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Abstract

High strength aluminium (Al) alloys are primarily strengthened through careful alloying
additions and subsequent heat treatment, in order to promote the formation of nano-sized
precipitates. In the case of the 7xxx series (Al-Zn-Mg) alloy system, precipitates are rich in Mg
and Zn. Typically, increasing the number density and volume fraction of such precipitates has
been directly associated with enhanced mechanical properties (namely yield strength and
ultimate tensile strength). However, the extent of solute (Mg and Zn) that may be
conventionally alloyed with aluminium has been hampered by the limited solidification rates
in conventional processing, that results in macrosegregation, cracking and grain coarsening —
all of which are detrimental to properties. Recently, laser powder bed fusion (LPBF), a form
of additive manufacturing, has been demonstrated as capable of exploiting the metallurgical
solubility limits, owing to high local heating and subsequent rapid solidification in the LPBF
process, revealing the prospect of producing Al-alloys with solute supersaturation. However,
LPBF of Al-alloys to date, has been notionally restricted to a small number of alloy

compositions.

The objective of the present research was to design and fabricate unique high solute Al-alloy
compositions with excess Mg and Zn by exploiting the rapid solidification achieved through
LPBF process. Furthermore, this work also aims at understanding the microstructural
evolution, mechanical properties and corrosion behaviour. Meanwhile, the project also seeks
to answer the fundamental question, ‘can there be too much solute?’, in the context of

developing high strength and high solute Al-alloys through additive manufacturing.

The selection of high solute Al-alloy compositions studied herein was rationalised based on

solidification modelling of a range of Al-Zn-Mg alloys with varying Zn:Mg ratio using a
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CALPHAD based approach (Thermocalc®). The Scheil solidification model and Rappaz’s hot
cracking criterion were used to identify compositions with low hot cracking susceptibility and
high volume fraction of second phase particles. Herein, research on high solute Al-Zn-Mg
alloys was categorised into four phases — 1) Production of high solute Al-Zn-Mg alloys through
LPBF, 2) Heat treatment and mechanical properties evaluation of the high solute Al-Zn-Mg
alloys, 3) Assessment of corrosion behaviour, and 4) Elucidating the influence of second phase

particles on the mechanical properties of high solute Al-Zn-Mg alloys.

LPBF prepared Al-Zn-Mg alloys were successfully fabricated and in-depth characterisation
revealed the presence of previously unidentified, icosahedral quasicrystalline phase, which was
named P-phase. Furthermore, the results aided in selecting a potential high solute alloy with
the composition of Al-14Zn-3Mg (in wt. %) for heat treatment. The heat treatment of Al-14Zn-
3Mg revealed the presence of high volume fraction of n’ and n-Mg(Zn, Al): precipitates
accompanied by an improvement in mechanical properties from the as-LPBF condition. The
results also demonstrate the critical solute limits in Al-alloys where excess area fraction of
second phase particles > 50% results in the loss of a mechanical properties. However,
electrochemical studies on Al-14Zn-3Mg demonstrated that the annihilation of intermetallic
particles through rapid solidification led to reduced cathodic kinetics relative to the wrought
Al-Zn-Mg alloy, AA7075-T6 (which was used a benchmark). Results also revealed that Al-
14Zn-3Mg demonstrated superior polarisation resistance when compared to the wrought
benchmark. In-situ characterisation studies were also performed on Al-14Zn-3Mg, in a manner
coupled with CALPHAD predictions. The results revealed the phase transformations occurring
during heat treatment, which highlighted several microstructural factors (such as the formation

of T-phase) that influence the mechanical properties in high solute Al-alloys.
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Additive manufacturing (AM) has gained significant research and commercial uptake over the
last two decades, and has recently emerged as an important commercial technology for
manufacturing net-shape and bespoke components. In contrast to subtractive manufacturing,
the fundamental principle of AM involves in manufacturing a part layer by layer from a three
dimensional computer aided design (CAD) model [1]. The ongoing demand from the
transportation sector for leaner supply chains and customised components has driven a
significant interest for AM. Commercial entities including Airbus, Boeing and NASA are
heavily engaged in the development of this technology, where a driver for advanced
manufacturing is in the light weighting of flying components, increasing fuel efficiency and
minimising the environmental impact [2,3]. Required light weighting is achieved through the
use of low density materials such as aluminium alloys, titanium alloys, magnesium alloys or

other composite materials [4].

Of those material categories, aluminium (Al) alloys are of interest in AM, because Al is
relatively inexpensive, and has simple ease of use. The key factors for aluminium additive
manufacturing encompasses shorter lead times, reduction of material waste, access to new
alloy compositions and fabrication of complex geometries. These advantages have enabled the
BMW group to utilise laser based additive manufacturing (specifically, laser powder bed fusion
process) to prepare an Al-alloy component in their BMW 18 roadster vehicle. This component
is 44% lighter and ten times stiffer than the original injection-mounded component [5]. In
addition, the Bugatti Chiron utilises a topology optimised bracket (Figure 1.1a) made of
AlSi10Mg [6]. Furthermore, a new alloy in the Al-Sc-Mg system called Scalmalloy®, has been
developed and utilised by APWorks which is an Airbus subsidiary [7]. Scalmalloy® is utilised
to make chassis structures (Figure 1.1b) that are 30% lighter when compared to standard

predecessors.
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To date, the fabrication of Al-alloys via AM has been rather widely explored (and
commercially utilised) in the context of using conventional low strength cast-alloy-like
compositions (such as Al-12Si and Al-10Si-Mg). These alloys result in essentially 100% dense
components. On the contrary, the existing portfolio of AM prepared high strength Al-alloys is
rather limited due to the formation of defects during the AM process [8]. Also, the complete
benefits offered by metal additive manufacturing in the exploration of unique alloying
additions through solute hyper-loading are not fully exploited. Therefore, the present work
focusses on utilising the benefits offered by AM to design, develop and explore novel
compositions of Al-alloys — specifically using an AM method known as laser powder bed

fusion (LPBF).

Figure 1.1: Applications of aluminium additive manufacturing through laser powder bed fusion
(LPBF) technique to fabricate light weight parts such as, a) Bugatti brake calliper [6] and b)

Bike frame made of Scalmalloy® [5], that were designed through topology optimisation.
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Chapter 2

This chapter provides a review of the background and available literature on the fabrication of
aluminium (Al) alloys through the laser powder bed fusion (LPBF) additive manufacturing
(AM) process. Emphasis was given to the challenges faced for preparing high strength Al-
alloys thorough the additive manufacturing route. Herein, the Al-Zn-Mg system comprising of
the major high strength Al-alloys is discussed, and the relevance of designing new Al-alloy for

AM also explored.

