0.2 —-1.7 1 -3.8 -3 0.9
G4 —21 —13 —5.6 —15 —10 —17 —-22 —34 —14 N N —17 N —30 —26 N
G5 —-0.3 N 0.6 0.9 0.3 N —0.5 0.7 N 0.9 0.7 N 1 —1 —0.6 1
G6 —-09 —-0.2 0.4 0.9 —-04 —0.6 —1.1 0.6 N 0.8 0.5 —0.6 1 —1.8 —1.3 0.9
G7 N 0.3 0.6 0.9 N 0.4 —0.3 0.8 N 0.9 0.7 N 1 —-0.7 —-04 1
G8 N 0.4 0.7 1 0.3 0.5 0.2 0.8 0.4 0.9 0.8 0.2 1 —-0.3 N 1
G9Y -39 —2.1 N 0.8 —-2.6 —-1.6 —-32 —43 —-23 N N -3 N —6.1 =5 N
G10 —0.5 N 0.6 0.9 —0.1 N N —0.6 0.7 0.9 0.6 N 1 —1.1 —-0.8 0.9
Gll —10 —6.1 N N —-73 —4.9 —8.6 —11 N —6.6 N —8.3 1 —15 —13 N
Gl12 -3.1 —-1.6 N N -2.1 —-12 —2.6 —-35 N —1.8 N —24 N -5 —4.1 N
GI13 N N 0.6 0.9 N 0.4 N —0.3 0.8 N 0.9 0.7 1 —0.8 —0.5 1
Gl4 —300 —190 —91 N —224 —159 —259 —327 N —205 —26 N —249 —439 —370 N
Gl15 0.3 0.6 0.8 1 0.5 0.6 0.4 0.3 0.9 0.5 0.9 0.8 0.4 1 0.2 1
Gleé 0.2 0.5 0.8 1 0.4 0.6 0.3 N 0.8 0.4 0.9 0.8 0.3 1 —-0.2 1
G17 —26 —16 —-74 N -20 —13 —23 -29 N —18 N N —-22 N -39 -33

4N means the difference in the bending yield stresses of two groups are not statistically significant. Numbers (unitless) were found by subtracting the bending yield stress value of the group

in the column from that of the group in the row, and dividing by that in the row ((row—column)/row).
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Fig. 2. Schematic illustration of the bending stress in the coating
under four point bend test.

ferences for each pair, a more general analysis that
might highlight trends was needed. This was achieved
by a multi-linear regression analysis on the bending
yield stress of coating (o) values. Table 4 shows the
results of fitting a multi-linear regression model to
describe the relationship between yield stress and four
independent variables (top coat thickness, bond coat
thickness, the substrate temperature before coating, and
stand off distance). An F-test?> shows that there is a

statistically significant relationship between the vari-
ables at the 99% confidence interval. A Student z-test,?
which was used to determine the significance of each
coating parameters, suggests that the bond coat thick-
ness has a statistically significant influence on the bend-
ing yield stress (gyc) at the 99% confidence interval
while the substrate temperature affects the bending
yield stress (oy) at the 95% confidence interval (Table
4). On the other hand, the top coat thickness and the
stand off distance are not statistically significant
parameters for the change in the bending yield stress
(gyc) of the coatings examined. The following equation
from the fitted model indicates that the yield stress
depends on the spray parameters; taking caution that
this is only valid for the parameter range studied:

oye (MPa) =461 —0.71 - tye — 0.47 - Ty, ()

where - is the thickness of the bond coating
(NiCrAlY) in pm, and Ty, is the substrate temperature
in K. The average value of residuals (mean absolute
error) in the fit is 106 MPa; i.e. oy can be calculated
from Eq. (6) with a + 106 MPa error. It is clear from
this analysis that thinner bond coatings, and lower
substrate temperature in the investigated interval result
in a material with an overall higher yield strength. A
150 um decrease in bond coating (NiCrAlY) thickness
causes a ~ 107 +29 MPa increase in the bending yield
stress (oycr), while use of a pre-heated substrate de-
creases the bending yield stress by about 56 + 28 MPa

Sample Size = 6
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+ 100 um, 393 K, 80 mm; G1 & G9
+ 100 pm, 393 K, 100 mm; G2 & G16
250 um, 273 K, 80 mm; G8 & G13
+ 250 um, 273 K 100 mm; G12& G14
250 um, 393 K, 80mm; G3 & G5
250 um, 383 K, 80 mm; G111 & G4
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Fig. 3. Change of the bending yield stress (o) and modulus (E) of the coatings with spray parameters. The difference between the paired groups

is the thickness of the yttria stabilized zirconia (YSZ) layer.

2 F test is a statistical test to test the probability of a hypothesis
being true. In this case the hypothesis is that there is a statistically
significant correlation between the variables and the property.

3 Student ¢-test is statistical test to test the probability of a hypoth-
esis not being true. In this case, the hypothesis is that a variable does
not statistically influence the property.
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Fig. 4. Comparison of the bending modulus and yield stress for the coatings and the substrate. The yield strain calculated from Hooke’s law

represented in the inset.

Table 4

Results of the multi-linear regression analysis on the spray parameter dependence of the bending yield stress (oyc) and modulus (E.) of the

coating layers®

Estimated coefficient S.E. t-test probability
oyc (MPa) E. (GPa) oyc (MPa) E- (GPa) oyc (MPa) E. (GPa)
Constant 461 198 84 37 0.00 0.00
tgc (um) —0.71 —0.31 0.19 0.07 0.00 0.00
T, (K) —0.47 —0.15 0.23 0.09 0.05 0.09
tre (um) —0.07 0.05 0.15(?
Parameters with no influence
tre (pm) —0.15 0.14 0.30
X,oq (mm) —0.61 —0.01 14 0.5 0.66 0.98

* The t-test probability is the probability of each parameter not being statistically significantly influential. Note that ¢ values are very high for
those that are not statistically significantly influential. (75 is the thickness of the bond coating (NiCrAlY), ¢rc is the thickness of the top coating
(yttria stabilized zirconia, YSZ), Ty, is the substrate temperature, X, 4 is the stand off distance).

with respect to a cold substrate. Even though the
multi-linear regression gave negative coefficients for the
influence of top coat thickness and stand off distance
on the yield stress indicating higher bending stress for
lower top coat thickness and lower stand off distance, it
should be cautioned that the statistical confidence ac-
cording to the Student 7-test is low (70 and 34%,
respectively) as listed in Table 4. Therefore, top coating
thickness and stand off distance were excluded as the
parameters in Eq. (6).

3.2.2. Bending modulus of coatings

A similar comparison procedure was applied for the
average bending modulus of each group as given in
Table 5. The largest difference in means of the bending
modulus is between group 14 (being lowest) and group
15 (being highest), while many groups have statistically
the same mean bending modulus as indicated by an ‘N’
in Table 5. Similar to the bending yield stress analysis,
a multi-linear regression procedure was also followed
for determining the influence of spray parameters on



Table 5
Comparison of the mean of the bending modulus of the coating layer (E.) for the groups®

Gl G2 G3 G4 G5 G6 G7 G8 G9 G10 Gl11 Gl12 G13 Gl4 Gl15 Gl6 G17

Gl 0.4 0.7 1 0.4 0.6 0.2 N 0.8 0.3 0.9 0.8 0.2 1 —-0.5 —-03 1
G2 —0.6 0.6 0.9 N N N —0.6 0.7 N 0.9 0.7 N 1 —14 -1 0.9
G3 -29 —1.5 0.9 —1.5 —0.8 —2.1 -29 N —-1.7 N N -2 1 —49 —4 0.9
G4 —28 —17 —6.3 —17 —12 -21 —28 N —19 N N —21 N —42 —35 N
G5 —0.6 N 0.6 0.9 N N —0.6 0.7 N 0.9 0.7 N 1 —14 -1 0.9
Go6 —1.2 N 0.4 0.9 N —0.7 —1.2 0.6 —0.5 0.8 0.6 —0.7 1 —24 —1.8 0.9
G7 —-0.3 N 0.7 1 N 0.4 —-03 0.8 N 0.9 0.8 N 1 —-09 —0.6 1
G8 N 0.4 0.7 1 0.4 0.6 0.2 0.8 0.3 0.9 0.8 0.2 1 —0.5 —-0.3 1
G9 —44 —24 N N —24 —14 —-32 —44 —2.7 N N —3.1 N -7.1 —-59 N
G10 —0.5 N 0.6 0.9 N 0.3 N —0.5 0.7 0.9 0.7 N 1 —1.2 —0.8 0.9
Gl1 —13 -8 N N -8 —54 —10 —13 N —8.8 N —9.8 N —-20 —17 N
GI12 —4.4 —24 N N —24 —14 —-32 —4.4 N —2.7 N —3.1 N —-7.1 —-5.9 0.8
G13 —-0.3 N 0.7 1 N 0.4 N —-03 0.8 N 0.9 0.8 1 -1 —-0.7 1
Gl4 —113 —-71 —-28 N -71 —50 —88 —113 N =71 N N -85 —170 —143 N
GI15 0.3 0.6 0.8 1 0.6 0.7 0.5 0.3 0.9 0.5 1 0.9 0.5 0.2 1
Gl16 0.2 0.5 0.8 1 0.5 0.6 0.4 0.2 0.9 0.5 0.9 0.9 0.4 1 —0.2 1
G17 —28 —17 —6.3 N —17 —12 —21 —28 N —19 N N —21 N —42 —35

2 N means the difference in the bending modulus of the two groups are not statistically significant. Numbers (unitless) were found by subtracting the modulus value of the group in the column

from that of the group in the row, and dividing by that in row ((row —column)/row).
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the bending modulus (E.) of the coating layer to have
a more complete understanding. An F-test shows that
there is a statistically significant relationship between
the variables at the 99% confidence interval. A Student
t-test suggests that the bond coat thickness has a
statistically significant influence on the bending mod-
ulus (Ec) at the 99% confidence interval, while the
substrate temperature affects the bending modulus (E.)
at the 92% confidence interval (Table 4). The Student
t-test also suggests that top coat thickness is influential
on the bending modulus at the 85% confidence interval.
On the other hand, the stand off distance does not have
any statistically significant influence in the bending
modulus of the coatings studied. According to the
multi-linear regression analysis, the bending modulus
(Ec) in the range of parameters studied can be ex-
pressed as;
E- (GPa)=198 —0.31 - t5c — 0.15 - Tg, — 0.07 - t1¢
(7)
The average value of residuals (mean absolute error)
in the fit is 40 Gpa, i.e. E- can be calculated from Eq.
(7) with a 440 GPa error. It is clear from this analysis
that thinner bond and top coatings, and lower substrate
temperature in the investigated interval result in materi-
als with higher bending modulus. A 150 um increase in
bond coating (NiCrAlY) thickness causes a 47 + 10
GPa drop in the bending modulus (E.), while use of a
pre-heated substrate decreases the bending modulus by
about 19+ 11 GPa with respect to a cold substrate.
Similarly, a 200 pm increase in the top coat thickness
gives rise to a 14 + 10 GPa decrease in the bending
modulus. The stand off distance as a parameter was
excluded in Eq. (7) since the Student z-test indicated
only a 3% confidence for the negative estimated coeffi-
cient calculated from the multi-linear regression analy-
sis. One may also consider excluding the influence of

Table 6

the top coating thickness since the ¢-test probability is
less than 90%.

4. Discussion

4.1. Four point bend test

As indicated above, when stress and modulus were
calculated from the load-displacement data recorded
during the four point bend test, the bond and top
coating layers were taken as a single layer since there is
only one equation, that allows the determination of
only one unknown, from the slope of the load-—dis-
placement curve. Therefore, the mechanical properties
represented here are rather an average property of the
bond and top coatings. One disadvantage of this as-
sumption is that if one of the coating layers has supe-
rior properties with respect to the other, then it will not
be possible to distinguish the influence of the latter
layer on the coating properties.

The values of bending yield stress and elastic mod-
ulus for the coatings in the current study exhibit a wide
range with a 20—30% average S.D. Table 6 summarizes
the elastic modulus and yield strength values for YSZ
and NiCrAlY coatings reported in the open literature.
Elastic modulus varies from 0.1 to 70 GPa for YSZ
coatings, and 100-200 GPa for NiCrAlY coatings,
while yield stress is around 20—-80 MPa for YSZ coat-
ings, and 1.2 GPa for NiCrAlY coatings. Wallace and
Ilavsky [24], for instance, measured the elastic modulus
of a 5 mm thick free standing YSZ plasma sprayed
coating to be 29+ 1 GPa on the surface using a
Hertzian contact arrangement, while Siemers and
Mehan [25] reported that vacuum plasma sprayed
NiCrAlY alloy has elastic modulus of 200 GPa, and
yield strength of 1.2 GPa under a tensile test. Taka-

Yield strength and elastic modulus of yttria stabilized zirconia (YSZ) and NiCrAlY coating reported in the literature

Yield stress (MPa) Elastic modulus (GPa) Method/sample Ref.
7 wt.% YSZ
51 Ultrasonic test on free standing plate, APS [33]
45.5 Cantilever beam, coating assembly, APS [34]
3040 Hertzian indentation, free standing plate, APS [24]
65 Ultrasonic test, free standing plate, APS [35]
44 +6 Knoop indentation [14]
0.115 Tensile test [36]
70 Tensile test [37]
40 Uniaxial tension [34]
NiCrAlY
110 +£22 Knoop indentation, VPS [14]
1200 200 Tensile test, VPS [25]
NiCrAlY|YSZ
27-71 4-point bend test on free standing NiCrAlY/YSZ, APS [26]
1-440 1-171 4-point bend test on free standing NiCrAlY/YSZ, APS Current
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hashi et al. [26] found that the yield strength of free
standing YSZ/NiCrAlY coating depends on the poros-
ity content and varies from 27 to 71 MPa for 18.6—
5.0% porosity levels, respectively. Leigh et al. [14] using
Knoop indentation measured elastic modulus as 44 + 6
and 110 +£22 GPa for YSZ and NiCrAlY coatings,
respectively. In general, the variation within the mea-
sured properties in the current study is higher than the
variation in the values measured using other techniques.
The reason for the high deviation in the current study is
the presence of a substrate (mild steel) with high elastic
modulus and large thickness with respect to the coating
layer. The thickness of the substrate is 5—7 times that
of the coating layer. For a more accurate determination
of bending modulus and yield stress from a four point
bend test, it is necessary to produce coatings on a
thinner steel substrate.

4.2. Mechanical properties

To understand the observations on the deformation
behavior of the coatings, it is necessary to consider the
microstructure and the adhesion in coatings. The mi-
crostructure of a ceramic coating is rather complex with
many cohered splats that consist of a mixture of differ-
ent phases [1]. As received commercial YSZ powders
are mixtures of monoclinic and tetragonal phases [27].
Upon spraying, the majority of the powder melts and
forms a metastable tetragonal phase (¢') due to rapid
solidification, while some of the particles stay unmelted
and form monoclinic phase [27]. In addition, micro-and
macro-porosities and cracks (dominated by the stresses)
exist within and between splats [14]. Stresses in the
plasma sprayed coating result from the residual stresses
due to tensile quenching stresses in lamella, and due to
the cooling stresses (tensile or compressive) caused by
the difference in thermal expansion coefficients of the
substrate and coating. These residual stresses vary
throughout the thickness of the coating [8]. Some of the
stresses are released by the formation of micro-cracks in
ceramic coatings [8,12,28]. The type and the quantity of
the residual stresses also influence the adhesion at the
substrate-bond coating, and bond coating-top coating
interfaces [10]. It has been shown that the residual
stresses in plasma sprayed YSZ coatings on a steel
substrate are generally tensile, and increase with the
coating thickness [8,9,28,29].

4.2.1. Effect of bond coat thickness

As given in Egs. (6) and (7), the bending yield stress
and modulus of coatings are strongly controlled by the
thickness of the bond coat layer. An increase in the
bond coat thickness gives rise to a drop in the bending
yield strength and bending modulus of the coating
system. This is because a thicker bond coat layer intro-
duces more residual stress which weakens both interface

binding strength and the coating body by increasing the
amount of flaws in the structure.

4.2.2. Effect of substrate temperature

Eqgs. (6) and (7) also indicate that coatings sprayed
on a pre-heated substrate exhibit lower bending
strength and bending modulus. It has been reported
that higher substrate temperature lowers the residual
stresses [29]. Therefore, one would expect that coating
on a pre-heated substrate should have exhibited higher
bending strength. It is believed that adhesion strength
between bond coat and substrate is lower for a pre-
heated substrate because of weakening in the mechani-
cal adhesion of the bond coat and substrate. It is
possible that a locally over-heated area was created
when the substrate was preheated. These locally over-
heated areas may oxidize easily. It was reported that
the oxidation on the substrate surface drastically weak-
ens the adhesion [30]. Therefore, one possibility for the
lower strength exhibited in the coatings deposited on
pre-heated substrate would be the presence of an oxide
layer.

4.2.3. Effect of top coat thickness

As given in Table 6, the mechanical properties of
NiCrAlY coatings are superior to that of a YSZ coat-
ings. Therefore, the influence of the change in the top
coat (YSZ) thickness on the mechanical properties of a
TBC system was suppressed due to the nature of the
test. As indicated above, in the calculation procedure
the bond and top coat layers were considered as a
single layer providing an average property. Neverthe-
less, as given in Table 4, the increase in top coat
thickness decreases the bending modulus and bending
yield stress at the 85 and 70% confidence interval,
respectively. The confidence limit is lower for the yield
stress analysis due to greater variation in this value. It
is believed that a more accurate determination (for
example using a thinner steel substrate) of the bending
modulus would increase the confidence interval.

The reason that a coating with a thicker top coat
mechanically weakens is further introduction of resid-
ual stresses and defects such as pores and cracks with
increasing thickness.