2.1 Additive manufacturing

Additive manufacturing (AM), as opposed to subtractive manufacturing and formative
manufacturing methodologies, is described by American Society for Testing and Materials
standards (ASTM 52900:2015) as a process of joining materials layer upon layer to make parts
from 3D model data [1]. Typically, the commercially available AM processes can be divided
into seven major types: material extrusion (ME), direct energy deposition (DED), powder bed
fusion (PBF), sheet lamination (SL), vat polymerisation (VP), material jetting (MJ) and binder
jetting (BJ) [2,3]. The fundamental principle behind these additive processes involves two
major steps that includes slicing of a 3D computer model into multiple layers and utilising the

sliced data to build a part incrementally [4].

High strength Al-alloys are widely utilised in the aerospace industry for manufacturing
structural components because of their excellent strength-to-weight ratio, as well as good
machinability [5]. The use of traditional subtractive manufacturing methods to produce
geometrically complex aerospace components can result in fabrication complexities and high
material wastage [6]. However, the ability to produce complex geometries, freedom of design
and reduced material wastage render AM methods to applications in the aerospace field. In

addition, AM processes enable the reduction in total number of components through part
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consolidation, via advanced design of parts with complex topologies [7]. Therefore, the
aerospace industry has already adopted AM on a commercial scale as a result of reduction in

overall weight of the aircraft which promotes major environmental benefits [8].

The increase in requirement for economic manufacturing methods to produce light weight and
dimensionally complex components results in extensive opportunities for aluminium additive
manufacturing. Among the several available additive manufacturing techniques, direct energy

deposition and powder bed fusion are widely applied to fabricate Al-alloys.

2.2 Direct energy deposition of Al-alloys

Direct energy deposition (DED) is a type of AM process in which a thermal energy source,
such as a focussed laser, electron beam or plasma arc, is used to fuse and deposit material on
top of a substrate [1]. The feedstock material for DED of Al-alloys is typically in the form of
wire or powder, and protective gases such as Ar or N are used to avoid the formation of oxides.
In addition, DED technologies are ideal for component repair by enabling desired features to
be added on existing components [9,10]. Typically, DED processes can be classified into two
major categories: wire and arc additive manufacturing (WAAM) and direct laser deposition
(DLD) - of which laser engineered net shaping (LENS®) is also commercially known naming.
Of these methods, considerable recent interest in the DLD approach has emerged in the past
decade. The DLD method permits the production of graded materials, coatings, and has been
successful in producing large-scale net-shape components; albeit principally for air stable
materials [11-14]. However, specifically for Al-alloys, which are not well studied via DLD
production to date; there has been particular interest in the WAAM of Al-alloys due to their
ability to reduce material wastage when compared to conventional manufacturing processes

[15-17].
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Wire and arc additive manufacturing (WAAM) refers to the combination of an electric arc as
heat source and wire as feedstock to fabricate the desired part layer-by-layer [18]. Furthermore,
WAAM process is classified into three types based on the nature of heat source viz, laser-
based, arc-based and electron-based [13,19]. Among these, arc-based techniques as presented
in Figure 2.1, has shown promise due to improved energy efficiency and low cost of operation.
Typically, a WAAM process involves 3D-model generation, setting deposition and welding
parameters followed by post processing, to improve the metallurgical and mechanical

properties [20].

Figure 2.1: Schematic of a basic gas tungsten arc welding (GTAW) based wire and arc additive

manufacturing process [17]

Extensive studies have been performed to produce different composition of aluminium alloys
in the Al-Cu (2xxx) [21-24], Al-Si (4xxx) [25,26] and Al-Mg (5xxx) [27,28] alloy system
through the WAAM process. However, only limited research is performed on the WAAM
fabrication of AI-Mg-Si (6xxx) and Al-Zn-Mg (7xxx) alloys due to the presence of turbulent
melt pool and excessive weld defects [19]. Only recently, WAAM process was used to fabricate
7055 and 7050 Al-alloy compositions where the results indicate that the mechanical properties
were inferior to its wrought counterparts [29,30]. However, Klein et al. designed a novel Al-

alloy with the composition of Al-3.6Zn-5.9Mg-0.5Mn-0.3Cu, through application oriented
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testing of hot cracking susceptibility [31]. The applicability of the designed alloy was proven
by the fabrication of a motorcycle piston with proof stresses of up to ~340 MPa and fracture

strains of over 9%.

2.3 Powder bed fusion (PBF) of Al-alloys

Powder bed fusion (PBF) in AM refers to the processes in which thermal energy is used to melt
and fuse selective regions of a powder bed [1]. For metal additive manufacturing through PBF,
the thermal source typically used can be a laser or electron beam which further classifies PBF
to: 1) Laser powder bed fusion (LPBF) and 2) Electron beam melting (EBM) processes

[4,10,32]. Figure 2.2 show schematic representations of a LPBF and EBM system, respectively.
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Figure 2.2: Schematic of powder bed fusion techniques — a) Selective laser melting and b)

Electron beam melting [37]

EBM operates at a very high temperature (~ 650-1600°C) which is close to the melting point
of Al-alloys (or their constituent elements) and the process works under vacuum conditions

[33]. This results in the excess evaporation of aluminium that impacts the thermal exposure of
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the alloy in an adverse manner and hence, EBM process has very limited application to Al-
alloys [34-36]. In contrast, LBFP has been the dominant process that was explored for
fabricating Al-alloys over the past few years and a summary of the literature on LPBF of Al-

alloys will be discussed in this section.

2.3.1 Laser powder bed fusion (LPBF) of Al-alloys

Laser powder bed fusion (LPBF), commercially known as selective laser melting (SLM), is a
generic powder bed additive manufacturing technique designed to melt and fuse selective
regions of the metallic powders using a high intensity laser source [38]. In this process, thin
layers of metal powder are fed through a powder tank with layer thickness (t) ranging between
20 um — 100 pum and spread across the base plate using a recoating blade. Typically, the size
of base plates of commercially available LPBF machines vary from 50 mm x 50 mm to 800
mm x 400 mm [32]. In addition, laser power (P) between 20W up to 1kW are available with
laser scanning speed (v) ranging between 50 mm/s to 15m/s [39] . Once the laser scanning on
the first layer is complete, the build plate is lowered and the next layer of powder is applied for
the laser to scan in the x-y plane. The distance between scan tracks are termed as hatch spacing
(h) [4.,32] and this whole process is iterated until the final part is built as depicted in Figure 2.2.
During this process, an inert build chamber is maintained with a continuous supply of nitrogen
or argon to avoid the oxidation of the parts. Typically, the formation of oxide layers on the
melt pools act as a source of porosity initiation and affects the metallurgical bonds between the

aluminium powder layers [40].