4.2.4. Effect of stand off distance

It was found that the stand off distance has no
significant influence on the bending yield strength and
bending modulus of the coating layers. The stand off
distance mainly controls the cohesion between splats
because the temperature and velocity of particles in the
plasma flame significantly change with stand off dis-
tance [31]. It was reported that the temperature and
velocity of particles in the plasma flame may vary by as
much as approximately 1000 K, and 50 m s~! in a 20
mm change in the stand off distance, respectively [32].
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Therefore, better spreading and cohesion would be
achieved with shorter spraying distances. However, one
should bear in mind that residual stresses introduced
are higher for shorter spraying distance since particle
temperature is higher [28]. As a result, it is believed that
these two competing factors; cohesion strength (positive
influence) and residual stresses (negative influence),
neutralize each other with respect to their influence on
stand off distance and the performance of the coating.
Although it was not possible to distinguish the influ-
ence of the stand off distance on the deformation
characteristics of the plasma sprayed YSZ coatings
using the four point bend test due to these two compet-
ing factors, the investigation of the AE activities during
the four point tests of these samples clearly identified
the influence of the stand off distance on the properties
of these coatings. The AE studies, whose details will be
discussed in the second part of this paper [22], showed
that coatings plasma sprayed at shorter stand off dis-
tances exhibited higher cracking activities and reflect
the presence of a higher amount of residual stresses.

4.2.5. Yield strain

As given in Fig. 4, the yield strains of the coatings
are similar, but higher than that of a steel substrate.
One would expect that a steel substrate deforms more
than a ceramic, however, it is believed that a coating
with pores and cracks can deform more than the bulk
counterparts before yielding. The yield strains of coat-
ings with thicker bond coat such as coatings from
groups 3, 4, 11, 12, and 14 are higher than other
coatings. This may be because the coatings in the
aforementioned groups have more defects such as
pores, voids, and cracks.

5. Conclusions

All the coatings prepared with varying spray parame-
ters were tested with four point bending. The bending
yield stress and bending modulus were calculated from
the load-—displacement curves recorded during the
bending tests by considering the top—bond coating
system as a single assembly. The variation in the bend-
ing yield stress and modulus values calculated in the
current study were generally higher than the previously
reported values determined using other techniques such
as Knoop indentation in the open literature.

A multi-linear statistical regression on the bending
yield strength and bending modulus of the coating
layers showed that coating layers with thinner bond
and top coating sprayed on a cold steel substrate yield
at higher stresses, and result in higher bending mod-
ulus. On the other hand, stand off distance was found
to have no statistically significant influence on the
bending yield strength and modulus.
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Appendix A. Nomenclature

Throughout the text common engineering units of
thermal spray field have been used.

D distance between loading and support bar
(100 mm)

E bending modulus, GPa

Eg, bending modulus of steel substrate, GPa

Ec bending modulus of coating system (top
and bond coats), GPa

(ED* elastic modulus times moment of inertia

for the whole system including the sub-
strate, bond coat and top coat layers

1 moment of inertia of the test specimen,
wi?/12, mm*

P load, N

Pyc yielding load of the coating system (top
and bond coats), N

ts thickness of steel substrate, um

INA distance between the neutral axis of the
test bar and the bottom of the substrate,
pum

te thickness of the coating system (top and
bond coats), pm

tre thickness of top coat, um

tsc thickness of bond coat, pm

T, temperature of steel substrate, K

Xood stand off distance, mm

w width of the testing bar, mm

y displacement at the cross-head, mm

AP/Ay  slope of load displacement curve

Oyc bending yield stress of the coating system
(top and bond coats), MPa

References

[1] L. Pawlowski, The Science and Engineering of Thermal Spray
Coating, Wiley, New York, 1995.

[2] R.A. Miller, Surf. Coat. Technol. 30 (1986) 1-11.

[3] C. Funke, B. Siebert, D. Stover, R. Vassen, in: C.C. Berndt
(Ed.), Thermal Spray: A United Forum for Scientific and Tech-
nological Advances, ASM International, Materials Park, OH,
1998, pp. 277-284.



40 A. Kucuk et al. /| Materials Science and Engineering A284 (2000) 29—40

[4] J. llavky, G.G. Long, A.J. Alen, H. Herman, C.C. Berndt, in:
C.C. Berndt (Ed.), 9th National Thermal Spray Conference,
ASM International, Materials Park, OH, 1996, pp. 725-728.

[5] P. Boch, P. Fauchais, D. Lombard, B. Rogeaux, M. Vardelle, in:
N. Claussen, M. Ruhle, A.H. Heuer (Eds.), Advances in Ceram-
ics Science and Technology of Zirconia II, vol. 12, American
Ceramic Society, Columbus, OH, 1984, pp. 488—502.

[6] C.C. Berndt, H. Herman, Thin Solid Films 108 (1983) 427-437.

[7] J. Voyer, F. Gitzhofer, M.I. Boulos, J. Thermal Spray Technol.
7 (1998) 181-190.

[8] J. Matejicek, S. Sampath, J. Dubsky, J. Thermal Spray Technol.
7 (1998) 489-496.

[9] D.J. Greving, E.F. Rybicki, J.R. Shadley, J. Thermal Spray
Technol. 3 (1994) 379-388.

[10] D.J. Greving, J.R. Shadley, E.F. Rybicki, J. Thermal Spray
Technol. 3 (1994) 371-378.

[11] C.C. Berndt, C.K. Lin, J. Adhes. Sci. Technol. 7 (1993) 1235-
1264.

[12] U. Senturk, R.S. Lima, C.C. Berndt, C.K. Lin, C.R.C. Lima, in:
E. Lugscheider, P.A. Kammer (Eds.), United Thermal Spray
Conference, German Welding Society, Dusseldorf, Germany,
1999, pp. 815-819.

[13] C.K. Lin, U. Senturk, R.S. Lima, C.C. Berndt, J.C. Shieh, P.Y.
Lee, in: E. Lugscheider, P.A. Kammer (Eds.), United Thermal
Spray Conference, German Welding Society, Dusseldorf, Ger-
many, 1999, pp. 809-814.

[14] S.-H. Leigh, C.-K. Lin, C.C. Berndt, J. Am. Ceram. Soc. 80
(1997) 2093-2099.

[15] A. Ibrahim, Ph. D. Thesis, Department of Materials Sci. Eng. in
the State University of New York at Stony Brook, Stony Brook,
NY (1998).

[16] C.C. Berndt, D. Robins, R. Zatorski, H. Herman, Presented at
10th International Thermal Spraying Conference, Essen, Ger-
many, 1983.

[17] CK. Lin, C.C. Berndt, S.H. Leigh, K. Murakami, J. Am.
Ceram. Soc. 80 (1997) 2382-2394.

[18] C.K. Lin, C.C. Berndt, Surf. Coat. Technol. 102 (1998) 1-7.

[19] C.C. Berndt, Mater. Sci. Forum 34-36 (1988) 457-461.

[20] S. Safai, H. Herman, K. Ono, Presented at 9th International
Thermal Spraying Conference, The Hague, Netherlands, 1980.

[21] C.C. Berndt, J. Eng. Gas. Turbines Power-Trans. ASME 107
(1985) 142-146.

[22] A. Kucuk, C.C. Berndt, U. Senturk, R.S. Lima, Mater. Sci. Eng.
A 284 (2000) 41-50.

[23] Metals Handbook, vol. 1, ASM International, Materials Park,
OH, 1990.

[24] J.S. Wallace, J. Ilavsky, J. Thermal Spray Technol. 7 (1998)
521-526.

[25] P.A. Siemers, R.L. Mehan, Ceram. Eng. Sci. Proc. 4 (1983)
828-840.

[26] M. Takahashi, M. Saitoh, K. Takaishi, J. Yokohama, T.
Kawasaki, J. Sendai, in: E. Lugscheider, P.A. Kammer (Eds.),
United Thermal Spray Conference, German Welding Society,
Dusseldorf, Germany, 1999, pp. 565-570.

[27] R.S. Lima, U. Senturk, C.C. Berndt, C.R.C. Lima, in: E.

Lugscheider, P.A. Kammer (Eds.), United Thermal Spray Con-

ference, German Welding Society, Dusseldorf, Germany, 1999,

pp. 190-195.

L. Bianchi, F. Blein, N. Baradel, in: C.C. Berndt (Ed.), Thermal

Spray: A United Forum for Scientific and Technological Ad-

vances, ASM International, Materials Park, OH, 1997, pp. 831

838.

[29] M. Levit, I. Grimberg, B.Z. Weiss, Mater. Sci. Eng. A206 (1996)
30-38.

[30] V.V. Sobolev, J.M. Guilemany, J. Nutting, J.R. Miquel, Int.
Mater. Rev. 42 (1997) 117-136.

[31] A. Vardelle, M. Vardelle, R. McPerson, P. Fauchais, Presented
at 9th International Thermal Spraying Conference, The Hague,
Netherlands, 1980.

[32] B.M. Cetegen, W. Yu, J. Thermal Spray Technol. 8 (1999)
57-67.

[33] M.C. Sainte-Catherine, J.L. Derep, J.P. Lumet, Presented at 2nd
Plasma Technik Symposium, Lucerne, Switzerland, 1991.

[34] E.F. Rybicki, J.R. Shadley, Y. Xiong, D.J. Greving, J. Thermal
Spray Technol. 4 (1995) 377-383.

[35] R. Kawase, K. Tanaka, T. Hamamoto, H. Haraguchi, Presented
at 3rd National Thermal Spray Conference, Long Beach, CA,
1990.

[36] C.C. Berndt, J. Mater. Eng. 11 (1989) 274-282.

[37] H.-D. Steffens, U. Fischer, in: D.L. Houck (Ed.), Thermal
Spray: Advances in Coatings Technology, ASM International,
Materials Park, OH, 1988, pp. 167—173.

[28

Permission to publish

(2000) 29-40.

A. Kucuk, C.C. Berndt, U. Senturk, R.S. Lima and C.R.C. Lima, ‘Influence of
plasma spray parameters on the mechanical properties of yttria stabilized
zirconia coatings I: Four point bend test’, J. Mater. Engin. and Sci., A284

As an Elsevier journal author, you retain various rights including Inclusion of
the article in a thesis or dissertation whether in part or in toto; see http://
www.elsevier.com/about/policies/author-agreement/lightbox_scholarly-
purposes for more information. As this is a retained right, no written
permission is necessary. This extends to the online version of your thesis
and would include any version of the articles including the final published
versions provided that they are not available as individual downloads but
only embedded within the thesis itself.



cberndt
Text Box
Permission to publish
A. Kucuk, C.C. Berndt, U. Senturk, R.S. Lima and C.R.C. Lima, ‘Influence of plasma spray parameters on the mechanical properties of yttria stabilized zirconia coatings I: Four point bend test’, J. Mater. Engin. and Sci., A284 (2000) 29-40. 
As an Elsevier journal author, you retain various rights including Inclusion of the article in a thesis or dissertation whether in part or in toto; see http://www.elsevier.com/about/policies/author-agreement/lightbox_scholarly-purposes for more information. As this is a retained right, no written permission is necessary. This extends to the online version of your thesis and would include any version of the articles including the final published versions provided that they are not available as individual downloads but only embedded within the thesis itself.
 


ELSEVIER

Materials Science and Engineering A284 (2000) 41-50

MATERIALS
SCIENECE &
ENGINEERING

A

www.elsevier.com/locate/msea

Influence of plasma spray parameters on mechanical properties of
yttria stabilized zirconia coatings. II: Acoustic emission response

A. Kucuk, C.C. Berndt *, U. Senturk !, R.S. Lima

Department of Materials Science and Engineering, Center for Thermal Spray Research, State University of New York at Stony Brook,
306 Old Engineering, Stony Brook, NY 11794-2275, USA

Received 12 October 1999; received in revised form 7 February 2000

Abstract

Yttria (8 wt.%) stabilized zirconia (YSZ) with a NiCrAlY bond coat was atmospherically plasma sprayed on mild steel
substrates using various processing parameters including YSZ coating thickness, bond coat thickness, stand off distance, and
substrate temperature. The cracking behavior of these coatings under four point bending load was examined using an acoustic
emission (AE) recorder. The numbers of AE events exhibited during the elastic and plastic deformation of coatings were analyzed.
Using multi-linear regression analysis, the number of AE events was correlated to the spray parameters. This analysis revealed
that coatings with thicker YSZ top coat and NiCrYAI bond coat sprayed on a heated substrate at shorter stand off distance
exhibited more AE activity and released higher AE energy under the bending. The greater emission activity and higher AE energy
were evidence of severe cracking. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: Thermal barrier coatings; Acoustic emission; Cracking behavior

1. Introduction

Plasma sprayed yttria stabilized zirconia (YSZ) coat-
ings are used as insulative and corrosion resistant layers
in high temperature applications such as gas turbine
and diesel engines to enable higher working tempera-
tures [1]. Plasma sprayed YSZ coatings, often referred
to as thermal barrier coatings (TBCs), with their porous
microstructure and ceramic nature provide good heat
insulation to the main metal component. A NiCrAlY
bond coat layer is applied to enhance adhesion strength
between the metal component and YSZ coating. In
addition, this NiCrAlY bond coat provides oxidation
resistance to the main metal component at high temper-
atures [2].

Plasma sprayed YSZ coatings are built up from
cohered splats that consist of a mixture of different
phases. The characteristics of the coating depend pri-

.y

! Present address: PQ Corporation, Research & Development Cen-
ter, 280 Cedar Grove Rd., Conshohocken, PA 19428-2240, USA.

marily on the feedstock powder, spray process parame-
ters such as gun power, gas composition and flow rate,
powder feeding rate, and equipment features such as
gun type. As-received commercial YSZ feedstocks are
generally mixtures of monoclinic and tetragonal phases
[3], that may exhibit different size and shape distribu-
tions. Upon spraying, the majority of the powder melts
and forms a metastable tetragonal phase (¢') due to
rapid solidification, while some of the particles stay
un-melted and form a monoclinic phase [3]. These
particles (splats) are randomly deposited and build up
the coating. A coating can exhibit voids which are
located between splats, due to random deposition and
solidification, and within splats, due to solidification. In
addition, processing stresses are generated in plasma
sprayed coatings from rapid cooling and thermal ex-
pansion mismatch between the coating and substrate.
These residual stresses vary throughout the thickness of
the coating [4]. Some of the stresses are released by the
formation of micro-cracks in ceramics [4,5], while resid-
ual stress, either compressive or tensile, is preserved in
the coating. The type and the quantity of the residual
stresses influence the coating performance. For exam-
ple, it was reported that the adhesion and mechanical

0921-5093/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
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Table 1
Samples sprayed according to experimental design
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Samples Bond coat (um) Top coat (um) Substrate temperature (K) Stand off distance (mm)
Gl 100 300 393 80
G2 100 300 393 100
G3 250 300 393 80
G4 250 500 393 100
G5 250 500 393 80
G6 100 500 273 80
G7 100 500 273 100
G8 250 300 273 80
G9 100 500 393 80
Gl10 100 300 273 80
Gl1 250 300 393 100
Gl12 250 300 273 100
Gl13 250 500 273 80
Gl4 250 500 273 100
Gl15 100 300 273 100
Gl6 100 500 393 100
G17 175 400 333 90

strength of the coatings directly related to the residual
stresses [6]. Optimizing the spray parameters produces
coatings with a desired microstructure (i.e. phase distri-
bution, porosity, etc.) which determines coating perfor-
mance. The deformation in YSZ coatings involves
brittle fracture by crack initiation and growth as well as
crack propagation from microcracks that evolve due to
residual stresses. Therefore, it is crucial to understand
cracking in ceramic coatings under load to characterize
the deformation behavior of coatings. Cracks initiate
and propagate during loading from defects such as
pores, splat boundaries, secondary phase interfaces, and
pre-existing cracks within coatings. A valuable tool in
the analysis of cracks is to monitor acoustic emission
(AE) response of deformation activities [7—10]. AE is a
term describing a class of phenomena whereby transient
elastic waves are generated by the rapid release of energy
from localized sources within a material [11]. AE analy-
sis has been successfully used to monitor cracking in
ceramic coatings during mechanical testing (three point
bending [12], four point bending [9,13], tensile adhesion
test [14,15], and indentation [16]) and thermal cycling
[8].

In the first part of this study [17], the influence of
spray parameters such as top and bond coat thickness,
stand off distance and substrate temperature on the
mechanical properties of plasma sprayed YSZ coating
were examined using a four point bend test. It was
found that coatings with a thin bond coat sprayed on a
cold substrate exhibited higher bending yield strength
and bending modulus. However, stand off distance and
top coat thickness were not found to have a statistically
significant influence on the strength and stiffness of the
coatings [17].

In the current work, the AE response of YSZ coat-
ings under four point bend tests was investigated to
further understand the cracking behavior of thermally
sprayed YSZ coatings.

2. Experimental procedure
2.1. Sample preparation

Yttria (8 wt.%) stabilized zirconia (YSZ) was sprayed
onto mild-carbon steel substrates under various process
parameters including coating thickness (either 300 or
500 pum), stand off distance (either 80 or 100 mm) and
substrate temperature (either at 273 or 393 K). In
addition, the thickness of the atmospherically plasma
sprayed bond coat, NiCrAlY, was varied as either 100
or 250 pum.

The substrates were grit blasted with alumina grit
and cleaned with ethyl alcohol before spraying. The
average roughness of the grit blasted substrate was
4.0 +0.5 um as measured with a Hommelwerke T1000
mechanical profilometer (Hommel America, New
Britain, CT). Some of the substrates were pre-heated
before spraying by using the plasma flame. The temper-
ature of the substrates was measured using a hand held
infrared temperature detector.

A statistical experimental design procedure using
StatGraphics Plus 2.0 software (Statistical Graphics,
Rockville, MD) was employed to determine the appro-
priate number of samples and spray parameters for
relevant correlations. Table 1 gives the list of the sam-
ples sprayed in the current study according to this
experimental design. Six samples from each group in
Table 1 were sprayed with the conditions given in Table
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2, using a Metco 3MB plasma gun (Sulzer-Metco,
Westbury, NY). Further details of sample preparation
have been presented elsewhere [17].

2.2. Four point bend test and in situ AE

The four point bend tests were performed using an
Instron universal test machine (Model 8502, Instron,
Canton, MA). The details of the four point bend test
were previously given [17]. During the bend test, AE
activities were monitored using an IBM compatible PC
controlled MITRAS 2001 AE system (Physical Acous-
tics, Princeton, NJ). AE signals were received using a
transducer of 22.5 mm diameter (model AC175L, Hart-
ford Steam Boiler Inspection Technologies, Hartford,
CT) placed on the steel substrate (in a non-coated
location), and pre-amplified with a 2/4/6-AST model
preamplifier (Physical Acoustics, Lawrenceville, NJ),
and filtered with a 100H model preamplifier filter
(Physical Acoustics). Details of AE data analysis were
given elsewhere [18].