Energy density (E) is an important factor in LPBF processing that directly affects the properties
of the as built parts by controlling the degree of consolidation of the powder particles. The

energy density function is given by [41,42]:
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E=—2 (Eq. 2.1)

T vxhxt

The energy density is optimised for the material under consideration and is different for
different machines. Insufficient energy density is typically caused by low laser power and high
scanning speed, and results in ‘balling’ due to the lack of wetting between subsequent layers
of the melt pool [43.,44]. In contrast, high laser powder and low scanning speed results in the
material vaporisation and powder sputtering [45]. Therefore, a suitable combination of

processing parameters is essential to obtain fully dense parts through LPBF processing.

To date, LPBF fabrication has been widespread in a variety of metal alloy systems that possess
good weldability such as steels [46-51], titanium alloys [52-55] and nickel alloys [56-59].
However, the intrinsic physical properties of aluminium has limited the application of LPBF

to Al-alloys [60—62] for the following reasons:

Poor fluidity of Al-alloy powders that results in uneven layer thickness and affects layer

quality.

- High laser reflectivity and thermal conductivity of Al-alloys with 91% and 237
W/(mK), respectively. This demands the use of high laser power to form dense parts
through LPBF fabrication.

- The presence of stable oxide layer that results in the passivation of melt pool and causes
metallurgical defects.

- High thermal expansion coefficient and the presence of wide solidification intervals

generates hot cracking and large amount of residual stress that results in part

deformation.

Nonetheless, the burgeoning research activity in this area has successfully implemented LPBF

to Al-Si systems. However, high strength alloys in the 2xxx, 6xxx and 7xxx series that obtains

11
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strengthening through precipitation hardening are hardly processable through LPBF due to

their high solidification cracking behaviours [2.4,10,63—65].
2.3.1.1 LPBF of Al-Si alloys

Among the Al-Si system, the near eutectic alloys such as AISi10Mg, Al-12Si, A357 and A356
alloys are the primary candidates for implementation of additive manufacturing process
through LPBF. Among them, the most studied composition was the AlSil0Mg which was
mainly due to low melting point and narrow solidification range [10,61,66], where the addition

of 10 wt. % silicon increases the fluidity and minimises the solidification shrinkage [67].

The microstructure and mechanical properties of AlSi10Mg have been well documented in
recent years [68—71] and was initially investigated by the works of Aboulkhair et al [40,72—
76]. It is well known that the as-LPBF microstructure of AISilOMg comprises of large
columnar grains that contain a fine dendritic structure due to the rapid solidification and
typically results in enhanced mechanical properties [66]. Furthermore, Kim et al. revealed the
extremely fine cellular structures in the melt pool and distinguished them into fine melt pool
(FMP), heat affected zone (HAZ) and coarse melt pool (CMP) as shown in Figure 2.3 [77].
EDS analysis of the cells also reveal that they are mainly composed of a-Al matrix surrounded

by Si-rich regions.

The Vickers hardness of as-LPBF AlISil0OMg was approximately 130-150 HV with tensile
strengths and yield of 380-420 MPa and 250-350 MPa, respectively [78,79]. The obtained
mechanical properties of as-LPBF AISi10Mg were higher with respect to the heat treated cast
alloy with the same composition [80]. The major strength contributions were attributed to the
Hall-Petch mechanism due to eutectic cell boundaries, dislocation hardening and to the Orowan
effect due to the presence of MgSiz particles [81]. Therefore, LPBF of AlSi10Mg was deeply

studied in terms of post processing heat treatments, fatigue resistance, residual stress, corrosion
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properties and machine learning [82—85]. Furthermore, reinforcement of TiC and TiCN to
AlSi10Mg was also investigated to produce a metal matrix composite (MMC) through LPBF

to further improve the mechanical properties [86—88].

a) FMP /’(

.

Si-particles

Figure 2.3: a) Microstructure of as-LPBF AlSi10Mg and b) chemical mapping using EDS,
from [77]

Al-128Si is another casting alloy that was successfully processed with relative density > 99%
and mechanical properties with tensile strength ranging between 380 — 400 MPa, by
incorporating nano-composites [89-91]. This enabled the interest to fabricate lattice structures,
analyse the tribological and corrosion properties of Al-Si12 alloys to exploit the micro- and

meso-structures generated through LPBF to enhance the mechanical properties [92-95].
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2.3.1.2 LPBF of Al-Cu-Mg alloys (2xxx series)

The LPBF of compositions typical of wrought aluminium alloys in the Al-Cu system, such as
AA2022 (Al-5Cu-0.5Mg), AA2024 (Al-4Cu-Mg), AA2618A(Al-2Cu-1.5Mg-1.5Ni) and
AA2219 (Al-6Cu-Mn) were investigated [96—99]. The preliminary works of this alloy system
was done by Ahuja et al. in fabricating a nearly fully dense Al-Cu alloy (EN AW-2219 and
EN AW-2618) through LPBF [97]. Following that, Zhang et al. fabricated an alloy composition
close to AA2024 (Al-4.24Cu-1.97Mg-0.56Mn) with micro hardness value of 111 HV, UTS of
402 MPa and yield stress of 276 MPa through LPBF [98]. It was also reported that the
mechanical properties of the LPBF prepared samples were comparable to AA2024 in the heat
treated condition owing to an extremely fine supersaturated cellular-dendritic microstructure
[100]. The corrosion behaviour of LPBF prepared AA2024-like composition (AM2024) was
evaluated by Gharbi et al. where the corrosion rate of AM2024 was five times slower than
AA2024 [96]. Furthermore, in-depth characterisation of the same Al-Cu-Mg alloy was recently

reported and the summary of the findings are as depicted in Figure 2.4 [101].
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Figure 2.4: (a, c) TEM micrographs, b) High resolution TEM micrograph and (d, e) selected
area diffraction patterns (SADP) of LPBF prepared Al-Cu-Mg specimen solutionised at 540
°C for 1 h, water quenched, and aged at 190 °C for 6 h. f) Tensile curves of the typical LPBF
Al-Cu-Mg specimens. WQ, AC, NA, and AA refer to water quenching, air cooling, natural
aging, and artificial aging. (Adapted from [101])

It was revealed that the Al-Cu-Mg alloy was strengthened through the formation of high-
density acicular ultra-fine AICuMg, Al2CuMg and Al7Cuz2Fe phase through appropriate heat
treatment conditions, where the AleMn phase was reported to be deterimental to mechanical
properties. Modification of Al-Cu-Mg through the addition of Zr has also been investigated to

minimise cracking through grain refinement [102].

2.3.1.3 LPBF of Al-Mg-Si alloys (6xxx series)

The initial efforts to fabricate the commercial Al-alloy composition of AA 6061 ( Al-0.6Si-
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1Mg-0.3Cu) through LPBF led to formation of hot cracking and excessive porosity [103].
However, one approach by Uddin et al. to minimise the defects was to heat the powder bed to

500°C to produce crack-free AA 6061 as shown in Figure 2.5 [104].

Another successful approach was through the addition of expensive nano-nucleants such as Zr
or Yittrium Stabilised Zirconia (YSZ) to induce grain refinement to avoid the development of

large columnar structures [105,106]. The influence of Zr in eliminating cracks and porosity are

shown in Figure 2.6.

Figure 2.5:Microstructure of AA6061 specimens fabricated on a) unheated powder bed and b)
powder bed heated to 500°C [104]
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Figure 2.6: Optical micrographs of the as-built (a) unmodified AA6061 and (b) Zr-modified
AA6061 from the XY and XZ cross-sections at a laser power of 350 W [106]
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2.3.1.4 LPBF of Al-Mg-Sc-Zr alloys (modified Sxxx-series Al-alloys)

The benefits of adding scandium (Sc) as alloying element in Al-alloys are well documented
[5,107]. However, the capability of LPBF to extend the solid solubility of Sc in aluminium was
first explored by Schmidtke et al. where the concept of Scalmalloy® (A1-0.66Sc-4.5Mg-0.37Zx-
0.17Si) was developed with the composition specifically designed for additive manufacturing
[108]. Scalmalloy® reveals a good combination of mechanical properties, making it an ideal
candidate for aerospace applications to fabricate satellite components [109,110]. A detailed
investigation on the post processing heat treatment and microstructures of Scalmalloy® was
performed by Spierings et al. where a maximum yield strength of 520 MPa was achieved [111].
It was seen that high laser input was required to produce dense samples that exhibited a bimodal
microstructure with coarse- and fine-grained material as shown in Figure 2.7a. The
microstructure was reported to be decorated with coherent nano-metre sized Al3(Scx Zri-x)
particles that resulted in the improved mechanical strength as shown in Figure 2.7b and c,
respectively [112,113]. Such particles are unique to LPBF processing and are not observed
during conventional processing of the alloy which emphasises the need for new alloy design

specifically tailored for LPBF processing.
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Figure 2.7: a) Bimodal microstructure showing coarse- and fine-grain distribution in
Scalmalloy® [113], b) STEM micrographs showing the Al3Sc particles within the fine-grain
region [113] and c¢) Mechanical stress-strain curves of Scalmalloy under different conditions

[111]

Following the promising results obtained from Scalmalloy®, Jia et al. designed another new
alloy (Al-4.52Mn-1.32Mg-0.79Sc-0.74Zr) in the Al-Mn-Sc system that was particularly
tailored for LPBF processing [114—116]. Solid solution strengthening, grain boundary
strengthening and modulus hardening were proposed as the major strengthening mechanisms
with a yield strength of 560 MPa and ductility of 18% after a single step heat treatment of 5h
at 300°C [116]. The typical stress-strain curve of the developed Al-Mn-Sc alloy and the

comparison with other high strength aluminium alloys are shown in Figure 2.8.
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Figure 2.8: a) Stress strain curves of Al-Mn-Sc alloy in the as-fabricated and heat treated
conditions and b) Comparison of properties of LPBF prepared Al-Sc-Mn alloy with other
wrought Al-alloys [116]

2.3.1.5 LPBF of Al-Zn-Mg(-Cu) alloys (7xxx series)

The alloy system that offers the greatest potential for age hardening and finds extensive high
strength applications is the Al-Mg-Zn(-Cu) system, where Mg and Zn contribute to
precipitation strengthening while Cu promotes solid solution strengthening [117,118]. The Al-
Zn-Mg(-Cu) alloys have found important applications in the aviation, automobile and
transportation sector which naturally brands them as a popular selection for LPBF fabrication.
Therefore, preliminary investigations were carried out by Kaufmann et al where significant
efforts were made to fabricate a high strength aluminium alloy (EN AW 7075) through LPBF
[119]. The same alloy system was also explored by Monteri-Sistiaga et al. by modifying the
alloy composition of AA7075 with the addition of 4 wt. % Si. This aided a decrease in
solidification range of the alloy while improving the fluidity, thereby leading to an increased
density [120]. However, the rapid solidification through LPBF resulted in significant hot
cracking and excess porosity while fabricating Al-Zn-Mg(-Cu) alloys and the resulting

mechanical properties were inferior to their respective wrought counterparts [121].
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Furthermore, works by Gharbi et al. and Kairy et al. revealed a new quasicrystalline phase,
termed as v-phase, that was formed in the as-LPBF 7075 Al-alloy which emphasises on the

unique benefits of LPBF processing [122,123].

Recently, an approach of introducing nanoparticles of nucleants during LPBF process, that
would help in controlling the solidification dynamics was successfully implemented by Martin
et al. where they successfully printed crack free AA7075 with the aid of Zirconium nano-
nucleants [124]. This led to the grain refinement of the material as expected, thereby producing

crack-free materials with good mechanical properties as shown in Figure 2.9.
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Figure 2.9: a) Large network of cracks observed in as-LPBF AA7075 without Zr, b) Absence
of cracks after the addition of Zr nano-nucleant with some residual porosity and c) Mechanical

properties of LPBF processed Al7075, A17075 + Zr and AlSi10Mg [124]

A similar approach was followed on other investigations where Zr, Si and/or TiB2 were
incorporated in Al-Zn-Mg-Cu alloys to promote grain refinement and avoid the formation of

defects as shown in Figure 2.10 [125,126].
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Figure 2.10: (a-c) Influence of Si and TiB? addition in minimising the formation of cracks in
Al-Zn-Mg alloy and d) Mechanical properties of the Al-Zn-Mg with Si and TiB2 addition
[125].

2.4 Challenges faced in the AM of Al-Zn-Mg alloys

The LPBF processing of Al-Zn-Mg-(Cu) system are prone to defects due to the manufacturing
conditions and the intrinsic properties of the alloys. Typically, the most common defects

include the formation of porosity and hot cracking [2].