Six samples from each group were loaded under the
four point bend conditions to generate results with a
95% confidence limit. To minimize artifacts from edge

Table 2
Spraying parameters

YSZ NiCrAlY
Gun Type Metco 3MB  Metco 3MB
Current (A) 600 500
Voltage (V) 70 70
Primary gas, Ar (I min—") 40 40
Secondary gas, H, (I min—1) 11 8
Powder carrier gas, N, (I min—!) 3.5 3.65
Table 3

Summary of the mechanical properties of the coatings in this study
(17

Groups Bending yield strength (MPa) Bending modulus (GPa)

1 301 +£23 114+ 11
2 191 +52 72+ 24
3 92 + 38 29+ 14
4 14+ 18 4+4

5 225+ 41 72+ 17
6 160 + 53 51+ 19
7 260 + 26 89 +11
8 328 +43 114+ 7

9 62 +43 21+ 14
10 206 + 88 78 + 36
11 27+ 50 8+ 14
12 73 +99 21+29
13 250 4+ 30 86+ 15
14 1+25 1+6

15 440 + 61 171 + 17
16 371 +59 144 + 19
17 11 +44 4+13

cracking, the sides of the samples were polished with
600 mesh abrasive before the tests.

3. Results
3.1. Four point bend test

The bending yield stress and modulus, calculated
from the load—displacement out put of the four point
bend test, were reported previously [17]. The data are
summarized in Table 3.

3.2. AE

Samples from each group exhibited different AE
activity during four point bend tests (Fig. 1). Fig. 1
graphs the total AE events and sub-set of those gener-
ated only during the elastic regime. The activities were
separated according to those generated during the elas-
tic deformation and those generated after yield point.
The influences of spray parameters on the numbers of
AE activities in the elastic region are illustrated along
with the total number of AE activities in Fig. 1. The
trend in the number of AE response of the coatings
sprayed with different parameters is similar in elastic
and total deformation (Fig. 1). The order of groups
according to the number of AE events in the elastic
region and the total number, for example, is similar.
Thus, the number of AE activities increases from
G15<Gl <GI2<Gl1 <G2 <G8 <GI0 to G3 for
the top coat thickness of 300 um. As seen in Fig. 1, five
out of eight coatings revealed higher AE response un-
der the four point test for increasing top and bond coat
thickness while six out of eight coatings exhibited in-
creasing AE activity for higher substrate temperature or
shorter stand off distance. Further analysis of the effect
of each spray parameter is given in Section 3.3.

Fig. 2 illustrates the comparison of total number of
AE events with the number of AE activities in the
elastic region. (The general trend is that samples with
higher number of AE response in the elastic region,
also exhibited higher total AE response). The samples
in the groups can be separated into three categories
according to AE response; i.e. high, medium, and low
AE response. According to the number of AE events in
the elastic region (i.e. the square boundaries in Fig. 2),
groups 1, 12, 15, 16, and 17 are in the low response,
and groups 2, 4, 6, 7, 8, 9, 10, 11, and 14 are in the
medium response categories while groups 3, 5, and 13
are in the high response category. On the other hand,
according to total number of AE activities (i.e. the
ellipses in Fig. 2), the low response category includes
groups 1, 11, 12, 15, and 16, while the medium response
category consists of groups 2, 6, 7, 8, 10, 14, and 17,
and the high response category includes groups 3, 4, 5,
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Fig. 1. Change in the numbers of acoustic emission (AE) activities under elastic and total deformation with spray parameters. The difference
between the paired groups is the thickness of the yttria stabilized zirconia (YSZ) layer.
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Fig. 2. Comparison of acoustic emission (AE) response of coatings under elastic and total deformation. Rectangles are for the categories according
to AE response under elastic deformation while ellipsoids are for the categories according to acoustic response under total deformation.

9, and 13. There is no simple correlation between these
categories and the spray parameters.

Since the energy of AE response is as important as
the number of the AE response in understanding the
deformation characteristic of coatings under load, the
cumulative energy of the AE activities was calculated
for each sample. Fig. 3 illustrates the change of cumula-
tive energy with cross-head displacement in the four
bend test. One should notice that only one representa-
tive curve out of six curves for each group is presented

in Fig. 3. The variation in cumulative energy of AE
varied as high as 50% within a group. In Fig. 3 the
cumulative energy value for AE activity in the elastic
region is presented as an enlarged portion. As shown, a
significant change in the cumulative energy of AE can
be seen upon transition from an elastic to plastic defor-
mation region. A similar change in the number of AE
events was also observed upon the elastic—plastic defor-
mation transition (Fig. 2). The same categorization
proposed according to the number of AE events was
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valid for the cumulative energy of AE activities (Fig. 3):
Samples in groups 1, 2, 11, 12, 15, and 16 exhibited AE
activities with low amounts of cumulative energy, sam-
ples in groups 6, 7, 8, 10, 13, 17 released medium
amounts of cumulative energy, while samples in groups
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Fig. 3. (a) Change in cumulative acoustic emission (AE) energy of
coatings with deformation. Inset illustrates the cumulative AE energy
under elastic deformation. (b) Change in cumulative AE energy of
coatings with deformation. Inset illustrates the cumulative AE energy
under elastic deformation. (c) Change in cumulative AE energy of
coatings with deformation. Inset illustrates the cumulative AE energy
under elastic deformation.
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Fig. 4. Ratio of the cumulative acoustic emission (AE) energy to the
number of AE events under elastic and total deformation.
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Fig. 5. Comparison of the number of acoustic emission (AE) activities
with the mechanical properties of the coating measured in a previous
study [17].

3,4,5,9, 14 generated high amounts of AE cumulative
energy.

The ratio of the cumulative energy to number of AE
events for both elastic and total deformation is pre-
sented in Fig. 4. The ratios are similar except those for
3,4,9, 14, and 17.

In Fig. 5, the AE response of samples were compared
with the mechanical properties of the coatings; bending
yield strength and modulus measured in the previous
study [17]. There is no simple correlation between the
number of AE activities and the mechanical strength of
the coatings.

3.3. Statistical analysis on results

To further understand the significance of each
parameter on the AE response of the coatings, all the
results were statistically analyzed using multi-linear
regression.
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Table 4

Results of the multiple linear regression analysis on the spray parameter dependence of the number of acoustic emission (AE) activities during

elastic and total deformation under four point bending of the coatings®

Estimated coefficient

t-test probability

Elastic Total Elastic Total Elastic Total
Constant 4520.5 8291.6 1673.5 7224.3 0.007 0.255
tgc (um) 5.9 28.2 1.7 7.7 0.001 0.001
tre (Lm) 2.2 39.0 1.3 5.8 0.094 0.000
Ts, (K) 4.1 25.9 2.2 9.7 0.065 0.009
X,oq (mm) —62.7 —303.4 13.0 57.7 0.000 0.000

* The t-test probability is the probability of each parameter not being statistically significantly influential. (¢35 is the thickness of bond coating
(NiCrAlY) in pm, ¢ is the thickness of the top coating (YSZ) in pm, and Ty, is the substrate temperature in K, X 4 is the stand off distance

in mm.)

Table 5

The predicted changes in the number of the elastic and total acoustic emission (AE) response of the coatings during four point bend test*

Change in parameter

Change in elastic AE response

Change in total AE response

tge (nm) +150
tre (pm) +200
T (K) +120
Xooq (mm) +20

+888 + 216
+438 +256
+487 + 259
—1254 + 260

+4234 4+ 1156
+7791 £ 1156
+3106 + 1159
—6068 + 1155

2 Plus (+) and minus (—) signs indicate increase and decrease in the quantity, respectively. (¢5¢ is the thickness of bond coating (NiCrAlY) in
pm, #pc is the thickness of the top coating (YSZ) in um, and Ty, is the substrate temperature in K, X4 is the stand off distance in mm).

3.3.1. Number of AE events in elastic region

A multi-linear regression analysis was applied to the
results on the number of AE events monitored in the
elastic region to examine the influence of the spray
parameters using the Statgraphics Plus 2.0 software. An
F-test validated the significance of a relationship be-
tween the four independent variables (bond coat thick-
ness, top coat thickness, substrate temperature and
stand off distance) and the number of AE activities in
the elastic region at the 99% confidence interval. A
Student z-test proved that bond coat thickness and
stand off distance are significantly influential on the
number of AE activities observed in the elastic region
at the 99% confidence interval (Table 4) while top coat
thickness and substrate temperature have significant
influence on the number of AE activities at more than
90% confidence interval. The following equation from
the fitted model relates the number of AE events in the
elastic region, N,g(elastic) to the spray parameters in
the studied interval:

Nr(elastic) = 4520.6 + 5.92 - 15c +2.19 - t7c
+4.06- Ty —62.72 - Xooy (1)

where #5 is the thickness of bond coating (NiCrAlY) in
um, ¢y is the thickness of the top coating (YSZ) in um,
T, is the substrate temperature in K, and X4 is the
stand off distance in mm. The average value of residu-
als (mean absolute error) in the fit is 906.

While coatings with longer stand off distance exhibit
smaller number of AE events, an increase in the bond
or top coating thickness, and substrate temperature
results in larger number of AE activities. An increase in
bond coat thickness by 150 um, or in top coat thickness
by 200 pm causes 888 + 261 or 438 + 256 additional
AE activities, respectively, while moving stand off dis-
tance from 80 to 100 mm results in a decrease in AE
activities by 1254 + 260. The number of AE activities in
the elastic region are higher by 487 4+ 259 for the coat-
ings on pre-heated (393 K) substrates with respect to
that on cold substrates (Table 5). As seen, the most
influential parameter on the number of AE activities
monitored in elastic region is the stand off distance. No
such dependence could be detected from the classical
bend test measurements.

3.3.2. Number of total AE events

A similar multi-linear regression analysis was applied
on the total number of AE events to determine the
effects of each spray parameter. An F-test shows that
there is a statistically significance correlation between
the four independent variables (bond coat thickness,
top coat thickness, substrate temperature and stand off
distance) and the total number of AE activities at the
99% confidence interval. The Student z-test proved that
all the spray parameters are significantly influential on
the total number of AE activities at the 99% confidence
interval (Table 4). The dependence of the total number
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of AE events on the spray parameters, N g(total) can be
expressed by the formula:

N p(total) = 8291.6 +28.2 * f5e + 39.0 - trce
+259-T,—303.4- X,y )

where t5c, tre, T, and X, 4 are as described above. The
average value of residuals (mean absolute error) in the
fit is 3750. It is clear from this analysis that a sample
with thinner bond and top coat sprayed on a cold
substrate at longer stand off distance releases a lower
total number of AE activities under four point bending.
A 150 um decrease in bond coat thickness lowers the
total number AE events by 4234 + 1156 while a 200 um
decrease in top coating thickness results in 7791 + 1156
drop in the total number of AE activities. Similarly, a
120° increase in the substrate temperature or a 20 mm
decrease in the stand off distance causes 3106 + 1159, or
6068 + 1155 increase in the total number of AE events,
respectively (Table 5).

4. Discussion

The analysis of the AE data requires correlation of the
AE response of coatings under load with the microstruc-
ture. The plasma sprayed YSZ coating microstructure
includes splats (lamellae), porosity, voids, microcracks,
and un-melted particles [1]. Splats can be a mixture of
different phases such as metastable tetragonal (¢') and
monoclinic [3]. Porosity can be inter-lamellar or within
lamellar. Inter-lamellae pores mostly form from the
random built-up of splats. In addition, the volume
change during solidification results in pores between and
within lamellae pores. Microcracks in the ceramic layer
form from the processing stresses. Rapid solidification
and mismatch between the thermal expansion coefficient
of the substrate and coating are the sources of the
processing stresses. Bianchi et al. [19] reported that
tensile solidification stresses and compressive stresses
from thermal expansion coefficient mismatch in YZS
coatings yield tensile residual stresses. Greving et al. [20]
found that residual stresses vary throughout the TBC
with a 254 pym YSZ top coat and a 76 um NiCrAlY
bond coat layers on a Hastelloy Alloy X substrate: 30
MPa tensile stress on the surface of the top coating
decreases to 10 MPa compressive stress in the middle of
top coat, and then it increases back to 30 MPa tensile
stress at the top coat bond coat interface. It reaches 60
MPa tensile stress in the bond coat, and drops to 5 MPa
compressive stresses at the bond coat/substrate inter-
face. The stresses in the substrate are 150 MPa compres-
sive near the interface. Matejicek et al. [4] measured
residual stresses in a 200 pum NiCrAlY and a 200 um
YSZ on a steel substrate as 99 + 15 MPa tensile and
15 + 10 tensile respectively using X-ray diffraction.

4.1. Effect of stand off distance

As given in Egs. (1) and (2), a change in stand off
distance has the most significant influence on the num-
ber of AE events during the four point bend test. It has
been reported that stand off distance does not influence
the bending yield strength and modulus of plasma
sprayed TBCs [17,21]. Ilavsky et al. [22] reported that
percent porosity in plasma sprayed YSZ coating pro-
duced using plasma-spherodized powders increases from
10 to 14 vol.% with a change in the spray distance from
65 to 145 mm; while the crack surface area decreases by
half with the same change in the spray distance. The
decrease in the crack surface area implies that the
residual stresses in a YSZ coating decreases with increas-
ing spray distance. When temperature and particle ve-
locity in the plasma plume are taken into consideration,
it is reasonable to have higher stresses for shorter spray
distances. Both the temperature and velocity of particles
decreases with increasing distance from the plasma
source. For example, the temperature and velocity of the
particles in the plasma flame may vary as much as 1000
K, and 100 m s~ ' in a 20 mm change in the stand off
distance. Higher particle temperatures result in a higher
amount of quenching (solidification) residual stresses. In
addition, the density and viscosity of particles are lower
for higher temperatures. Therefore, particles spread
better according to the Madejski equation [1]. Higher
particle temperatures also provide more effective pack-
ing of splats, and better cohesion between splats. The
decrease in percentage porosity and roughness, and
increase in hardness is an indication of this more effec-
tive packing and cohesion between splats. Therefore,
one would think that a coating with more effective
packing and better cohesion would exhibit a lower AE
response under load, i.e. coatings sprayed at lower spray
distance would be expected to exhibit less AE activity.
However, the converse is experimentally observed
whereby an increase in spray distance decreases the
number of AE activities recorded during a four point
bend test. This arises because one should also consider
changes in residual stresses with stand off distance
because any tensile residual stresses present in the coat-
ing will be relieved by crack formation. For example, a
10 MPa tensile residual stress can be relieved by forma-
tion of 0.1 m? m — 3 fracture surface; i.e. crack formation.
The crack surface was calculated by taking the fracture
surface energy of YSZ as 50 J m —2 [23]. Wigren et al.
[24] reported that when spray distance change from
‘short’ to ‘long’” in spraying of a 420 pm YSZ, residual
stresses measured by the modified layer-removal method
dropped by 40-50%. The decrease in AE activity ob-

2 The exact spray distance in the mentioned study was not given,
but just referred as ‘short’ and ‘long’.
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served by increasing spray distance implies that the
effect of residual stresses on AE response of the coat-
ings are the more dominant of effects from two
parameters; residual stresses, and packing and cohesion
efficiency.

The influence of processing stresses on AE response
of coatings are 2-fold: (i) higher amount of processing
stresses generate higher amount of microcracks which
weaken the mechanical strength of coatings; and (ii)
higher residual stresses from greater processing stresses
promote cracking during loading. The microcracks
formed during the release of processing stresses propa-
gate under the load and generate AE energy. Therefore,
AE analysis is a powerful tool to characterize the
influences of processing and residual stresses. As given
in Egs. (1) and (2), the coefficient for stand off distance,
estimated from multi-linear regression analysis, is high
with respect to other parameters. The effect of stand off
distance on the number of AE activities is more pro-
nounced in the elastic region than the total deforma-
tion. It is believed that the more pronounced effect of
stand off distance on the AE activities can be related to
residual stresses. The load applied during the four point
bend test promotes the relief of residual stresses by
cracking. One should note that residual stress can not
cause cracking unless they overcome the threshold
value which is the minimum energy required to create a
fracture surface. Lin et al. [25] carried out four point
bend tests with varying loads on a YSZ TBC which
yielded at a 3000 N bending load. They monitored AE
response of a coating during the four point bend test
under subsequent loads. They found that the number of
AE activities changes as 460, 436, 186, 203, and 42 525
under the applied loads of 250, 1000, 1500, 2500, and
4800 N, respectively. As seen, the majority of the AE
energy in the elastic region was released during the
initial two loadings. This can be interpreted as an
evidence for the relief of residual stresses by cracking
during the first two loadings. Therefore, the more pro-
nounced effect of stand off distance, which is driven by
the amount of stresses, on the AE activity in the elastic
region is reasonable.

4.2. Effect of top coat thickness

As given in Egs. (1) and (2), coatings with a thicker
YSZ top coat generate more AE events in the four
point bend test. One obvious reason for such AE
response is the size effect. Since the volume of the
thicker top coating is greater than that of a thinner
coating, the number of cracks present after the spray
process and generated during loading is higher for a
larger volume. However, an increase in the AE activity
with increasing top coat thickness can not be rational-
ized only by the size effect because otherwise the coeffi-
cients (2.18 and 38.96) for elastic and total deformation

would have been the same. In addition to a slight
contribution from the size effect, the change in residual
stresses due to thickness plays a significant role in the
AE response of coatings. It was reported that residual
stresses increased with the coating thickness [4].

The contribution of the top coat thickness with re-
spect to the AE response of coating drastically increases
after the yield point. As seen in Egs. (1) and (2), the top
coat thickness coefficient jumps from 2.19 to 38.89 for
elastic and total deformation, respectively. Part of the
reason for this observation is the nature of the test. In
the four point bend test, the arrangement is such that
the coating is under tension. The bending strain in-
creases with respect to the distance from the neutral
axis, and it is the highest on the outer layer of the
coating. Therefore, the top coat undergoes the greatest
amount of deformation, and the difference in the strain
of the layer gets larger upon an increase in cross-head
displacement during the four point bend test. As a
result, a large contribution is observed with regard to
the influence of top coat thickness on AE activity after
the yield point. One other reason for a large change in
the number of AE events after the yield point could be
the delamination. After a certain amount of deforma-
tion, layers separate because of shear forces originating
from the bending load. The AE energy emitted from
such events (delamination) is much higher than the
energy rising from vertical cracks. As given in Fig. 4 the
cumulative energy increases after the yield point.