Porosity formation is the considered to be a major defect in components produced by LPBF.
The cause of such defects during LPBF fabrication of Al-alloys are attributed to the following
factors: metallurgical pores originating from the absorption of surrounding gases, the
vaporization of alloying elements, wettability of aluminium by its successive melted layers,
impurities present and the low laser absorption of aluminium [127]. Majority of these causes

can be routed back to the processing parameters which can be carefully controlled to reduce
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the formation of porosities to a possible extent [128]. For this reason, the porosity levels

obtained from LPBF prepared components specifies the material’s final performance.

Hot cracking or solidification cracking is a very common metallurgical defect in the LPBF
fabrication of 2xxx and 7xxx series Al-alloys [5,107]. Typically, a large solidification range
gives rise to the formation of hot cracks due to the lack of supply of liquid metal to the inter-
dendritic region [129]. One method to avoid the formation of these cracks is by altering the
composition of the alloy to promote the formation of eutectics which will minimise the
formation of cracks [130]. Several models have been developed to define the phenomenon of

hot cracking with respect to different composition of Al-alloys [129,131].

2.5 Effect of solute content on hot cracking

The relationship between the hot cracking susceptibility of Al-alloys and the percentage of
alloying elements exhibits a characteristic ‘lambda shape’ curve as shown in Figure 2.11.
Typically, high resistance to hot cracking is displayed at both low and high alloying content
[132]. At low levels of alloying content, only a small amount of eutectic is formed, which on
solidification results in a very thin liquid film along the grain boundaries. When the thickness
of the liquid film increases as a result of increasing alloying additions, the susceptibility to hot
cracking also increases [129]. However, if the percentage of alloying addition increases, the
defects along the inter-dendritic region backfills due to the formation of a large amount of

eutectic and thereby, minimising the crack sensitivity of the alloy [131,133].
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Figure 2.11: Effect of alloying elements on the hot cracking susceptibility of Al-alloys
[132,134]

2.5.1 High solute alloys in the Al-Zn-Mg system

High strength alloys in the Al-Zn-Mg system are strengthened through precipitation hardening

by the formation of ° and 1 (MgZn2) phase and the precipitation sequence is as follows:

Supersaturated solid solution — Guinier Preston (GP) zones — 1’ metastable — n stable
(MgZn2) [5,118]. The aluminium rich corner of the ternary Al-Zn-Mg diagram has been
thoroughly reported and an isothermal section at 200°C is shown in Figure 2.12. Depending on
the solubility temperature and Zn/Mg ratio, formation of GP zones and metastable
modifications of the phase, MgZn2 and Mgs2 (Zn, Al)49 could alter the extent of strengthening.
In the context of achieving high strength Al-Zn-Mg alloys, increasing the formation of n” and
N (MgZn2) phase during artificial ageing are of significant interest. As such, high Zn and Mg
contents have been explored in the Al-Zn-Mg system through conventional ingot metallurgy,
however such attempts have resulted in several processing challenges [135]. On the contrary,
other powder metallurgy and rapid solidification techniques, such as the Osprey spray
deposition process [136], have produced Al-Zn-Mg alloys with 12 wt. % Zn content that
resulted in strengths > 600 MPa [137-139]. Such alloys are populated with high volume

fraction of second phase particles that aids an improvement in mechanical properties as shown
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in Figure 2.13 [140]. The commercial usage of these high solute alloys are limited due to

complex processing and post-processing through these rapid solidification processes.

Figure 2.12: Section of ternary Al-Zn-Mg phase diagram at 200°C. M —MgZn2; T — Mg32 (Zn,
Al)ao [5].
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Figure 2.13: Bright field TEM micrographs and corresponding SADPs of peak aged spray
deposited Al-Zn-Mg-Cu taken along [110]a1 zone axis (a and b) and [112]al1 zone axis (c and
d), respectively and e) Stress-stain curves of spray deposited Al-Zn-Mg after different heat
treatments [140].
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2.6 Summary of literature review and gaps in knowledge

The high strength aluminium alloys obtained through conventional and LPBF routes are as

summarised in Table 2.1. It is clear that the Al-alloys processed by conventional manufacturing

processes still possess higher mechanical properties than the LPBF processed Al-alloys. It is

also revealed that the fabrication of the conventional compositions through LPBF results in the

formation of excessive defects as shown in Figure 2.14, due to a number of aforementioned

factors. Therefore, there is a clear need to develop and design Al-alloy compositions that are

specifically tailored for additive manufacturing [141], including laser based additive

manufacturing specifically.

Table 2.1: Comparison of tensile properties of high strength Al alloy processed through LPBF

and conventional processing

Manufacturing route Alloy IADS Ultimate tensile Elongation

designation strength (MPa) (%)
AA2024 - T8 480 6
AA2124 - T8 490 8
AA6151 - T6 330 17

Wrought aluminium alloys [5] AATO01 - T6 675 ?
AA7075-T6 570 11
AA7178 —T6 610 10
AlSil0Mg [73] 420 11
AlSi10Mg+TiC 482 10.8
[142]

LPBF prepared Al-alloys 6061 {106] 392 39

2024 [101] 532 13
Scalmalloy® [113] | 550 14
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Figure 2.14: SEM micrographs of the defects in LPBF processed AA2017, AA2219, AA5083,
AA6061, AA7020 and AA7075 [2]

Several studies have also revealed the unique benefits offered by additive manufacturing, and
the alloys such as Scalmalloy and Al-Sc-Mn alloy exploit them through solute supersaturation
[113—115]. On the contrary, LPBF of Al-alloys in the Al-Zn-Mg system are readily prone to
hot cracking and demands the use of expensive alloying additions such as Sc or Zr to avoid
cracking through grain refinement. However, studies also reveal that increasing the formation
of eutectics by the addition of excess solute might also minimise the crack sensitivity.
Furthermore, the addition of excess solute such as Zn and Mg in the Al-Zn-Mg system results
in improved mechanical properties. However, the extent of solute addition is restricted due to
the degree of rapid solidification and the complexity of the processing route.
Nevertheless, LPBF process has the ability to overcome alloy processing complexities, as the
process results in net shape (i.e. final shape) components, where rapid solidification may also
be exploited to hyper load solute — offering the prospect of producing new, low cost and high

strength aluminium alloys.

g9 T e

A

26



Chapter 2

References

(1]

(2]

(3]

(4]

(5]

[6]

(7]

[8]

[9]

[10]

[11]

A.52900:2015, Standard Terminology for Additive Manufacturing — General Principles
— Terminology, ASTM Int. 1 (2015) 1-9. https://doi.org/10.1520/F2792-12A 2.