4.3. Effect of bond coat thickness

The number of AE events increases with increasing
bond coat thickness for both elastic and total deforma-
tion as given in Egs. (1) and (2). Similar to the rational
for the influence of top coat on the AE response,
residual stresses play a significant role. One should
notice that the residual stresses are much higher in the
metallic bond coat than in the ceramic top coat since
the bond coat is ductile with respect to brittle ceramic
coating; i.e. residual stresses in the ceramic can be
relieved by cracking processes. The effect of bond coat
thickness on AE activity is more pronounced in the
elastic and this might indicate relief of residual stresses
upon initial loading.

4.4. Effect of substrate temperature

Coatings sprayed on a pre-heated substrate exhibited
more AE events as given in Egs. (1) and (2). It has been
reported that higher substrate temperature generally
lowers the residual stresses in the coating layers [5].
Therefore, one would expect that coating on a pre-
heated substrate should have given a lower number of
AE activities. However, one should also consider other
contributions such as oxidation and surface roughness.
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Even though the temperature of the pre-heated sub-
strate is reported as 393 K in the current study, it is
believed that the local temperatures could be far more
than the measured values. These local high temperature
areas in the steel substrate give rise to oxidation of the
substrate that lowers adhesion between the substrate
and the bond coat. In addition, it also affects the
deposition built-up such a way that packing could
change.

4.5. Energy of events

Although it is difficult to directly correlate the nature
of cracking and the AE energy, it was attempted to
determine the average energy per cracking. The ratio of
cumulative energy to the number of AE events is given
in Fig. 4. One is cautioned that rather than an average
energy per cracking, a distribution of energy and crack-
ing is more close to reality. Nevertheless, it is believed
that the ratios represented in Fig. 4 present useful
information. Strikingly, the ratios for elastic and total
deformation and for different coating are of the same
magnitude within the errors except coatings from
groups 3, 4, 9, 14, and 17. At this point, no clear
understanding on this observation was developed.

5. Conclusions

The cracking behavior of plasma sprayed TBCs un-
der a four point bend loading was monitored using an
in situ AE analysis. Depending on the spray parame-
ters, the coatings exhibited different AE responses that
were characteristic different amounts of AE energy. AE
response of the coating during elastic and plastic defor-
mation were differentiated, and analyzed separately.
The number of AE events and AE energy released
increased significantly after the yield point. However,
the ratio of cumulative AE energy to the number of AE
events under elastic and plastic deformation was similar
for the coatings sprayed using different spray parame-
ters except for coatings from groups 3, 4, 9, 14, and 17.
For those exceptional groups, the ratio under total
deformation was much higher than the ratio under
elastic deformation.

A multi-linear regression analysis, applied on the AE
activity monitored during elastic and plastic deforma-
tion of coatings, revealed that coatings with thinner
bond and top coats sprayed on cold substrate at longer
stand off distance exhibited a lower degree of cracking.
The stand off distance within these four parameters was
the most influential parameter on the AE response of
coatings. It is believed that cracking behavior of coat-
ings under four point bend loading is strongly con-
trolled by the stresses created during processing due to
rapid cooling and thermal expansion mismatch between

the coating layers and the substrate. Some of the pro-
cessing stresses release by cracking in the coating. These
cracks behave as sites for further cracking and crack
propagation during loading. In addition, the tensile
residual stresses in the coating promote cracking during
loading.

The bending yield strength and modulus of coatings
calculated in a previous work [17] was compared with
the AE response of coatings. At the current stage of the
work, no simple correlation between the bending
strength and the AE response of coatings has been
developed, however, further studies are being carried
out.
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Abstract

Results concerning microhardness and roughness (R,) of plasma sprayed coatings fabricated from nanostructured partially
stabilized zirconia (PSZ) feedstock are presented. Nanostructured zirconia particles were plasma sprayed (Ar/H,) at three power
levels, with two argon flow rates at two spray distances. The results indicate that the microhardness, elastic modulus and
roughness of the nanostructured zirconia coatings exhibit the following trends: the smoother the roughness, the higher the
microhardness and elastic modulus. It was found that roughness is an indicator of the coating state that reflects the intrinsic
microstructure of the coatings. It was ascertained that a surface profilometer could be used to determine the level of
microhardness and elastic modulus as a non-destructive and in situ test by simple comparison with standard samples. © 2001

Elsevier Science B.V. All rights reserved.

Keywords: Thermal spray; Microhardness; Elastic modulus; Roughness; Nanostructured zirconia-yttria; Thermal barrier coatings

1. Introduction

Nanocrystalline materials (also referred to as
nanostructures, nanophase materials, or nanometer-
sized crystalline solids) are single-phase or multi-phase
polycrystals. The crystal size is typically approximately
1-100 nm in at least one dimension [1,2]. Nanostruc-
tured materials come in two general morphologies: (i)
nanolayered materials deposited by physical vapour
deposition or electrodeposition processes and; (ii)
nanograined materials, which are usually consolidated
from nanostructured powders [1,2]. As the grain size

becomes smaller, there are an increasing number of
atoms associated with grain boundary sites compared
to crystal lattice sites. The unique properties of
nanograined materials are associated with the fineness
of structure as well as the enhanced solubility and
increasing atomic mobility associated with grain boun-
daries [1,2]. It has also been demonstrated that
nanostructured ceramics can be sintered at relatively
low temperatures, exhibit improved ductility, and even
potential superplasticity, in the nanocrystalline state
[1].

Thermal barrier coatings (TBCs) consist of a bond
coat and a zirconia coating overlay. They are primarily
used for aerospace applications. TBCs, due to their low
thermal conductivity and thermal diffusivity combined
with proper chemical stability at high temperatures,
provide a means for (i) raising the operating tempera-

0257-8972,/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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ture of hot part sections (e.g. turbine blades, nozzles
and combustion chambers) or (ii) they enable the un-
derlying material to operate at lower temperatures due
to a temperature drop through the ceramic coating.
TBCs can also increase engine efficiency either by
increasing the working temperature whilst maintaining
a constant component temperature, or by decreasing
the use of cooling systems in components [3,4].

Individual nanoparticles cannot be successfully ther-
mal sprayed because of their low mass. They do not
have enough inertia required to cross the streamlines
in the spray jet, being projected to its periphery without
depositing on the substrate. To overcome this problem,
the feedstock was developed by creating a dispersion of
nanosized particles into a colloidal suspension, fol-
lowed by the addition of a binder and subsequent spray
drying into granules, followed by sintering.

The final powder structured consists of agglomerated
micronsized particles (spherical shape) [5] formed from
the coalescence of many nanosized particles. This
powder can be fed by conventional mechanical powder
feeders [5]. Since the particles are porous, the plasma
gas could penetrate into the inner part of the particles;
thereby melting its surface. The air which is trapped
inside the particle heats up; thereby exploding the
previously agglomerated particles into several tiny par-
ticles during their residence time in the plasma [5]. The
unmelted cores of these particles will keep the powder
nanostructure intact in the coating [5]. As a conse-
quence, the presence of non-molten particles in the
coatings is very important.

In the current work, the influence of different spray
parameters on the microhardness, elastic modulus and
roughness of nanostructured coatings is investigated as
a continuing study to better understand the microstruc-
tural characteristics [6—9] of this new class of sprayed
material.

It is important to comment that the thermal spray
industry does not have simple effective methods to
evaluate the coating quality because the traditional
methods are destructive. In this work, a surface pro-
filometer was used to determine the quality of a coat-

Table 1
The spraying parameters used for the PSZ coatings

ing in situ. These roughness measurements were corre-
lated to microhardness and elastic modulus.

2. Experimental procedure

The nanostructured PSZ (ZrO,~7 wt.% Y,0;) ex-
perimental powder Nanox 4007 (Inframat Corp., North
Haven, CT, USA) was plasma sprayed under different
parameters in air on mild steel substrates with a 40-kW,
standard SG100 plasma torch (Praxair, Appleton, WI,
USA). The substrates were grit-blasted with alumina
just before thermal spraying (R, = 4.1+ 0.3 pm). The
substrates were not pre-heated. Typical coating thick-
ness was 0.9-1.1 mm. The spray parameters applied are
listed in Table 1.

The Vickers microhardness measurements were per-
formed at 500 and 1000 g loads for 15 s (Buehler
Micromet II, Buehler Ltd., Lake Bluff, IL, USA) on
the top-surface and the cross-section of coatings. The
Knoop microhardness measurements were performed
at 1000 g load for 15 s (Tukon, Instron, Canton, MA,
USA) on the cross-section of coatings. The cross-sec-
tions of the samples were polished before the indenta-
tions. For the cross-sections, the indentations were
applied near the center line of the coating thickness.
The distance between the indentations was at least
three times the diagonal to prevent stress-field effects
from nearby indentations for both the top-surface and
cross-section studies [10].

The arithmetic mean roughness value (R,) of the
coatings was determined by a mechanical profilometer
T1000 (Hommel America Inc, New Britain, CT, USA)
performed along two orthogonal directions on the as-
sprayed coating surfaces, with the following specifica-
tions; type of roughness filter: M1 (DIN 4777), tracing
length: 4.8 mm, cut-off length: 0.8 mm and tracing
speed: 0.5 mm/s. Roughness measurements near the
coating edges were avoided. A total of 10 measure-
ments were taken for each test condition of hardness,
elastic modulus and roughness.

Parameters Set 1 Set 2 Set 3 Set 4 Set 5 Set 6
Power (kW) 40 40 40 40 32 24
Current (A) 800 800 800 800 800 600
Voltage (V) 50 50 50 50 40 40
Ar flow-plasma (slpm) 48 38 48 38 48 48
H, flow-plasma (slpm) =5 = = = = =
Ar flow-carrier gas (slpm) 5 5 5 5 5 5
RPM-Hopper (%) 30 30 30 30 30 30
Spray distance (cm) 6 6 8 8 8 8
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Fig. 1. Vickers microhardness—roughness relationship (500 g load)
for different sets of spray parameters (Table 1).

3. Results and discussion
3.1. Roughness

The arithmetic mean roughness value (R,) is the
average deviation of a surface profile from the center-
line over the measuring length, defined by Eq. (1);

R, = %Li:oLly(x)ldx )

where y is the deviation of the surface profile from the
centerline.

The average roughness varied significantly with
change in spray conditions (Figs. 1-4). The R, in-
creased with increasing spray distance (set 1 vs. set 3
and set 2 vs. set 4). Similarly, increase in torch power
resulted in decrease in roughness of the coatings (set 6,
set 5 and set 3). However, change in H, /Ar ratio made
a slight difference in the R, of the coatings.
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Fig. 2. Vickers microhardness—roughness relationship (1000 g load)
for different sets of spray parameters (Table 1).
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Fig. 3. Knoop microhardness—roughness relationship (1000 g load)
for different sets of spray parameters (Table 1).

3.2. Microhardness—roughness

Figs. 1 and 2 show a trend whereby the roughness
decreases as the hardness increases. A dashed line was
placed in Figs. 1 and 3 as a ‘guideline for eye’ to show
this trend. The data points on these figures indicate
plasma spray parameter sets where the plasma power
decreases and the spray distance increases from set 1
through set 6. It is speculated that these responses are
also a manifestation of the physical principles that are
implicit in the Madejski equation [11]. Madejski formu-
lated a theoretical model on the impact of a molten
droplet with a solid substrate by making a relationship
between the splat diameter (D) and the diameter of
the initial droplet (d);

D

q= 1.2941(

pv,d

0.2
) =1.2941(Re)"? )
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Fig. 4. Elastic modulus—roughness relationship for different sets of
spray parameters (Table 1).



R.S. Lima et al. / Surface and Coatings Technology 135 (2001) 166172 169

where p, w and v, are the density, viscosity and the
impact velocity, respectively, of the particle. The
Reynolds number is represented as Re. According to
Eq. (2), when the velocity of the particles is increased
and/or the viscosity is decreased then particle spread-
ing tends to increase. It becomes apparent that highly
flattened particles will form a coating with low rough-
ness, while low flattened particles will form a coating
with high roughness. According to Vardelle et al. [12],
when particle velocity and temperature increase, the
flattening degree increases in a linear trend. The parti-
cles sprayed with parameter set 1 should exhibit the
highest velocity and the lowest viscosity, since they are
processed under conditions of the highest power and
shortest spray distance. The opposite effect is demon-
strated by particles sprayed with parameter set 6; i.e.
these particles will have the lowest velocity and highest
viscosity since they are sprayed at the lowest power and
with the shortest spray distance. Experimental observa-
tions of splat formation and solidification of zirconia
APS particles show that the Reynolds number also
influences the flattening degree in an almost linear
trend [12]. But according to theoretical works [13,14]
the flattening degree increases non-uniformly with the
increase of Reynolds number, in the regions of small
values of Reynolds number.

Other physical relationships can be ascertained from
the observations the spray parameters. Thus, increasing
argon flow will increase the particle velocity because
the velocity of the plasma gas flame is proportional to
the working gas mass flow rate [15]. Also, increasing
the plasma gas flow will increase the length of the
plasma flame [16,17], extending the high temperature
zone and, thereby, preventing resolidification (decreas-
ing of viscosity) of the sprayed particles. At the same
time, increasing plasma power increases the tempera-
ture and the extent of temperature and velocity isocon-
tours [17]. Clearly, increasing the plasma gas tempera-
ture causes enhanced conditions for particle melting
and, thereby, lowering particle viscosity.

Vardelle et al. [18] deals with the plasma phenomena
exhibited when the spray distance is decreased. For an
Ar/H, plasma, alumina particle temperatures and ve-
locities were measured as a function of spray distance
for the same plasma gas flow. A change in spray
distance from 8 to 6 cm, increases average particle
velocity by ~ 60 m/s, while the gain in temperature
was ~ 1000 K [18]. This difference of 60 m /s in 2 cm
may be reflected in the particle flattening behavior,
because the maximum plasma gas velocity for regular
air plasma spray systems is approximately 300—400 m /s
[15]. The difference of 1000 K in 2 c¢m is sufficient to
cause a drop in the viscosity, thereby preventing partial
or total resolidification of the sprayed particles prior
impact against the substrate. This effect can be more
pronounced with the nanostructured powder after it

defragments within the plasma stream. Vardelle et al.
[12] and Pawloski [15] detail results of particle flatten-
ing calculations as a function of the impact tempera-
ture at the impact. It was found that the flattening
degree is enhanced for higher impact temperatures.
The dual effects of particle velocity and temperature
can be linked and also show that the particle tempera-
ture increases at the moment of impact due to the
transformation of the kinetic energy into heat and
thereby contributing to a higher flattening degree.

It has been suggested that the microstructure of
plasma-sprayed ceramic coatings consists of regions of
perfect contact separated by thin regions of no contact.
The regions of imperfect contact arise from gas en-
trapped beneath spreading liquid droplets during coat-
ing formation and is aided by factors such as low
viscosity and low velocity. These thin regions of poor
contact are, physically, very narrow pores (approx.
0.01-0.1 wm) [9,19-21] with a real area of contact
splat—splat is in fact approximately 20% [9]. The influ-
ence of microstructural factors on the mechanical
properties of coatings has led to the suggestion that the
mechanical behavior of a coating is limited by the
degree of contact between splats within the coating, or
between the splat and substrate, rather than the nature
of the bond in regions of good contact [9,19-21].

The elastic modulus of coatings is much lower than
that of the bulk material. For example, the elastic
modulus of plasma sprayed alumina is approximately
20% that of a sintered ceramic [9,21]. This is a much
larger reduction than can be explained on the basis of
randomly distributed spherical pores but is consistent
with the concept of narrow planar pores between splats
with a low ‘true contact’ area [9,19-21].

Large changes in the elastic modulus of plasma
sprayed ceramic coatings have also been observed after
heating [22]. This effect can be explained by changes in
the shape of the intersplat pores from an essentially
continuous thin gap, containing small regions of true
contact, to more rounded pores and a considerable
increase in the area of true contact. This could occur
with negligible change in the total porosity of the
coating [9,21]. The interfaces between splats or between
splats and the substrate must be regarded as the ‘weak
links” with respect to mechanical properties and, there-
fore, improvement of the mechanical behavior of coat-
ings must be aimed at enhancing interfacial bonding
[9].

The mechanical properties of the coatings, will be
ruled by how effectively the sprayed particles can be
compacted during spraying, among other influences.
On the basis of this discussion and the experimental
results with respect to roughness, it is apparent that
low roughness coatings will exhibit splats that are well-
packed compared to coatings with a high R,. Hardness
is usually defined as resistance to penetration, defor-
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mation, scratching and erosion [23], and can be con-
sidered to reflect the splat-to-splat cohesion of thermal
spray coatings; i.e. a higher hardness coating implies a
greater degree of splat-to-splat cohesion.

Vickers microhardness measured on cross-section
and top surface for 500 and 1000 g are shown in Figs. 1
and 2, respectively. The values measured at top surface
have slightly lower values than those measured at
cross-section. Microhardness measurements in thermal
spray coatings with respect to the planar or cross-sec-
tional aspects of individual splats will correspond area
measurements on circles or ellipses [10]. These two
testing orientations would be reflective of anisotropic
modes of deformation, which do not produce identical
hardness values. The planar hardness values were nor-
malized with respect to the cross-section hardness val-
ues for indenting loads of 500 and 1000 g. These ratios
were ~ 0.78 +£ 0.13 and demonstrate the relative
anisotropic degrees of splat packing with respect to the
two testing directions.

Knoop microhardness values measured using 1000 g
on the cross-sectional area are given in Fig. 3. The
Knoop values are lower than the Vickers values at the
same load. In addition, the variation in Knoop values is
higher than that in Vickers. Both phenomena are
probably related to the difference in geometry of the
two indenters, which provide different force fields in
the coatings.

Observing Figs. 1-3, the following trend is noticed.
Following the R, axis from left to right, starting at
spray parameter 1 throughout 6, the torch power is
decreasing and the spray distance is increasing. When
the plasma torch power is decreased, particle tempera-
ture and velocity will tend to drop, which will impede a
larger spreading of the sprayed droplet, as discussed
above. Also, when the spray distance is increased, the
particle temperature and velocity will drop due to their
interaction with the air. This also will impede a larger
particle spreading and its effects on mechanical proper-
ties as already discussed.