S.C. Altiparmak, V.A. Yardley, Z. Shi, J. Lin, Challenges in additive manufacturing of
high-strength aluminium alloys and current developments in hybrid additive
manufacturing, Int. J. Light. Mater. Manuf. 4 (2021) 246-261.
https://doi.org/10.1016/].ijlmm.2020.12.004.

I. Gibson, D. Rosen, B. Stucker, Additive manufacturing technologies: 3D printing,
rapid prototyping, and direct digital manufacturing, second edition, Springer New York,

2015. https://doi.org/10.1007/978-1-4939-2113-3.

W .E. Frazier, Metal additive manufacturing: A review, J. Mater. Eng. Perform. 23

(2014) 1917-1928. https://doi.org/10.1007/s11665-014-0958-z.

[.J. Polmear, D. StJohn, J .-F. Nie, M. Qian, Light alloys : metallurgy of the light metals,
2017.

T. Pereira, J. V. Kennedy, J. Potgieter, A comparison of traditional manufacturing vs
additive manufacturing, the best method for the job, Procedia Manuf. 30 (2019) 11-18.
https://doi.org/10.1016/j.promfg.2019.02.003.

S. Kim, S.K. Moon, A part consolidation design method for additive manufacturing
based on product disassembly complexity, Appl. Sci. 10 (2020).
https://doi.org/10.3390/app10031100.

J.C. Najmon, S. Raeisi, A. Tovar, Review of additive manufacturing technologies and
applications in the aerospace industry, Elsevier Inc., 2019.

https://doi.org/10.1016/B978-0-12-814062-8.00002-9.

R.P.Mudge, N.R. Wald, Laser engineered net shaping advances additive manufacturing

and repair, Weld. J. (Miami, Fla). 86 (2007) 44—48.

S. Lathabai, Additive Manufacturing of Aluminium-Based Alloys and Composites, in:
Fundam. Alum. Metall., Elsevier, 2018: pp. 47-92. https://doi.org/10.1016/b978-0-08-
102063-0.00002-3.

D.R. Feenstra, R. Banerjee, H.L. Fraser, A. Huang, A. Molotnikov, N. Birbilis, Current

Opinion in Solid State & Materials Science Critical review of the state of the art in multi-

27



[12]

[13]

[15]

[16]

[17]

[18]

[19]

[20]

Chapter 2

material fabrication via directed energy deposition, Curr. Opin. Solid State Mater. Sci.

25 (2021) 100924. https://doi.org/10.1016/j.cossms.2021.100924.

D.R. Feenstra, A. Molotnikov, N. Birbilis, Utilisation of artificial neural networks to
rationalise processing windows in directed energy deposition applications, Mater. Des.

198 (2021) 109342. https://doi.org/10.1016/j.matdes.2020.109342.

N. Shamsaei, A. Yadollahi, L. Bian, S.M. Thompson, An overview of Direct Laser
Deposition for additive manufacturing; Part II: Mechanical behavior, process parameter
optimization and control, Addit. Manuf. 8 (2015) 12-35.
https://doi.org/10.1016/j.addma.2015.07.002.

[14] S.M. Thompson, L. Bian, N. Shamsaei, A. Yadollahi, An overview of Direct
Laser Deposition for additive manufacturing; Part I: Transport phenomena, modeling
and diagnostics, Addit. Manuf. 8 (2015) 36-62.
https://doi.org/10.1016/j.addma.2015.07.001.

K.S. Derekar, A review of wire arc additive manufacturing and advances in wire arc
additive manufacturing of aluminium, Mater. Sci. Technol. (United Kingdom). 34

(2018) 895-916. https://doi.org/10.1080/02670836.2018.1455012.

M .M. Tawfik, M.M. Dewidar, Enhancing the Properties of Aluminum Alloys Fabricated
Using Wire + Arc Additive Manufacturing Technique - A Review M.M., J. Mater. Res.
Technol. (2021). https://doi.org/10.1016/j.jmrt.2021.04.076.

K.EK. Vimal, M. Naveen Srinivas, S. Rajak, Wire arc additive manufacturing of
aluminium alloys: A review, Mater. Today Proc. 41 (2021) 1139-1145.
https://doi.org/10.1016/j.matpr.2020.09.153.

S.W. Williams, F. Martina, A.C. Addison, J. Ding, G. Pardal, P. Colegrove, Wire + Arc
additive manufacturing, Mater. Sci. Technol. (United Kingdom). 32 (2016) 641-647.
https://doi.org/10.1179/1743284715Y .0000000073.

B. Wu, Z. Pan, D. Ding, D. Cuiuri, H. Li, J. Xu, J. Norrish, A review of the wire arc
additive manufacturing of metals: properties, defects and quality improvement, J.

Manuf. Process. 35 (2018) 127-139. https://doi.org/10.1016/j.jmapro.2018.08.001.

D. Ding, Z. Pan, D. Cuiuri, H. Li, A multi-bead overlapping model for robotic wire and
arc additive manufacturing (WAAM), Robot. Comput. Integr. Manuf. 31 (2015) 101-
110. https://doi.org/10.1016/j.rcim.2014.08.008.

28



[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Chapter 2

B. Cong, J. Ding, S. Williams, Effect of arc mode in cold metal transfer process on
porosity of additively manufactured Al-6.3%Cu alloy, Int. J. Adv. Manuf. Technol. 76
(2015) 1593-1606. https://doi.org/10.1007/s00170-014-6346-x.

J.Y.Bai, C.L. Yang, S.B. Lin, B.L. Dong, C.L. Fan, Mechanical properties of 2219-Al
components produced by additive manufacturing with TIG, Int. J. Adv. Manuf. Technol.
86 (2016) 479-485. https://doi.org/10.1007/s00170-015-8168-x.

J. Gu, J. Ding, S.W. Williams, H. Gu, P. Ma, Y. Zhai, The effect of inter-layer cold
working and post-deposition heat treatment on porosity in additively manufactured
aluminum  alloys, J. Mater. Process. Technol. 230 (2016) 26-34.
https://doi.org/10.1016/j.jmatprotec.2015.11.006.

Z.Qi, B. Cong, B. Qi, G. Zhao, J. Ding, Properties of wire + arc additively manufactured
2024 aluminum alloy with different solution treatment temperature, Mater. Lett. 230

(2018) 275-278. https://doi.org/10.1016/j.matlet.2018.07.144.

H. Wang, W. Jiang, J. Ouyang, R. Kovacevic, Rapid prototyping of 4043 Al-alloy parts
by VP-GTAW, J. Mater. Process. Technol. 148 (2004) 93-102.
https://doi.org/10.1016/j.jmatprotec.2004.01.058.

Y. Wang, S. Yang, C. Xie, H. Liu, Q. Zhang, Microstructure and Ratcheting Behavior
of Additive Manufactured 4043 Aluminum Alloy, J. Mater. Eng. Perform. 27 (2018)
4582-4592. https://doi.org/10.1007/s11665-018-3563-8.

J. Gu, X. Wang, J. Bai, J. Ding, S. Williams, Y. Zhai, K. Liu, Deformation
microstructures and strengthening mechanisms for the wire+arc additively

manufactured Al-Mg4.5Mn alloy with inter-layer rolling, Mater. Sci. Eng. A. 712
(2018) 292-301. https://doi.org/10.1016/j.msea.2017.11.113.

C. Zhang, Y. Li, M. Gao, X. Zeng, Wire arc additive manufacturing of Al-6Mg alloy
using variable polarity cold metal transfer arc as power source, Mater. Sci. Eng. A. 711

(2018) 415-423. https://doi.org/10.1016/j.msea.2017.11.084.

B.Dong, X.Cai, S. Lin, X. Li, C. Fan, C. Yang, H. Sun, Wire arc additive manufacturing
of Al-Zn-Mg-Cu alloy: Microstructures and mechanical properties, Addit. Manuf. 36
(2020) 101447. https://doi.org/10.1016/j.addma.2020.101447.

Z.Yu, T. Yuan, M. Xu, H. Zhang, X. Jiang, S. Chen, Microstructure and mechanical
properties of Al-Zn-Mg-Cu alloy fabricated by wire + arc additive manufacturing, J.

29



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Chapter 2

Manuf. Process. 62 (2021) 430—439. https://doi.org/10.1016/j.jmapro.2020.12.045.

T. Klein, M. Schnall, B. Gomes, P. Warczok, D. Fleischhacker, P.J. Morais, Wire-arc
additive manufacturing of a novel high-performance Al-Zn-Mg-Cu alloy: Processing,
characterization and feasibility demonstration, Addit. Manuf. 37 (2021) 101663.
https://doi.org/10.1016/j.addma.2020.101663.

D. Herzog, V. Seyda, E. Wycisk, C. Emmelmann, Additive manufacturing of metals,
Acta Mater. 117 (2016) 371-392. https://doi.org/10.1016/j.actamat.2016.07.019.

V. Juechter, T. Scharowsky, R.F. Singer, C. Korner, Processing window and
evaporation phenomena for Ti-6Al-4V produced by selective electron beam melting,

Acta Mater. 76 (2014) 252-258. https://doi.org/10.1016/j.actamat.2014.05.037.

C. Korner, Additive manufacturing of metallic components by selective electron beam
melting - A review, Int. Mater. Rev. 61 (2016)  361-377.
https://doi.org/10.1080/09506608.2016.1176289.

D. Riedlbauer, T. Scharowsky, R.F. Singer, P. Steinmann, C. Kérner, J. Mergheim,
Macroscopic simulation and experimental measurement of melt pool characteristics in
selective electron beam melting of Ti-6Al-4V, Int. J. Adv. Manuf. Technol. 88 (2017)
1309-1317. https://doi.org/10.1007/s00170-016-8819-6.

X. Gong, T. Anderson, K. Chou, Review on powder-based electron beam additive
manufacturing Technology, Manuf. Rev. 1 (2014).
https://doi.org/10.1051/mfreview/2014001.

Y. Zhang, L. Wu, X. Guo, S. Kane, Y. Deng, Y.G. Jung, J.H. Lee, J. Zhang, Additive
Manufacturing of Metallic Materials: A Review, J. Mater. Eng. Perform. 27 (2018) 1-
13. https://doi.org/10.1007/s11665-017-2747-y.

C.Y. Yap, CK. Chua, Z.L. Dong, Z.H. Liu, D.Q. Zhang, L.E. Loh, S.L. Sing, Review
of selective laser melting: Materials and applications, Appl. Phys. Rev. 2 (2015).
https://doi.org/10.1063/1.4935926.

G. Scamans, H.-T. Li, J.L. Nebreda, J. Patel, I. Stone, Y. Wang, X. Yang, Z. Fan,
Advanced Casting Technologies Using High Shear Melt Conditioning, in: Fundam.
Alum. Metall., Elsevier, 2018: pp. 249-277. https://doi.org/10.1016/b978-0-08-102063-
0.00008-4.

M. Simonelli, C. Tuck, N.T. Aboulkhair, I. Maskery, I. Ashcroft, R.D. Wildman, R.

30



[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Chapter 2

Hague, A Study on the Laser Spatter and the Oxidation Reactions During Selective
Laser Melting of 316L Stainless Steel, Al-Si10-Mg, and Ti-6Al-4V, Metall. Mater.
Trans. A Phys. Metall. Mater. Sci. 46 (2015) 3842-3851.
https://doi.org/10.1007/s11661-015-2882-8.

L. Thijs, K. Kempen, J.P. Kruth, J. Van Humbeeck, Fine-structured aluminium products
with controllable texture by selective laser melting of pre-alloyed AlSil10Mg powder,
Acta Mater. 61 (2013) 1809-1819. https://doi.org/10.1016/j.actamat.2012.11.052.

R. Xiao, X. Zhang, Problems and issues in laser beam welding of aluminum-—lithium
alloys, J. Manuf. Process. 16 (2014) 166—-175.
https://doi.org/10.1016/J.JMAPRO.2013.10.005.

M. Islam, T. Purtonen, H. Piili, A. Salminen, O. Nyrhild, Temperature profile and
imaging analysis of laser additive manufacturing of stainless steel, in: Phys. Procedia,

Elsevier, 2013: pp. 835-842. https://doi.org/10.1016/j.phpro.2013.03.156.

A. Aversa, M. Moshiri, E. Librera, M. Hadi, G. Marchese, D. Manfredi, M. Lorusso, F.
Calignano, S. Biamino, M. Lombardi, M. Pavese, Single scan track analyses on
aluminium based powders, J. Mater. Process. Technol. 255 (2018) 17-25.
https://doi.org/10.1016/j.jmatprotec.2017.11.055.

T. Qi, H. Zhu, H. Zhang, J. Yin, L. Ke, X. Zeng, Selective laser melting of Al7050
powder: Melting mode transition and comparison of the characteristics between the
keyhole and conduction mode, Mater. Des. 135 (2017) 257-266.
https://doi.org/10.1016/j.matdes.2017.09.014.

F.Bartolomeu, M. Buciumeanu, E. Pinto, N. Alves, O. Carvalho, F.S. Silva, G. Miranda,
316L stainless steel mechanical and tribological behavior—A comparison between
selective laser melting, hot pressing and conventional casting, Addit. Manuf. 16 (2017)

81-89. https://doi.org/10.1016/j.addma.2017.05.007.