When the plasma power decreases, the number of
non-molten particles should increase. The presence of
non-molten particles will also increase the roughness of
the coating, and it will lower the values of hardness due
to low particle cohesion. This also should increase the
porosity of the coatings. An increase in porosity will
lower the coating stiffness, producing a decrease in the
values of hardness.

3.3. Elastic modulus-roughness

References in literature propose and use indentation
techniques for measurement of elastic modulus
[10,24-26]. The elastic modulus of the coatings was
determined via Knoop microhardness tests [10,24]. The

elastic modulus is determined by measuring the major
and minor diagonals of a Knoop indenter (2a and 2b,
respectively).

The orientation of the indenter main diagonal was
parallel to deposition surface, i.e. the main diagonal
was at 90° with respect to the splashing direction of the
droplets. As the microstructure of thermal spray coat-
ings is anisotropic, the mechanical properties will have
different values for different orientations, as experi-
mentally observed in the preceding section for hard-
ness. The elastic modulus determination technique de-
veloped by [24] is based on the measurement of elastic
recovery of the in-surface dimensions of Knoop inden-
tations, i.e. the length of the major and minor diagonals
of the indentation after the unloading is measured. The
elastic recovery reduces the length of the minor diago-
nal as well as the residual indentation depth, whereas
the length change in major diagonal is negligible. As
the measurement of the elastic modulus is based on the
minor diagonal, the elastic modulus values obtained in
this work represent the in-plane orientation of the
coating.

The advantage of this type of test is that the values
of elastic modulus and Knoop microhardness can be
obtained simultaneously and a small specimen can be
used for a large number of tests [10]. The Knoop
indentation test enables elastic modulus values of ther-
mal spray coatings to be obtained in a simple fashion
and has a potential to be used as a quality-control tool
in industry and laboratories [10]. The values of elastic
modulus and their relationship with roughness are
shown in Fig. 4.

Again a same trend is observed: the smoother the
coating, the higher the Knoop microhardness and elas-
tic modulus. A dashed line was placed in Figs. 3 and 4
as a ‘guideline for eye’ to show this trend. The elastic
modulus slightly changes from spray parameters 1 to 4,
where the same plasma power was applied for different
H,/Ar ratios and a difference in spray distance of 2
cm. This experimental observation agrees with the elas-
tic modulus measurements of PSZ coatings via four-
point bending method [27], which the PSZ coatings did
not present a significant change in elastic modulus
values varying the spray distance in 2 cm keeping the
same plasma power. But when the plasma power was
decreased (spray parameters 5 and 6), the drop in the
elastic modulus values is clearly noticed.

Specifically for the elastic modulus, when the splats
are highly flattened (low roughness) they have a large
area of contact and as a consequence they have high
cohesion. High splat cohesion will imply high stiffness
which is measured as elastic modulus. The opposite
behavior takes place for the splats which are not high
flattened.
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3.4. Other influence factors

This method used to evaluate the microhardness and
elastic modulus by relating them with roughness for the
nanostructured coatings may be also applied to other
coatings. Each group feedstock and thermal spray
process combination will demonstrate their own char-
acteristics. Also factors such as substrate roughness,
preheating and substrate temperature [28,29], spray
angle [30], bond coat and coating thickness may have
an influence on the final roughness. Therefore, there
would be the necessity to calibrate each system prior to
employing this simple method for evaluating mechani-
cal properties. Modern surface profilomers are able to
distinguish between roughness and waviness. Thus, even
non-flat surfaces can be tested and analyzed.

Bianchi et al. [29] corroborates with way of thinking
discussed in this work. Preheating the substrate prior to
spraying always induces higher values of coating adhe-
sion regardless of particle size and plasma parameters
[29]. When the substrate is preheated to temperatures
greater than 300°C before spraying, contact of splats to
the substrate or previously deposited layers is im-
proved, probably due to increased wettability of the
ceramic droplets [29], which lead to better spreading.
The same phenomenon was observed for hardness [29].
Also the influence of particle velocity on splat contact
with hot substrates was noted. A corresponding im-
provement of coating adhesion on preheated substrates
also occurs when sprayed with a mean particle velocity
of approximately 250 m/s compared to a velocity of
130 m/s [29]. Again, the same phenomenon was
observed for hardness [29].

Beyond splat—splat cohesion, microcracking can also
play a role in the elastic modulus of zirconia APS
coatings. Microcracking changes the load vs. displace-
ment curves during four-point bend tests of TBCs
[27,31-33]. These results were also studied with acous-
tic emission [31-33]. Extensive microcracking along the
coating changes the behavior of stress vs. displacement
curves, lowering the stiffness of the coating, decreasing
the value of the yielding load of the system substrate +
TBC.

A new reference [34] characterized the microstruc-
ture of APS PSZ coatings by the measurement of
surface roughness and Vickers microhardness. The au-
thors observed that the Vickers hardness decreases
with an increase in roughness. Yasuda et al. [34] state
that the surface roughness of the APS PSZ coatings
reflected the state of piling up of the melted powder
particles. Yasuda et al. [34] also discuss the possibility
that the greater the surface roughness of the zirconia
coatings, the lower the elastic modulus; a factor which
was proven during this work.

4. Conclusions

The experimental observations of this work conclude
the following:

e The microhardness—roughness relationship has the
following trend; smoother the coating, higher the
microhardness; in all cases.

e The elastic modulus—roughness relationship has the
following trend; smoother the coating, higher the
elastic modulus; in all cases.

e When the roughness is smooth, the splats present a
high degree of flattening, creating more points of
contact or anchors between splats at a microscopic
level, increasing the cohesion of the coating. The
enhancement of cohesion will increase the mi-
crohardness and the elastic modulus of the coating.

e A surface profilometer can be used to evaluate the
microhardness and the elastic modulus of a coating
in situ without destroying it by simple comparison
based on a standard sample.

e The ratio between top-surface and cross-section of
the Vickers microhardness at both loads (500 or
1000 g) is 0.78 £ 0.13.
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Thermal Spray Coatings: Processing, Microstructural Architecture and their Materials Engineering
Design

Chapter 4. Modeling Studies

4.1 Introduction

Chapter 4 presents manuscripts #12, #13 and #14 that characterize contributions for the
development of modeling studies. The analysis presented in 1997 on ‘Evaluation of off-angle
thermal spray’ is important since it relates microstructural properties (i.e., the porosity) and
physical properties (i.e., roughness) to the spray footprint; which ultimately determines
deposition efficiency and the economics of manufacturing. Note that manuscript #2 on
“Topographical and microstructural property evolution of air plasma-sprayed zirconia thermal
barrier coatings’ approaches the same topic from a different direction.

A more sophisticated development arose in 2013 when Madejski’s and McPherson’s
approaches were considered in “Modeling the coverage of splat areas arising from thermal
spray processes’, manuscript #13, where fundamental theory is directly related to the spray
coverage as determined by the spray footprint. These relationships were linked to the
deposition efficiency. It is noteworthy that Prof. McPherson was the applicant’s PhD advisor.

The final contribution in Chapter 4, manuscript #14, consolidates the known properties of
thermal spray materials in “‘property-performance maps’. This manuscript, on ‘Thermal spray
maps: Material genomics of processing technologies’, is based on an Ashby approach but is
significantly unique since it examines extrinsic properties of thermal spray deposits and
manufacturing processes. Manuscript #14 is a review contribution that consolidates much of
the known data on alumina and zirconia-based thermal spray coatings. The modeling exercise
relates to the implementation of techniques that enables the assessment of large volumes of
data.

The 36 publications with the identification numbers below are considered as contributions
that focus on this specific subject material. Chapter 7 of this thesis outlines the methodology
employed for this analysis.

8 115 334
13 140 339
19 155 348
35 156 363
36 164 368
37 243 369
38 301 402
45 304 411
61 305 420
75 319 434
82 323 435
93 326 450

Chapter 4. Modeling Studies Page 129
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Abstract

The effect of spray angle on the properties of plasma spray deposits has been investigated. Two different materials, NiAl and
Cr;C,—NiCr, were sprayed at angles from 50 to 90° with respect to the substrate. The spray angle influenced the microstructure
and the properties of the deposits. The porosity increased as the spray angle decreased, i.e. as the angle was shifted away from
the perpendicular position. The surface roughness of the Cr;C,~NiCr deposit was not sensitive to the spray angle, whereas NiAl
exhibited an increase as the spray angle decreased. Microhardness, tensile adhesion strength, and interfacial fracture toughness
decreased with spray angle. The change of these properties with spray angle is attributed to (1) the morphology of the splats, (2)
the change of the local spray angle, and (3) the change of momentum of particles impacting on the substrate or previously
deposited particles. The mechanical-property variations arise from porosity changes which occur from the spray angle variations.

© 1997 Elsevier Science S.A.

Keywords: Mechanical properties; Porosity; Splat morphology; Spray angle; Spray pattern; Thermal spray

Nomenclature
P(x) Gaussian probability distribution function
o standard deviation
u mean
o spray angle (degrees)
P(x,00) probability distribution function with spray angle a
Gao standard deviation at a 90° spray angle
d spray distance (mm)
I3 skewness
P, spreading momentum
P, impacting momentum
m Weibull modulus
Xo characteristic strength
Ye critical strain energy release rate (Jm™%)
Kic fracture toughness (N m~3?)
Pc fracture force (IN)
D outside diameter of the circumferentially notched bar (m)
d inside diameter of the circumferentially notched bar (m)

1. Introduction

The thermal spraying process is controlled by numer-
ous parameters which have a direct influence on the
properties of the deposit. The sprayed deposits are often
not reproducible between laboratories or factories

* Corresponding author.

0257-8972/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved
PIT S0257-8972(96)02897-6

because it is difficult to maintain all of the processing
parameters which are related to the properties of depos-
its. In addition, there are factors which are often ignored;
for example, the spray angle is usually assumed to be
90° to the substrate.

The evaluation of thermally sprayed deposits is mostly
carried out using coupons sprayed at 90°*. The engineer-
ing component, however, sometimes requires spraying
at angles other than 90°. This aspect would be notable
when no automation was used during the spray process,
since it is not easy to maintain a torch at right angles
to a three-dimensional substrate. The property of “off-
angle spraying” is becoming an important aspect as the
demand of spraying complex-shaped parts increases,
especially in the thermal spray forming area. Moreover,
Fasching et al. [1] recently reported that asymmetries
of spray distribution can be corrected by tilting the
spray torch so that uniformly thick deposits can be built
up. Such off-angle spraying may also change the
structure and properties of coatings.

Hasui et al. [2] studied the effect of spray angles

!The reference angle of 90° denotes an arbitrary reference where the
torch axis is perpendicular to the substrate. Angles less than 90° will
align the torch axis parallel to the substrate such that at 0° virtually
no particles impact the substrate.
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ranging from 90 to 45° on the properties of molybdenum
and alumina coatings. The porosity and surface rough-
ness increased with the decrease of the spray angle,
although only a slight change in porosity was reported.
The adhesion and cohesion strengths were found to
increase as the spray angle decreased, and deposition
efficiency decreased with a decrease in spray angle. The
morphology of splats was observed to vary with spray
angle, i.e. the deposit splats tended to orient on the
plane perpendicular to the spray direction. The proper-
ties of coatings sprayed at the angles down to 45° were
not inferior to coatings sprayed at 90°.

Tucker and Price [3] also reported data dealing with
the influence of spray angles on the mechanical proper-
ties of tungsten carbide—cobalt-based materials. They
also observed similar microstructural changes with spray
angle and found that there was no significant change in
wear properties with spray angle.

In the current research, tests have been performed to
characterize the properties of off-angle sprayed deposits,
as well as a mathematical modeling of spray patterns
which may be employed to optimize spraying processes
in the spray-forming of complex-shaped parts.

2. Model of off-angle spraying
2.1. Macroscopic analysis

Materials deposited by thermal-spray processing
exhibit a mass distribution across the substrate. This
distribution, in the first instance, can be approximated
by a Gaussian distribution. Fig. 1 depicts a typical
configuration of a thermal spray system which shows
the gun, spray jet, powder feeder, target and particle
trajectory. It is assumed that the spray pattern is conical
and symmetrical with the centerline of the torch. When
the spray gun is tilted, the distribution of deposited
materials would deviate from the Gaussian distribution.

The Gaussian probability distribution function [P(x)]

-«— Substrate

Gun Powder feeder

Centerline

Spray jet Particle

trajectory

Fig. 1. Typical configuration of thermal spraying.

is expressed as:

PRY
exp{—u}, — 0 <x <0 (D

1
P Vo 20?
where o is the standard deviation and p is the mean. In
the case of spraying at 90° it is convenient to set u
to zero.

Fig. 2 shows the geometry of the spray process with
a spray torch tilted by an angle «. For a certain spray
angle o, the above equation can be transformed into a
general form as a function of x and o (see Appendix
A):

1
P(x,00) = ——d* 2
I:dx cos(90—a) :IZ
oS (90—&) . d~x sin(90 —a)

2
[d—x sin(90 —)}? © 250
where « is the spray angle, oy, is the standard deviation
at a 90° spray angle, and d is the spray distance. Fig. 3
shows simulated distributions of spray deposits for spray
angles from 90 to 30° when the stand-off distance (d)
was 240 mm and the diameter of the perpendicular
section through the cone at the substrate (line AB in
Fig.2) was 60 mm. This analysis assumed that the
deposition efficiency was not influenced by the angle of
particle impact, i.e. the area under each curve was unity.
As will be shown later, these distributions would not
exhibit equal areas at non-orthogonal angles. Thus, the
cone angle can be determined as 14° and the standard
deviation of the deposit pattern (or “spray print”) at a
90° spray angle is 30.6 mm (see Appendix A).

In practical situations, these parameters vary with
gun types and spray parameters. Furthermore, the par-
ticle trajectory centerline does not necessarily coincide
with the torch centerline but shifts to either side [1,4]

B’

centerline

Fig. 2. Schematic of spray geometry. The torch is aligned along the
dashed centerline, while the substrate orientation varies from AB to
A'B’ at angles o with respect to the normal orientation.
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Fig. 3. Probability distribution of spray pattern for seven spray angles.

and the mass flux at the edge of the spray pattern would
be diminished since the unmelted/resolidified particles
would tend to rebound from the substrate. The deposit
patterns at less than a 90° spray angle showed an
asymmetry which increased as the spray angle decreased.
The mean (p) and the skewness ([;) are defined as:

u:fw xP'(x,0) dx (3)
J‘w (x— )P P'(x,e) dx
py= s | (4)

The mean value varied with the spray angle (Fig. 4),
i.e. the centroid of the mass of the deposit pattern
deviated from the centerline of the torch as the spray
angle decreased. The skewness, which describes the
symmetry of the mass distribution (see Fig. 3), of 90°
deposit pattern was 0 and decreased with the spray
angle (Fig. 5).

The spray distance is a critical spray parameter in

Mean (mm)
3
]
1

-15+ -

-20 A—r————
30 40 50 60 70 80 90

Spray angle (degrees)

Fig. 4. Mean values of spray pattern distribution for different spray

angles (90° is the optimum spray angle).
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Fig. 5. Skewness of spray pattern distribution for different spray angles
(90° is the optimum spray angle).

determining the property of sprayed deposits. The “local
spray distance” gradually decreases from point B’ to A’
(on vector x’ of Fig. 2) and the difference of the spray
distance between the two points became larger as the
spray angle (¢) decreased. In Fig. 6 the local spray
distance arising from off-angle spraying is normalized
with respect to the torch centerline distance. This simple
calculation indicated a —15 to +23% change in the
optimum spray distance for the +30.6 mm spray print
of the 50° torch—substrate orientation. Thus, the smaller
spray angle would yield a more inhomogeneous deposit.
This effect can be neglected at high spray angles (say,
from 90 to 80°) because the conical spray jet produces
a slight variance of spray distance from point A to B or
A’to B

2.2. Microscopic analysis
The morphology of splats changes with respect to

spray angle. [5,6] An example is illustrated in Fig. 7,
where a molten particle impacts the substrate at an

1.35 ]
1.30
] ,
1.25 .
1.20 o
1.15 - )
140 4
1.05
1.00 -
0.95 -]
0.90 -
0854 .-

) S SN TS A Y N

o local spray distance
= spray distance

0.80 T

30 20 10 0 10 20 30 40 50

X (mm)

Normalized spray distance*

Fig. 6. Variation of local spray distance with different spray angles.
*Normalized spray distance=1local spray distance/spray distance.
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l Py, (P,=0)

molten particles

case 1 case 2

substrate

Fig. 7. Splat formation model.

angle other than 90°, i.e. if Cartesian coordinates are
introduced, the particle impacts the substrate with x
and y components of momentum P, and P,, respectively,
whereas the particle traveling perpendicular to the sub-
strate has a zero x component, i.e. P,=0. The P,
component promotes particle spreading over the sub-
strate rather than impacting on the substrate, and thus
a thin and flat splat is created, i.e. P, can be identified
as a “spreading” momentum and P, as an “impacting”’
momentum. The P, component is smaller than that of
a 90° impacting particle because the overall energy is
divided into two components rather than one. Therefore,
the deposit porosity would be expected to change with
respect to spray angle (see Section 4.1 because the par-
ticles of low P, do not impact the substrate with a
sufficiently high momentum to consolidate the thermal
spray coating structure. An asymmetric splat morphol-
ogy is expected to occur because P, contributes to the
spreading of unsolidified materials toward point A
(Fig. 7) during the solidification process. This phenome-
non is dependent on material properties such as substrate
surface roughness, substrate temperature, heat conduc-
tivity of substrate and solidification kinetics. [2,7-9] A
rough substrate, for example, would prevent particles
from spreading, and ceramic materials with high
melting points would spread less than metals before
solidification.

3. Experimental procedure
3.1. Materials and sample preparation®

Two materials, NiAl (Metco 450NS) and CriCo—
NiCr (Metco 81VFNS), were sprayed onto steel sub-
strates to determine the influence of the spray angles on
characteristics of the thermal spray coatings. The NiAl
was prepared at subsonic and Cr;C,~NiCr at supersonic

2This study was conducted on materials supplied by Metco, Inc. This
company is now known as Sulzer-Metco, Inc.

(Mach 2) velocity. The spray equipment was a Miller
Thermal SG-100® plasma gun and model 3620 control
console. The chemical compositions of the feedstock
materials are given in Table 1. The particle size distribu-
tion was measured using MicroTrac® equipment
(Fig. 8).

Ten samples were sprayed onto disk-shaped substrates
(25.4mm (1in) diameter and 6.4 mm (0.25in) thick)
for tensile adhesion tests (TATs) and on 254 mm
(1in) x31.8 mm (1.25 in) panels for surface roughness,
hardness, and metallography at angles of 50, 60, 70, 80
and 90° for both NiAl and Cr;C,—NiCr.

3.2. Surface roughness test

The arithmetical average [10] of the coatings was
measured using a Surftest III® profilometer (Mitutoyo

100 , T10
I L 1e BR
[NH] 0 / ° L
g 80 AVERAGE 48 g
- -
5 ™ RS
u>_s 80 18 z
E 50 45 é
% 2 44 é
30 3 W
2 o
O = 2 O
10 1
0 i
100 108 58.4 1
(a) MICRONS
100 IIi T T T 11 llll lI T T l’w'llr 10
R | ° K
w 8o AVERAGE — 8 w
] ]
O 6o e O
L>LJ 50 5 i
> 4 -
ﬁ 30 3 E
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100 10t 246 102 °
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Fig. 8. Particle size distribution of (a) NiAl and (b) Cr,C,~NiCr pow-
ders (the bimodal distribution for the NiAl composite powder arises
from de-adhesion of the aluminum particles from the nickel core).
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Table 1
Components Content (w.%) Minimum (%) Maximum (%)
NiAl Powder
Aluminum 4.320 4.000 5.500
Nickel 93.430 93.000 0.000
Organic solids 2.200 0.000 2.500
Others total 0.050 0.000 1.000
Cr;C,-NiCr powder )
Chromium carbide powder (75%) Carbon 13.1 12.5
Silicon 0.08 0.10
Chromium 86.14 85.50
Iron 0.23 0.70
Nickel chromium alloy (25%) Carbon 0.01 0.25
Manganese 0.88 2.50
Silicon 1.00 1.50
Chromium 20.09 18.00 22.50
Nickel 77.89 76.00 80.00
Iron 0.13 1.00

MFG. Co. Ltd.). The cut-off value and stylus transverse
speed were 0.8 mm and 6 mms™!, respectively., The
measurement range was 30 um for NiAl coatings and
10 pm for CrzC,—NiCr coatings.

3.3. Tensile adhesion test (TAT)

3.3.1. Test fixture

The tensile adhesion test (TAT) was based on ASTM
C 633. [11] The disk-shaped coupons were glued to the
usual TAT fixtures so that a tensile force could be
applied to the coating. The configuration of the test was
similar to that specified by ASTM C 633, except that
the pull-off bar had an 8 mm (5/16 in) diameter hole
through which a dowel pin passed instead of a tapped
hole as specified by ASTM C633. Another distinction is
that the pull-off bar is slightly longer (30.48 mm (1.2 in))
than that recommended by the ASTM standard
(254mm (lin)). This pull-off bar would produce
different test results (by ~20% higher) from ASTM C
633 because of the different stress distribution near the
testing area. [12,13] However, the test results are still
valid for relative comparisons.

3.3.2. Specimen assembly

The test coupon was placed between the two pull-off
bars and attached using an adhesive. The surfaces of
the pull-off bars and the test coupons (except the coat-
ing) were grit-blasted to enhance the adhesion of the
epoxy. After curing, excess epoxy was removed using
emery paper. Table 2 summarizes the test conditions.

Good alignment of the test assembly (two pull-off
bars and the test coupon) was achieved by using a self-
aligning jig during epoxy curing.

3.4. Microhardness test

Microhardness tests were performed using a Micromet
II® (Buehler Ltd., Lake Bluff, Illinois) hardness tester.
The measurement was made on the cross-section with
one diagonal of the indenter parallel to the interface.
The samples were polished using an Automet®2/
Ecomet®3 automated polishing machine under the
conditions shown in Table 3. The indenter load for the
NiAl coating was 300 and 500 gf for the CryC,—NiCr
coating. The duration of loading was 15s for both
materials. The indentations were applied near the center
line of the coating thickness, and the distance between
the indentations was at least three times the diagonal to
prevent stress-field effects from nearby indentations.

3.5. Interfacial fracture toughness

An indentation technique was used to measure the
interfacial critical strain energy release rate of the coat-
ings. The applied load was 1 kgf and other test condi-
tions and the sample preparations were the same as the
microhardness test. The indentation was applied to the
interface of the coating and the substrate with an
indenter diagonal aligned with the interface.

3.6. Porosity

Optical image analysis (Omnimet®1, Buehler Ltd.,
Lake Bluff, Illinois) was used to measure the porosity
of the coatings. The cross-sections of samples were
polished with the conditions presented in Table 3. Ten
frames were measured and then averaged for each
sample.
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Table 2

Test instrument and model no.
Load cell capacity
Crosshead speed0.013 mm s~
Diameter of pull-off bar
Length of pull-off bar
Adhesive bonding agent
Adhesive curing temperature
Adbhesive curing time

1

Hydraulic Instron (Instron Corp., Canton, MA), AW2414-1
200 kN

(0.030 in min 1)

25.4 mm (1 in)

30.5mm (1.2 in)

Liquid epoxy (Master Bond EP15, Hackensack, NJ)
170£6°C (340 10°F)

60 min, under pressure (about 0.3 MPa)

Table 3

Grinding Time Force,N sample ™! rads™?
(min)® (1b sample ™) (rpm)

240 grit SiC paper 3 [3] 133 (3) 25.1 (240)

45 pm diamond 315] 222 (5) 25.1 (240)

9 um diamond 5101 222(5) 8.4 (80)

3 um diamond 6[10]  222(5) 12.6 (120)

0.05 pm alumina 3[5] 222 (5) 12.6 (120)

*The bracketed numbers are for Cr,C,~NiCr coatings, and the
unbracketed data are for NiAl

4. Results and discussion
4.1. Porosity

The porosity increased from 2.1 to 4.5% for
Cr3;C,-NiCr and from 2.5 to 4.2% for NiAl when the
spray angle changed from 90 to 50° (Fig.9). The
porosity of CrsC,~NiCr coatings was more sensitive to
the spray angle, with significant changes occurring at
70° compared to a lower angle of 60° for the NiAl
feedstock porosity. The decrease in porosity was partly
because the Y component of particle momentum
(Fig. 7), as explained in Section 2, decreased with spray
angle, i.e. higher impacting momentum of molten par-
ticles produced a denser deposit. In addition, when the

I T 1 T 1

5 O NiAl 7

1 ® Cr,C,NiCr .

® 4] 7

_z\ 4 4
‘o

Q 3- 4
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D- 4 1 | I -=--- -

2 — -

Spray angle (degrees)

Fig. 9. Variation of porosity with spray angles.

particles impinge on the substrate at smaller angles the
particles would not effectively cover the roughened
surface of the substrate or previously deposited splats
(i.e. a shadow effect). On the other hand, particles
sprayed at 90° to the substrate covered the irregular
contours more effectively.

Pore-size distributions were obtained using the
Schwartz-Saltykov method [14,15]. Fig. 10 represents
the pore size distribution of the two materials at five
different spray angles. For Cry;C,—NiCr coatings, most of
pores were within the range 0-2pum, and for NiAl
coatings 0-4 pum. The spray angle changed the pore size
distribution of the Cr,C,—NiCr coating, i.e. spray angles
less than 80° produced larger pores. The “shadow effect”
accounts for the change in pore size distribution, i.e. it
increases as the spray angle decreases, and therefore
contributes to the larger pore size. The pore size increase
is also attributed to the deviation of the local spray
distance from the optimum condition, which leads to
improper melting of particles and a smaller flattening
degree of the impacting particles. NiAl coatings did not
show notable changes in pore size distributions with
spray angle.

Probability (%)

Pore diameter (um)

Fig. 10. Pore size distribution of Cr,C,~NiCr and NiAl for different
spray angles.
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4.2. Surface roughness

Fig. 11 shows the surface roughness of NiAl and
Cr;C—NiCr coatings sprayed at various angles. The
surface roughness was strongly dependent on the particle
size of the sprayed powder (see Fig. 8), and was related
to the porosity level. The surface roughness values of
NiAl coatings tended to decrease as the spray angle
increased. On the other hand, Cr;C,-NiCr coatings
showed no such trend with respect to spray angle.

4.3. Microhardness test

Fig. 12 illustrates the results of the microhardness
tests of NiAl and Cr;C,—NiCr coatings at five different
spray angles. The Cr;C,~NiCr coatings exhibited hard-
ness values between 600 and 700 VHN, and the NiAl
data were between 130 and 150 VHN. The mean value
of hardness data of both coatings decreased slightly (9%
decrease for Cry;C,—NiCr and 8% for NiAl) when spray-
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Fig, 11. Surface roughness of Cry;C,~NiCr and NiAl coatings (um).
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Fig. 12. Microhardness of Cr;C,~NiCr and NiAl coatings.

ing at angles of less than 90°. The data points of
NiAl were more widely distributed than those of
Cr3C,-NiCr and the standard deviations of data did
not show any dependence on spray angle (Table 4).

A Weibull analysis is a method of finding a parameter
to assess the variability of the data and to index the
reliability of materials. Fig. 13 compares Weibull plots
of the two coatings with different spray angles. The
Weibull moduli and the characteristic values for the two
materials are listed in Table 4. The Weibull moduli
exhibited no trends of change with spray angles and the
values existed in quite narrow ranges.

The Weibull modulus (m), and the characteristic
strength (X,) can also be obtained using the maximum
likelihood method; [16] and the values obtained are quite
similar to the graphical method determined from the
Weibull plot. The 90 and 95% confidence intervals of the
Weibull moduli [15] are constructed in Fig. 14 and show
that the Weibull moduli were essentially independent of
spray angle. The Weibull modulus of 6-18 for NiAl
coatings can be compared to 6.8—12.5 for a NiCoCrAlY
bond coat [15]. The CryC,—NiCr coatings exhibited high
Weibull moduli; this was attributed to the hypersonic
spraying process, whereas ceramic deposits normally
exhibit values in the range of 4-6. The higher Weibull
modulus of Cr;C,-NiCr coatings compared to NiAl can
be also inferred by the pore size distribution. Thus, the
Cr3;C,—-NiCr coating had a large number of smaller pores,
whereas NiAl exhibited larger pores with a wider size
distribution. The small area of the microhardness test
(35-40 um diagonal for Cr;C,~NiCr and 60-70 um diag-
onal for NiAl under the conditions used in the current
study) examined only the properties of a limited area.
Therefore, the more homogeneous Cr,C,~NiCr coating
resulted in higher Weibull modulus values.

4.4. Interfacial critical strain energy release rate

The experimental results of interfacial critical strain
energy release rate (%, for NiAl and CryC,-NiCr
coatings on steel substrates are presented in Fig. 15.
The %, values increased slightly with spray angle for
both coatings, with the exception of the Cr;C,~NiCr
materials sprayed at 90°.

Weibull plots of interfacial fracture toughness for the
two materials are presented in Fig. 16. NiAl coatings
had slightly higher Weibull moduli than Cr;C,~NiCr
coatings. Spray angle did not influence the Weibull
moduli, and high variance in data (up to 49%) was
measured for both coatings (Table 5). Both materials
exhibited low Weibull modulus values: 2.3-3.9 for
Cr;C,-NiCr coatings and 2.8-3.2 for NiAl coatings.
The low Weibull moduli were attributed to the following
causes. The contour of the interface between the coating
and the substrates was irregular due to the grit-blasting
prior to spraying, and it is difficult to align the indenter
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Table 4
Material Spray angle Number Mean Std. dev. Coefficient of Weibull Characteristic
®) of tests (VHN) (VHN) variance (%) modulus value (VHN)
Cr;C,—NiCr 50 19 633 32 5 18.0 650
60 26 632 32 5 21.8 647
70 28 649 44 7 16.2 669
80 24 663 47 7 16.2 685
90 29 687 41 6 18.0 706
NiAl 50 36 133 15 11 9.9 140
60 34 134 13 10 11.0 140
70 30 135 14 10 114 141
80 40 145 14 10 12.1 151
90 28 143 15 10 10.4 149
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Fig. 13. Weibull plot of microhardness for CryC,~NiCr and NiAl
coatings.

precisely to the interface because of the nature of the
interface. In addition to the cracks at the interface
originating from the indentation tip, many other cracks
were observed near the indentation, which made inter-
pretation difficult. Another distinction was that there
are three types of crack path: (1) at the interface, (2)
in the first or second layer of splats, or (3) both (1) and
(2), which can be substantial factors in lowering the
Weibull modulus.

4.5. Tensile adhesion test (TAT)

Fig. 17 shows the experimental results of TATs per-
formed on NiAl and CryC,—NiCr coatings. The adhesion

Spray angle (degree)

Fig. 14, Confidence interval of Weibull moduli for (a) NiAl and (b)
Cr;C,-NiCr coatings. Lines indicate the trend in the average
Weibull modulus.

strength increased with spray angle: NiAl sprayed at 90°
exhibited approximately 5% higher values than NiAl
sprayed at 50°, and Cry;C,-NiCr at 90° was about 20%
higher.

The mean fracture toughness from a TAT was
converted to critical strain energy release rate (%)
(Fig. 18). The % values ranged from 158 to
176 Jm™2 for NiAl coatings and from 16.8 to
23.7Jm™? for CryC,—NiCr and can be compared to
those obtained from indentation tests (see Section 4.4,
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12.3-162Tm™2 for NiAl and 14.3-30.9Tm™* for
Cr;C,-NiCr.

The properties of thermal spray coatings are deter-
mined by several spray conditions. Spray angle has an
influence on the mechanical properties: microhardness,
adhesion strength and interfacial fracture toughness
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Fig. 17. TAT results of Cr;C,~-NiCr and NiAl coatings.
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Fig. 18. Critical strain-energy release rate calculated from TAT data
of CryC,-NiCr and NiAl coatings.

decreased with decreasing spray angles. By spraying at
90° denser structures with enhanced mechanical proper-
ties were achieved.

The influence of spray angle on the properties of
deposits was attributed to the change in the local spray
distance, and the impacting momentum. The local spray
distance deviated from the optimum spray distance and
this phenomenon became more pre-eminent as the spray
angle decreased. The impacting momentum of the par-
ticle decreased with decreasing spray angle, which
resulted in higher porosity and weaker bonding between
lamellae (or between lamella and substrate).

5. Concluding remarks
The effects of spray angle on the thermal spraying

process and the properties of thermal spray deposits of
NiAl and Cr;C,—NiCr have been investigated. A simple
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Table 5
Material Spray angle Number Mean Std. dev. Coefficient of Weibull Characteristic value

® of tests (Jm™2) (Jm™2) variance (%) modulus (Jm~2)
CrC,-NiCr 50 43 14.3 7.0 49 2.3 16.1

60 39 23.5 7.9 34 3.3 26.3

70 37 23.1 8.7 38 2.8 26.0

80 31 30.9 8.4 27 39 34.2

90 27 26.7 9.2 34 3.0 30.0
NiAl 50 41 12.3 52 42 2.8 13.8

60 35 14.0 4.8 34 3.1 15.7

70 28 12.9 44 34 3.2 14.4

80 31 15.9 5.4 34 3.1 17.9

90 54 16.2 5.3 33 3.1 18.1

mathematical model of deposit patterns at various spray
angles has been formulated. The deposit pattern at a
90° spray angle was assumed to exhibit a Gaussian
distribution. The deposit pattern deviated from the
Gaussian distribution and the centroid of mass shifted
to either side of the distribution as the spray angle
decreased.

The porosity decreased with the spray angle for both
materials. The surface roughness of NiAl was sensitive
to spray angle, whereas Cr;C,—NiCr was not. The high
porosity at low spray angles was attributed to the lower
impacting momentum of particles as well as the low
incident angle of particles impinging on the substrate.
This phenomenon promoted conditions where the form-
ing coating was less effective in covering the rough
surface of the substrate or previously deposited particles.

The mechanical properties such as microhardness,
adhesion strength and interfacial fracture toughness are
altered by changes in the spray angle.
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Appendix A

Derivation of general equation of distribution for spray
angle o

The equation of a Gaussian distribution is:

_ -
262

1
P(x)= W exp 1:

In order to obtain a distribution equation on the x axis,

} — 0 <X< D

x should be transformed to x"

x sin[90 — (z—8)]

. (Al)
x sin(90—8)

Since (90-X)=cos X and cos(X-Y)=cos Xcos ¥+
sin Xsin Yt

x cos(x—@) cosacosf+sinasing

/

x cos 0

cos @ (42)

=cos ¢ --sin ¢ tan 0

Therefore, if tan 6 is replaced by x/d and then (Eq. (A2))
is arranged for x:

dx’cos «
X=—
d—x'sin o

(A3)

Substituting (Eq. (A3)) into (Eq. (1)) and setting x=0:

dx cos(90—a) 2
1 ) d—x sin(90—a)
(S 202
V27o

The function P is a probability function, and thus the
integration of function P from — oo to + oo with regard
to x should be 1, i.e.:

Meanwhile, the integration of P(x',a) with regard to x’

is larger than 1. Therefore, a general equation for a
certain spray angle P'(x’,o) is obtained:

Plx,0)=

(A4)

[=e]

dx
P(x)dx =j P(x',0) — dx'=1 (A5)
dx’

-0

dx
Pl(x',0)=P(x',ot) — (A6)
dx’

dx
After a simple calculation of o (Eq. (A6)) turns out
x
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to be:
1 aut 1 2
P(x',w)= Yor d
[ dxr cos(90 —a) 2
cos (90-—0{) d—x/sin(90 —a)

T 22 (AD)

X
[d—x’sin(op —&)]?

7.0.1. Calculation of standard deviation

To estimate the standard deviation of the Gaussian
distribution, the concept of tolerance limit can be used.
An interval covers a fixed portion of the population
distribution with a specified confidence, and the end
point of such intervals are called tolerance limits.
Tolerance intervals are of the form:

X+ Crp(m)s (A8B)

where Cr p(n) is a constant which is determined so that
the interval covers a certain percentage such as 90%,
95%, or 99% of the population with confidence y, s is a
standard deviation, and ¥ is a mean.In this case X is
zero and the confidence limit can be considered as the
perpendicular section of the cone at the substrate (line
AB in Fig. 2), and thus the standard deviation can be
calculated.

Appendix B

Background to interfacial fracture toughness
measurement

Numerous techniques exist to obtain the fracture
toughness or critical strain-energy release rate of materi-
als [17-19]. The indentation test evaluates the interfacial
fracture toughness of thermal spray coatings [20-22].
The Vickers indenter introduces a mechanically stable
crack into the interface of the coating and the substrate.
The resistance of crack propagation along the interface
is considered to be a measure of adhesion, and is
expressed as a fracture mechanics parameter such as
critical strain-energy release rate or critical stress inten-
sity factor.A Vickers indenter was directly applied to
the interface of the coating and the substrate. The crack
length was then measured to determine the critical strain
energy release rate, ¥.. Special care was taken to place
the indenter tip exactly on the interface and to align the
indenter diagonal with the interface. According to Willis
[23] the critical strain energy release rate %, is given by:

4

a
Y, =adD(G1,G,,v1,v,) V(B E, ,Hy H,) 0_3 - (A9)

with
2 _ d2

D(Gy,Gs,vy,v5) =

— (14417

l—v  1-v,
= +
2nG, 2nG,
1-Gvy, 1-2v,

C 4nG, 4nG,
1 b+d
k=—1In [L}
27 b—-d

W(EDEZ)HI >H2) =

1 1
1 1 2 E E 2
— [ B, _2}
El E2 Hl HZ

where H; and H, are hardness, G, and G, are the shear
elastic moduli, v; and v, are the Poisson’s ratios of the
two materials, E; and E, are the Young’s moduli of the
coating, a and ¢ are indentation impression and crack
length, respectively, « and is a constant independent of
the system indenter and specimen. In this case « is
0.0197.

Appendix C

Background to fracture toughness calculation from TAT
data

TAT data can be used to calculate the fracture tough-
ness of thermal spray coatings. The specimen configura-
tion of the TAT is regarded as a circumferentially
cracked bar and the results can be analyzed in a same
way as a fracture toughness test. The stress analysis
from this type of specimen was conducted by Bueckner
[24] and the fracture toughness is given by:

Kie=P, x[—1.274+1.72(D/d)] x D~3?
and
04<d/D<0.9

where K is the fracture toughness (N m~%2), P is the
fracture force (N), D is the outside diameter of the bar
(2.54x1072m), an d is the inside diameter in the
circumferentially notched bar (m).
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Modeling the Coverage of Splat Areas Arising from Thermal Spray Processes

Andrew Siao Ming Ang,"**¥ Christopher C. Berndt,*® Michelle Dunn,*% Mitchell L. Sesso,**

and Sun Yung Kim**

Industrial Research Institute Swinburne, Swinburne University of Technology, Melbourne, Australia

YSwinburne University of Technology, H66, P.O. Box 218, Hawthorn 3122, Victoria, Australia

The coverage of a deposited material that arises from the inte-
gration of discrete splat areas is an essential parameter that
needs to be understood during thermal spray processes. How-
ever, there is absence of a theoretical method to predict and
estimate the area coverage per pass by a thermal spray torch;
for example by the plasma spray process. In this study, a
model is presented that calculates the splat area coverage for a
thermal spray process of ceramic materials. A focused survey
of the published literature takes into consideration experimen-
tal observations that are related to this work. The model
accounts for physical events in thermal spray processes, such
as the use of a mono-modal feedstock and size of spray stream.
The model predictions for the area coverage of plasma sprayed
yttria-stabilized zirconia (YSZ) ranged between 12% and 18%
depending on the value assumed for the maximum flattening
ratio. The results for the model were demonstrated via wipe
studies where microscope glass slides were spray coated with
YSZ and image analysis conducted. The average coverage cal-
culated was approximately 13% for the sprayed images. The
experiment verifies that the simulation results from the model
predict adequately the splat area coverage of a thermal spray
process.

I. Introduction

C OATING formation in a thermal spray process involves
the rapid solidification and stacking of millions of
micrometer sized splats that are created by impinging molten
droplets. The coating properties depend on the formation
processes of a lamellar structure that consists of thin lenticu-
lar splats. A large number of factors, such as spray parame-
ters and spray materials, influence this structure and can be
summarized by the spatial interaction of three physical distri-
butions; i.e., the particle size, the high energy temperature
field, and the velocity field.!> Researchers have engaged in
understanding thermal spray processes via the study of
splats.” The nature of this research encompasses finite solid
particles that are transformed by an energy source into mol-
ten or semimolten particles that are then subjected to spread-
ing kinetics on impact against a substrate. Splats of a rich
morphological character with different shape diameters and
thicknesses are formed.

Much of the reported work on the flattening process of
splats can be classified according to gi) experimental observa-
tions,>®'® (ii) numerical simulation,'*'® and (iii) theoretical
methods.>*!* Metrological studies of splats have identified
key factors that affect the splat diameter, thickness, circular-
ity, and degree of fragmentation. Jones er al.> and Madejski
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et al.* proposes a mathematical quantity, { (“Xi”) that is
defined as either the “degree of flattening” or “flattening
ratio.” This value, shown in Eq. (1), relates the diameter of
the splat d; to the diameter of the initial particle D, and
would be expected to be greater than unity.

ds

D,

¢ (1

The flattening ratio relates the energy interaction that
occurs between the injected particle and the superheated
plasma gas stream to the dynamics of splat impingement on
the substrate.

For experimental splat studies researchers use a wipe test,
also called a line scan test,> to collect splats and to deter-
mine whether the material or thermal spray parameters are
suitable. Past experimental studies'® reported the coverage
area of plasma sprayed yttria-stabilized zirconia (YSZ)
deposited onto glass substrates. The area coverage was
between 50% and 90% with deposition efficiencies (DEs)
from 7% to 25%. In addition, the average flattening ratio
was from 4.8 to 6.2 and the splat thickness ~ 1.0 um; with
all of these values based on the Madejski splat model.*
Besides splat geometries, the primary purpose of a wipe test,
from the applicator’s point of view, is to determine the area
coverage achieved per pass.

Area coverage is an essential parameter that controls the
mechanics of a thermal spray process. Other than a scientific
need to understand the rate of coverage of a substrate, this
parameter has significant technological importance as it
determines the minimum number of spray passes to achieve
complete coverage. However, these parameters are rarely
measured and often not presented with the usual “spray
tables” for a material. Often the term of “thickness per pass”
is quoted as being a major spray characteristic; however, the
assumption of 100% coverage per pass is highly misleading.

Thus, the primary motivation of this study is to formulate
a method to predict and estimate the area coverage per pass
by a thermal spray torch, such as by the plasma spray pro-
cess. This involves surveying the published literature and
takes into consideration any associated experimental observa-
tions. A critical review of this literature then allows calcula-
tion of the coverage area per pass. Graphical representations
of this method are plotted using MATLAB (MathWorks Inc.,
Natick, MA) for further analysis. Finally, these model results
are compared and validated against physical observations of
plasma sprayed YSZ coatings on smooth glass slides.

II. Formulation of the Model

(1) Founding Principals of Madejski

The work assumes an incompressible model for the impact
process, which is a reasonable boundary condition when the
physics of the thermal spray process is considered as there is
a transition from a liquid to a solid state. This founding
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principle permits calculation of the splat diameter and thick-
ness on the basis of volume conservation.

A simplified model for the impingement-flattening stage of
molten droplets onto a solid substrate by Jones® indicated
that the flattening ratio was related to the decay of kinetic
energy via viscous dissipation. However, this study® ignored
the effects of surface tension and solidification during the
flattening process. These intrinsic properties were incorpo-
rated by Madejski e al.* and have been the cornerstone for
modeling the spreading and solidification of molten droplets.

Madejski ef al.* explained how splats flattened by taking
into account (i) viscosity, (ii) surface tension, and (iii) solidifi-
cation behavior; thereby creating a differential equation
based on mathematics and physical properties. The above
terms are each expressed as a function of three dimensionless
parameters; viz. (i) the Reynolds number (Re) that relates
inertia and viscous effects that depend on impact velocity
and fluid dynamic instabilities; (i) the Weber number (We)
that accounts for the transformation of impact kinetic energy
to surface energy; and (iii) the modified Peclet number (Pe)
that considers solidification rates.

(2) Literature Survey of Flattening Ratio Equations

Models developed for analysing splat formation in thermal
spray applications describe an ideal case of a molten droplet
that impacts a planar, smooth substrate and continuously
deforms till complete solidification.>*® Table I summarizes
thermo-physical variables and related equations that have
been compiled from the literature. Most solutions, however,
neglect one or more of the three dimensionless parameters
and as a consequence do not accurately predict thermal
spray practice. Literature concerning millimeter-sized impact
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particles has not been included in this review as there is
ambiguity whether scaling laws can be employed.>”*®

The Madejski model does not take into account interface
factors between the particle and the substrate; for example
the substrate temperature and the desorption of adsorbates
on the substrate surface that influence the thermal contact
resistance, R,,, between the substrate and droplet. The effect
of thermal contact resistance manifests itself in morphologies
that range from splash-like to disk-like splats. Splash-like
splats usually cause splat fragmentation that is destructive
and promotes the formation of coating defects, such as
porosity, micro cracks, and voids. The degree of fragmenta-
tion depends on the deposition temperature, droplet velocity,
substrate roughness, and desorption of adsorbates from the
substrate surface.'> Experimental studies®>° suggest that splat
splashing is primarily due to local solidification. The splash-
ing phenomena is promoted when substrate/particle and par-
ticle/particle conditions exhibit low wettability or a high
thermal contact resistance. Other studies''?' also indicate the
effect of wave propagation after impact within the molten
liquid; which induces so-called “impact splashing”.* Impact
splashing is dissimilar from flattening splashing as this gives
rise to different solidification behavior.

Fukomoto et al. have reported on a substrate transition
temperature, 7;, at which the splat morphology changes from
a splash to a disk splat.'>*® Splashing in this case can be pre-
dicted by a modified Sommerfeld number'' K,=0.5a"?’
Re 3K; where a, corresponds to the ratio of the flattening
velocity, V}, to the impact velocity, v, of the particle and K is
the Sommerfeld number. The equation was formulated on the
basis of in-flight data of the particle and the substrate tempera-
ture. Researchers'®*! have also reported on the effects of
reducing surface contaminants, adsorbates, condensates, and

Table I. Flattening Equations from Various Open Literature
Viscous Surface Solidification
dissipation  tension effects Governing equations Remarks Ref.
Cm:aReb a b
4 x x 1.16 0.125 Splat freezing velocity slower than impact 3
velocity. Surface energy neglected
1.29 0.2 For Re > 100 and We™' = 0
1.0 0.2 Simulation at isothermal conditions. 14
We = 200-2000, Re > 10°
0.83 0.2 Simulation at isothermal conditions. 16
30-100 pum particle
1.04 0.2 Navier-Stokes numerical simulation 17
0.93 0.2 Numerical simulation together with 18
solidification effects
1.00 0.22 Experiment data fit 9
1.06 0.167 Analysis of kinetic energy to viscous 23
dissipation only
1.16 0.2 Modified Madejski model. 24
Re > 140 and We™' = 0
p N
% + i (ﬁ) =1 Neglect contact resistance. No solidification 4
—cos0) (2 — ¢ 5 . . .
I v x W + ﬁ <1i’9) =1 Considering wetting angles 32
—cos0) 2, — o\’
et 1 () =1 For We > 670 and Re > 140 24
(5} 430zl g 5, ion ¢ ,
v I v witE) t——+S(155) =1 Solution accounts for thermal contact 19

x x [

x v x Cm =, /%

resistance. S = 0.001-0.005

Effect of surface tension and wetting 22
angle was neglected

Simplified single solidified 27
layer. Re ™' = We ' =0

Re™' =0, We > 100 4

v — work considers the effect.
x — work does not consider the effect.
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oxide layers to achieve disk-like splats: factors that can be inte-
grated into a thermal contact resistance effect.

Figure 1 depicts factors that influence splat formation.
None of these cases predict splashing. As a result, it is
assumed in the presented model that spherical particles are
transformed into disk-like shapes.

The majority of most models for splat-substrate interactions
are based on Case (1) that considers the importance of Re that is
based on viscous dissipation effects. The effects of We, which is
based on surface tension behavior, is significant during the ini-
tial freezing stage at the splat edges and toward the termination
stage of solidification when Re is low.'* Simulations have dem-
onstrated that the two processes of (i) heat transfer and solidifi-
cation; and (ii) flattening and solidification are decoupled
processes. The flattening time is approximately 0.14-1.08 ps and
the freezing time is an order of magnitude greater at 4-20 ps.'s

Analysis of the Reynolds and Weber numbers have indicated
that the flattening process, flattening diameter, and flattening
time are not affected by surface tension. Liu ef al.'” reported
that (i) when the impact velocity and droplet diameter remain
constant, and (ii) when We was varied; then the effect of surface
tension remains similar. These droplets solidify after deforma-
tion'®!7 and are in perfect physical contact and thus conditions
exist for ideal heat transfer. Under this condition the splat edge
did not exhibit a smooth convex front and indicated that the
effect of inertia force is greater than the surface tension.

Surface tension effects are considered in Case (2). Bennett
et al.* developed a modified solution using the Young-Du-
pre equation® to breakdown the surface tension into compo-
nents of solid-gas, solid-liquid, and gas-liquid interfacial
surface tensions with the wetting contact angle, 0,. Pasan-
dideh-Fard* and Aziz?! demonstrated experimentally that
the changes in the equilibrium contact angle influence the
spread factor. However, it is worthwhile to note that their
observations were for millimeter-sized droplets. Delplanque®
proposed an improved Madejski model featuring a more
appropriate velocity field that satisfies the no-shear boundary
condition at the free surface, and an accurate derivation of
the dissipation term from the mechanical energy equation.

A governing equation by Zhang'® considers all the individ-
ual contributions of viscous, surface tension and solidifica-
tion effects is presented as Case (3). It was predicted that a
molten droplet would form a recoiled splat; i.e., splat with
thicker edges, as the wetting contact angle increases and at a

Fig. 1. Various possible factors affecting splat formation.
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slow solidification rate. The model also revealed that thermal
contact resistance delays solidification and, accordingly,
decreases the solidification rate.

However, further experimental work®> of Zhang er al.
resolved the flattening dependence relationship with that of
Re and S (the “solidification coefficient”), ignoring the sur-
face tension effects. The dominating components for splat
flattening were viscous dissipation and solidification as seen
in Case (4). The findings showed that surface tension and the
wetting contact angle, were insignificant for spreading of typ-
ical thermal spray droplets (i.e., 10-90 um) and that droplets
with high velocity (i.e., >100 m/s) form disk-like splats.

The foregoing discussion concerning the particle/substrate
interface and associated factors leads to the following condi-
tions that are needed to achieve fully disk-like splats that
show no fragmentation or the splat recoil effect.

1. A smooth substrate surface is used that allows almost
perfect splat contact and ideal cooling conditions; i.e.,
surface roughness, R, = 0.1 um.

2. There is an absence of surface contaminants, adsor-
bates, condensates, and oxide layers as these influence
the heat transfer coefficient.

3. The wetting angle is ideal to allow perfect wetting with
the substrate and prevent recoil; i.e., 0°.

4. The substrate transition temperature 7} is exceeded and
the modified Sommerfeld number Ky is less than the crit-
ical requirements for splashing to occur; i.e.,
T, > 600 K and Ky < 7.

5. Alow thermal contact resistance’ corresponding to ideal
contact between the splat and substrate; i.e., R, = 1078
Km*>W .

7

III. Method to Calculate Surface Coverage

A method of estimating the area coverage to account for prac-
tical situations in the thermal spray process will be briefly cov-
ered in this section. Inputs to the model include; (i) use of a
monomodal feedstock distribution in a thermal spray torch,
(ii) considerations to the particle temperature-velocity enve-
lope in the plasma spray plume, and (iii) effects of key domi-
nant mechanisms, such as viscous dissipation, surface tension
or solidification effects, in the flattening process. The method-
ology provides an approximation to the deposition phenome-
non and can be represented in Fig. 2. In addition to the
earlier assumptions on the ideal contact and heat transfer, the
following assumptions are made.

1. The angle between the torch centerline axis and the
tangent to the surface of the substrate (i.e., spray
angle) is 90° and all molten droplets impact normally
onto the substrate.

2. There is no particle deformation or evaporation of the
particle before impingement.

(1) Monomodal Feedstock

Feedstock that is used in a thermal spray process can be esti-
mated to exhibit a Gaussian distribution with respect to parti-
cle size. For spherical YSZ feedstock (Metco 204NS; Sulzer
Metco, Westbury, NY), the distribution is between + 16 (d;o)
—125 um (dgp). The average particle size is 72 um and stan-
dard deviation, o, 21.3 pm. This data can be transformed into
a probability density function using the following relationship:

L =%
F(X): \/5;)53 792 ) l6<x<125 (2)
0, all other x

The function F(x) is coded into the MATLAB model to
return a distribution of particles for a given DE. In the
model, particles are assumed to be distributed evenly from
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Fig. 2. Schematic of MATLAB model.

the torch during the plasma spray process. Consequently, the
locations of the particles impacting the surface have been
modeled as being an evenly distributed grid on the surface,
with the centers of the splats located at the intersections of
the grid. Although these assumptions may not be strictly
acceptable, they can be considered as a first level approxima-
tion so that boundary conditions can be determined.

The number of particles per second impacting the surface
is equivalent to the spray rate, M, divided by the mass of a
single particle, Eq. (3). The mass of a single particle can be
calculated using the density, p, and the diameter, d, of the
particle. The distance between particles, also referred to as
the grid spacing, is a function of the area covered by the
spray footprint and the number of particles per second
impacting the surface. This relationship is shown in Eq. (4).

iy ) rat
no. of particles per second, — = sp-rc.u rate -
dt  mass of single particle

i m
Tt %npa6

grid spacing — area covered by spra}.’ footprint per second
number of particles per second

(©)

4)

For this work, the feedstock is YSZ with density of 6.0 g/
cm® and the spray rate is 30 g/min, which is a typical spray
rate for this material. The number of particles that are evenly
distributed on the grid will be 4.3 x 10° YSZ particles per
second. The plasma torch transverse speed was assumed to
be 1 m/s and the width of spray footprint taken to be
25 mm. This corresponds to a 4167 by 105 grid consisting of
square with spacing of 240 um.

(2) Flattening Behavior of Splats in Plasma Spray Stream
The flattening ratio of YSZ splats are direct representations of
the energy transfer (both momentum and heat) from the
plasma source to the YSZ feedstock. These energy interac-
tions that result in an increase in particles’ thermal and kinetic
energies begin when particles enter into the plasma spray
plume until they impact onto the substrate. The volume of

space in which particles and superheated plasma gases interact
can be termed the particle spray stream. Consequently, the
projected particle spray stream forms the spray footprint on
the substrate. In earlier work™, it was assumed that the flat-
tening ratio within a particle spray stream is a constant value.
This implies that the plasma spray plume is isothermal with
equal thermal and kinetic energy and this would be rarely
achieved.?’

On the other hand, the energy flux of a plasma spray
plume varies and influences the degree of splat flattening with
respect to the particle location in the spray stream. The cen-
terline of a plasma spray plume possesses the highest
enthalpy and momentum fields and particles passing through
this part of the plume would achieve the maximum flattening
ratio as they will acquire a low viscosity (due to a higher
temperature) and a high momentum upon impact. Subse-
quently, there is a decrease in energy flux toward the edge of
the spray footprint, as observed in experiments,'” as un-
melted or re-solidified particles rebound and are not depos-
ited onto the substrate.

The dimension of the spray footprint must also be consid-
ered to better predict the physical flattening behavior of feed-
stock. In practical situations, the size of the particle spray
stream is influenced by the divergence of the exiting plasma
gases. Thus, particle spray stream and spray footprint can be
affected by the distance of the torch to the substrate (i.c.,
standoff distance) and also the operating conditions of the
plasma torch. In this work, the plasma spray torch generates
a conical plasma stream into which feedstock particles are
injected symmetrically with respect to the centerline. The dis-
tribution of the deposited material can be approximated by a
Gaussian distribution.*®

The Gaussian probability distribution P(y) of the plasma
energy flux distribution, with y denoting the function of dis-
tance from centerline of torch is:

2

1= (=)
Vi ¢ 2
P(y) =< —distance <y<distance from )

center line of torch 0, all other y

The shape of the curve is controlled by the standard devia-
tion, ¢, which measures the width of the particle spray
stream, Fig. 3. For a narrow (20 mm wide) particle spray
stream, the total area of the spray footprint is small whereas
the average plasma energy flux is high. These conditions
result in a high population density of particles entering the
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Fig. 3. PDF distribution of energy flux with respect to different
particle spray stream width.

“ideal” zone for optimum energy transfer and that these par-
ticles undergo high flattening ratios. On the other hand,
when the spray pattern is wide (50 mm) a low population
density of particles; as reflected by a broad grid distribution
of particles, forms the spray stream. However, due to the
lower average plasma energy flux, only some particles can be
melted and deposited as splats that exhibit a low flattening
ratio. Particles that are not melted or do not enter the spray
stream can be assumed to bounce off the substrate surface
and are not deposited. The width of the particle spray pat-
tern was varied from 20 to 30 mm.

(3) Selecting Equations for Flattening
Four cases of flattening, summarized by Fig. 1, are consid-
ered to address the dominant forces affecting splat forma-
tion. Table II presents the governing equation for each case
and the physical conditions with regards to Re, We, S, and
0, that are assumed. These equations are then graphed to
estimate the maximum flattening ratio of the feedstock for a
given set of thermal spray conditions.

The influence of the thermal spray processing conditions
that give rise to a maximum flattening ratio can be expressed
as a transfer function, ¢, that can be applied to P(y). That is:

_ Cmax
? = max(P() .
then,
D(y) = ¢ * P(y) @)

where (.. 1S the maximum achievable flattening ratio and
max (P(y)) is the probability density function at centerline of
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the plume. D(y) can be viewed as a comprehensive represen-
tation of the splat flattening behavior with respect to a parti-
cle spray stream that follows a Gaussian distribution.

(4) Deposition Efficiency

The deposition efficiency (DE) that represents a typical YSZ
plasma sprayed footprint in industrial processes varies from
20% to 65%.'% There are many process variables that influ-
ence deposition efficiency and therefore it is important to
differentiate between the terms of “intrinsic DE” and “target
DE”.*° Intrinsic DE refers to the maximum yield of material
deposition under ideal conditions for the given feedstock
where the plasma spray process parameters and the sub-
strate condition have been optimized. Intrinsic DE is the
parameter that is quoted within suppliers’ data sheets and is
used only as a guideline for practical application. Intrinsic
DE is the parameter of relevance to this work. Target DE
refers to the deposition yield of a material that deposits
onto a practical engineering job. The target DE is less than
the intrinsic DE as it takes into account practical opera-
tional characteristics, such as the torch motion and geome-
try of the substrate.

In the present model, the intrinsic deposition efficiency is
selected to be between 20% and 30% and represents a typi-
cal DE on a smooth substrate'®, such as the glass slides used
in this work. The intrinsic deposition efficiency is not con-
stant over the entire coating thickness. It can be quite low (i.
e., DE =20%) for the first few layers and reaches then its
nominal value.

A MATLAB program was written for matrix calculations
and used to generate individual grids with various DEs. The
program generates a “particle matrix” that consists of either
1 or 0 depending on the spray deposition efficiency and parti-
cle spray footprint specified. If the value is 1 then the particle
stays in the cell and will be subsequently deposited as a splat.
Conversely, if a null value is returned, then the physical
interpretation is that the particle is not deposited.

IV. Results from the Model

(1) Flattening Ratio Graphs

Figs. 4-7 are graphs of flattening equations. In general, Re is
plotted from 140 to 1500 and We is varied from 670 to 1500.
The range of wetting angle considered is from 0° to 90°,
which represents the transition from ideal splat/substrate
contact to wettability conditions with weak splat/substrate
interactions.

Viscous dissipation is the only factor considered in Fig. 4
(Case 1) and it can be seen that the flattening ratio increases
with Re. Particles that are accelerated to high velocities or
melted to high dynamic viscosities should have a large Re
and hence are likely to experience a large degree of flatten-
ing. The graph predicts that for most plasma spray opera-
tions, the flattening ratio ranges between 2.2 and 3.6. The
maximum achievable flattening is approximately 3.6 when
Re = 1500.

Table II. Summary of Flattening Cases and Related Equations Used for Constructing the Second Model

Governing equations Remarks Ref.

Case 1 &,~0.83Re"? For Re > 140 and We-1 =0 16
3[(1—cos0) ¢, —4] 1 (LuyS _ — (°_0(°

Case 2 Tt e ()T =1 For 6 = 0°-90°. For We > 670 and Re > 140 24
1 (¢ 3 3(1=cos0)({u—1) 0\ .

Case 3 Ve (1“—18> + e+ S(f—15> =1 Solution accounts for thermal contact 19

Y 5 resistance. S = 0.001-0.005
Case 4 (f—]g> = \/Re(\/ (3VRe) +1 - gx/Re) Effect of surface tension and wetting angle 22

was neglected
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Fig. 4. Graph for flattening ratio when viscous dissipation is the
dominant force (Case 1).

Fig. 5. 3D plot for flattening ratio when viscous dissipation and
surface tension are the dominant forces (Case 2).

Viscous dissipation and surface tension are considered for
Case 2. The effects of Re, We, and 0 on the flattening ratios
are shown in Fig. 5. The three dimensional plot shows that
the flattening ratio does not vary greatly with increasing We.
When surface tension was evaluated from We = 670 to 1500
for an ideal wetting condition (i.e., 0, = 0), the maximum
flattening ratio decreased from 5.02 to 5.01. The wetting
angle is also studied from 0° to 90°, but indicates a minimal
difference of 0.05 on the maximum achievable flattening
ratio. This analysis shows that even at low wetting angle,
the surface tension on the molten splats could be too small
to promote splat spreading. Nevertheless, the predicted
flattening ratio ranges from 3.1 to 5.0 for all conditions
specified.

Case 3 includes the solidification effect on splat formation.
Zhang’s equation' is plotted in Fig. 6. The splat geometry
can be determined by the interaction of viscous and surface
tension dissipation of the inertial energy and the arrest of
liquid flow by solidification. The solidification factor, S,
influences the flattening ratio. The red surface plot, represent-
ing a low solidification factor of S = 0.001 is higher when
compared with the blue surface plot where S = 0.005. A low
solidification factor suggests that the splats have sufficient
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Fig. 6. 3D plot for flattening ratio when viscous dissipation, surface
tension and solidification are the dominant forces (Case 3).

Fig. 7. 3D plot for flattening ratio when viscous dissipation and
solidification are the dominant forces (Case 4).

time to spread out before the solidification starts and arrests
the molten liquid front. Again, the surface tension and the
wetting angle have negligible influence on the final flattening
ratio. The graph postulates that the flattening ratio for high
solidification rates is 3.1-4.9 and for low solidification rates
the range is 3.2-5.1.

Figure 7 assumes that the surface tension and the wetting
angle have been ignored; i.e., Case 4. The plot shows that
change in flattening ratio is from 3.2 to 5.1.

All four cases show that the graph trends are all influ-
enced by increasing Re. Thus, it is evident that the most criti-
cal parameter for flattening ratio predictions, as first
predicted by the Madejski model, is viscous dissipation forces
that are manifested in the value of Reynolds number. Most
importantly, these graphs aid in the completion of the model
and account for the different scenarios during particle
impingement and splat formation.

(2) Splat Flattening within the Particle Spray Stream
In the current study, the maximum flattening ratio for YSZ
particles is assumed to be between the range 3.5-4.5, which
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agrees with the graphical data. As the plasma spray stream
expands outward, the flattening ratio decreases due to the
reduction in energy flux available for flattening. It is realistic
to accept that only a flattening ratio greater than a value = 1
should be included in the transfer function P(y) as splat frag-
mentation is not included in the current model. Therefore,
the model is programed to reject flattening values less than 1
in the simulations.

(3) Simulation of Model

Simulation of area coverage per pass of a plasma spray torch
was conducted using the model with the deposition efficiency
set at 20%. The results of the simulation are presented in
Fig. 8 with 5 mm wide spray sections displayed at the con-
stant SOD of 100 mm. Measurements of the coverage area
per pass are 12.3% when the maximum allowable splat flat-
tening is 3.5 and reaches a maximum coverage area of 18.7%
for a flattening ratio of 4.5. The majority of overlapping
splats occur in the centerline of the spray footprint and, logi-
cally and numerically, become more pronounced when the
splat flattening ratio increases. The results of the simulation
shows that when a low flattening ratio is selected, which
could represent a plasma spray plume with low average
energy flux, then the particles at the periphery of the spray
footprint are not deposited. To verify the simulation, plasma
sprayed YSZ glass slides were collected and image analysis
were carried out. The next section presents these experimen-
tal details.

V. Experimental Setup

(1) Plasma Spraying of Glass Slides

To assess the results of the model, microscope glass slides
(75 mm by 25 mm) were coated with commercially available
YSZ (Metco 204NS) using a conventional air plasma spray
system (Metco 7MB, Sulzer Metco). In these experiments,
operating conditions were selected to correspond to typical
coating parameter settings. Argon was used as the primary
plasma operating gas and hydrogen was used as the auxiliary
gas. The primary gas flow was fixed at 42.1 NL/min at
0.7 MPa and the flow of the auxiliary gas was 6.10 NL/min at
0.34 MPa. Argon was used as the powder feeding gas and the
powder feed-rate was 30 g/min. Plasma arc current and volt-

+10 Direction of plasma spray torch

Stand off distance = 100mm
Deposition efficiency = 20%

Max. flattening ratio = 3.5

Total area coverage = 12.3%

Stand off distance = 100mm

Deposition efficiency = 20%
Max. flattening ratio = 4.0

Total area coverage = 16.3%

Stand off distance = 100mm
Deposition efficiency = 20%
Max. flattening ratio = 4.5

Total area coverage = 18.7%

Fig. 8. Various sections of spray path when flattening ratio

varied and DE is 20%.
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age were set at 35 kW (500 A and 70 V). The plasma torch
was mounted on a robotic arm (YR-SK16-J00, Motoman
Robotics, Miamisburg, OH) that was programed to transverse
a single pass at 1 m/s across the mounted glass slides. All
slides were at a constant stand off distance of 100 mm.

(2) Imaging of Plasma Sprayed YSZ Coatings

The glass slides were painted with black paint on the non-
coated side to provide good contrast for the cream-colored
YSZ splats. All slides were then photographed using a 10.2
mega-pixel sensor camera (Lumix DMC-LXS, Panasonic
Corporation, Osaka, Japan) set to the macro mode. The
camera aperture was set to F8.0 and the shutter speed was
8.0 s. The camera focus distance was set to 10 mm. The
slides were illuminated using low-flicker fluorescent lights
mounted using a diffuser. A side lighting configuration was
used to prevent specular reflection from the mirror-like sur-
face of the painted slide. Other reflections were avoided by
masking surrounding surfaces, such as the camera body,
black and blocking out all ambient lighting.

The resulting images were analysed using the MATLAB
image processing toolbox. First, the images were converted
into grayscale, then normalized to avoid any overall bright-
ness changes that resulted from image sensor variability.
Next, grayscale histograms were then developed for each
image and Otsu’s method*® used to find the threshold level;
the threshold level varied by 3.5% across the entire range of
images. An example of a thresholded image is depicted in
Fig. 9. The coverage of the slides was then calculated by
counting the number of white pixels in the thresholded image
and dividing by the total number of pixels. Note that this
experimental method was not designed to count the number
of splats as the desired data could be gathered without such
a determination. Thus, spat density calculations were outside
the scope of this study that focussed on deposition efficiency
and coverage. A total of six slides were image processed and
the coverage values are shown in Table III. The low coeffi-

Fig. 9. Threshold applied to the sample image for analysis.

Table III. Image Analysis Results of Plasma Sprayed YSZ
on Glass Slides
Slide Coverage calculated (%)
100 mm_S1 15.8
100 mm_S2 12.3
100 mm_S3 14.3
100 mm_S4 16.4
100 mm_S5 9.3
100 mm_S6 12.3
Average 13.4
SD 2.7
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Torch
centreling|

Stand off distance = 100mm
Deposition efficiency = 30%

Stand off distance = 100mm
Deposition efficiency = 20%

Plasma sprayed YSZ slide
Total area coverage = 15.8%
Max. flattening ratio = 4.0 Max. flattening ratio = 4.0

Total area coverage = 21.5% Total area coverage = 16.3%

Fig. 10. Comparison of models with plasma sprayed YSZ slide.

cient of variance of 0.2 indicates that this data set was suffi-
cient for this study.

VI. Discussion

The experimental results show that the coverage area of
plasma sprayed YSZ on glass slides is 13.4%. The variability
in coverage values between individual slides can be explained
by factors relating to the plasma spray process, which can
include instabilities of the plasma arc jet and intervals during
powder feeding. In addition, the results indicate that the
coverage area in this current study is lower than the reported
literature values of between 50% and 90%.'® However, this
difference can be attributed to the dissimilar experimental
parameters used and the unique method of image analysis
conducted on the collected glass slides.

When comparisons are made between the experimental
and proposed model, it is found that the model adequately
predicts the percentage of area coverage with simulation
results of 16.3% and experimental results of 13.4%. The sim-
ulated spray model agrees well with the slides collected from
the plasma spray experiments. The size of the spray footprint
from the samples was approximately 20 mm, which coincides
with the model prediction that only particles within 10 mm
proximity of the plume centerline will be deposited as splats.
The implication is that the various assumptions about the
plasma spray process and feedstock made in the modeling
process are valid.

However, it can be seen from the glass slides (Figs. 9 and
10) that the splats collected are not necessarily circular as
asymmetric and fragmented splats can be observed. The
future model, thus, should account for such irregularities to
map out these splats within the simulations. Nevertheless,
this work indicates that it is possible to model and predict
the coverage area of plasma sprayed ceramic materials.

VII. Conclusion

A model to calculate the coverage area for a thermal spray
process of ceramic materials has been presented. The model is
based on a critical review of splat literature, which identified
four cases of splat flattening mechanisms that can be applied
to thermal spray processing of ceramics. Splat flattening
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mechanisms can be attributed to those forces that dominate
during the process: these being viscous dissipation, surface ten-
sion, and solidification effects. It was found that the flattening
process is most influenced by effects of viscous dissipation and,
correspondingly, a Re-based model is sufficient to predict the
coverage area of most thermal spray ceramic materials. In
addition, all modeling steps assume that the final splats are
disk-like with no occurrence of splat fragmentation.

This model has accounted for physical events in the thermal
spray process. It employs statistical data collected from a sam-
ple of YSZ feedstock and the spray stream energy flux is mod-
eled with respect to its centerline. The maximum flattening
ratio achieved by particles is therefore represented at the spray
footprint centerline. Results from the model have been dis-
played in simulated spray sections and yield predictions from
12% to 18% depending on the maximum flattening ratio.

Validation of the model was performed using glass slide
samples of plasma sprayed YSZ that were collected and anal-
ysed via imaging techniques. The average splat coverage area
per pass was measured to be 13.4% for the thresholded
images, which verifies the simulation results from the model.
These results show that the current model can adequately
predict the spray area coverage per pass for thermal sprayed
ceramic materials and is able to account for many of the
prime thermal spray variables. Future models will address
the formation of noncircular splats, splat fragmentation, and
extend into nonceramic materials.
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Appendix

Nomenclature
Symbol

D Splat diameter

d Droplet diameter

Re Reynolds number (pvd/ 1)

We Weber number (pv-d/y)

Pe Peclet number (vd/o)

S Solidification coefficient

v Impact velocity (m/s)

Ve Flattening velocity (m/s)

K Impact Sommerfeld number (K = We®>Re%2%)

t Time (s)

a Constant (Vy/v)

dM/dt Thermal spray feedrate (kg/s)

m Mass of single particle

dN/dt Particle per second
Greek Symbols

¢ Flattening ratio (D/d)

u Droplet viscosity (m?/s)

Y Surface tension (N/m)

o Thermal diffusivity

P Density (kg/m?)

0 Wetting contact angle
Subscripts

K Splat

p Powder particle

m Maximum
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