G. Miranda, S. Faria, F. Bartolomeu, E. Pinto, S. Madeira, A. Mateus, P. Carreira, N.
Alves, F.S. Silva, O. Carvalho, Predictive models for physical and mechanical properties
of 316L stainless steel produced by selective laser melting, Mater. Sci. Eng. A. 657
(2016) 43-56. https://doi.org/10.1016/j.msea.2016.01.028.

R. Li, Y. Shi, Z. Wang, L. Wang, J. Liu, W. Jiang, Densification behavior of gas and

water atomized 316L stainless steel powder during selective laser melting, Appl. Surf.

31



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Chapter 2

Sci. 256 (2010) 4350—-4356. https://doi.org/10.1016/j.apsusc.2010.02.030.

D. Kong, X. Ni, C. Dong, X. Lei, L. Zhang, C. Man, J. Yao, X. Cheng, X. Li, Bio-
functional and anti-corrosive 3D printing 316L stainless steel fabricated by selective
laser melting, Mater. Des. 152 (2018) 88—101.
https://doi.org/10.1016/j.matdes.2018.04.058.

G. Sander, J. Tan, P. Balan, O. Gharbi, D .R. Feenstra, L. Singer, S. Thomas, R.G. Kelly,
JR. Scully, N. Birbilis, Corrosion of additively manufactured alloys: A review,

Corrosion. 74 (2018) 1318—1350. https://doi.org/10.5006/2926.

K. Davidson, S. Singamneni, Selective Laser Melting of Duplex Stainless Steel
Powders: An Investigation, Mater. Manuf. Process. 31 (2016) 1543-1555.
https://doi.org/10.1080/10426914.2015.1090605.

H. Wang, B. Zhao, C. Liu, C. Wang, X. Tan, M. Hu, A comparison of biocompatibility

of a titanium alloy fabricated by electron beam melting and selective laser melting, PLoS

One. 11 (2016). https://doi.org/10.1371/journal .pone.0158513.

L.D. Bobbio, R.A. Otis, J.P. Borgonia, R.P. Dillon, A.A. Shapiro, Z.K. Liu, A.M. Beese,
Additive manufacturing of a functionally graded material from Ti-6Al-4V to Invar:

Experimental characterization and thermodynamic calculations, Acta Mater. 127 (2017)

133-142. https://doi.org/10.1016/j.actamat.2016.12.070.

W. Xu, M. Brandt, S. Sun, J. Elambasseril, Q. Liu, K. Latham, K. Xia, M. Qian, Additive
manufacturing of strong and ductile Ti-6Al-4V by selective laser melting via in situ
martensite decomposition, Acta Mater. 85 (2015) 74-84.
https://doi.org/10.1016/j.actamat.2014.11.028.

L.Y. Chen, J.C. Huang, C.H. Lin, C.T. Pan, S.Y. Chen, T.L. Yang, D.Y. Lin, H.K. Lin,
J.S.C.Jang, Anisotropic response of Ti-6Al-4V alloy fabricated by 3D printing selective
laser melting, Mater. Sci. Eng. A. 682 (2017) 389-395.
https://doi.org/10.1016/j.msea.2016.11.061.

G. Marchese, X. Garmendia Colera, F. Calignano, M. Lorusso, S. Biamino, P. Minetola,
D. Manfredi, Characterization and Comparison of Inconel 625 Processed by Selective
Laser Melting and Laser Metal Deposition, Adv. Eng. Mater. 19 (2017).
https://doi.org/10.1002/adem.201600635.

W. Tillmann, C. Schaak, J. Nellesen, M. Schaper, M.E. Aydinéz, K.P. Hoyer, Hot

32



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Chapter 2

isostatic pressing of IN718 components manufactured by selective laser melting, Addit.

Manuf. 13 (2017) 93—-102. https://doi.org/10.1016/j.addma.2016.11.006.

J.J. Lewandowski, M. Seifi, Metal Additive Manufacturing: A Review of Mechanical
Properties, Annu. Rev. Mater. Res. 46 (2016) 151-186.
https://doi.org/10.1146/annurev-matsci-070115-032024.

S. Li, Q. Wei, Y. Shi, C.K. Chua, Z. Zhu, D. Zhang, Microstructure Characteristics of
Inconel 625 Superalloy Manufactured by Selective Laser Melting, J. Mater. Sci.
Technol. 31 (2015) 946-952. https://doi.org/10.1016/j.jmst.2014.09.020.

S. Gorsse, C. Hutchinson, M. Gouné, R. Banerjee, Additive manufacturing of metals: a
brief review of the characteristic microstructures and properties of steels, Ti-6Al-4V and
high-entropy alloys, Sci. Technol. Adv. Mater. 18 (2017) 584-610.
https://doi.org/10.1080/14686996.2017.1361305.

T.B. Sercombe, X. Li, Selective laser melting of aluminium and aluminium metal matrix
composites: Review, Mater. Technol. 31 (2016) 77-85.
https://doi.org/10.1179/1753555715Y .0000000078.

T.D. Ngo, A. Kashani, G. Imbalzano, K.T.Q. Nguyen, D. Hui, Additive manufacturing
(3D printing): A review of materials, methods, applications and challenges, Compos.

Part B Eng. 143 (2018) 172—-196. https://doi.org/10.1016/j.compositesb.2018.02.012.

S.L. Sing, W.Y. Yeong, Laser powder bed fusion for metal additive manufacturing:
perspectives on recent developments, Virtual Phys. Prototyp. 15 (2020) 359-370.
https://doi.org/10.1080/17452759.2020.1779999.

N. Li, S. Huang, G. Zhang, R. Qin, W. Liu, H. Xiong, G. Shi, J. Blackburn, Progress in
additive manufacturing on new materials: A review, J. Mater. Sci. Technol. 35 (2019)

242-269. https://doi.org/10.1016/j.jmst.2018.09.002.

E.O. Olakanmi, R.F. Cochrane, K.W. Dalgarno, A review on selective laser
sintering/melting (SLS/SLM) of aluminium alloy powders: Processing, microstructure,
and properties, Prog. Mater. Sci. 74 (2015) 401-4717.
https://doi.org/10.1016/j.pmatsci.2015.03.002.

J. Zhang, B. Song, Q. Wei, D. Bourell, Y. Shi, A review of selective laser melting of
aluminum alloys: Processing, microstructure, property and developing trends, J. Mater.

Sci. Technol. 35 (2019) 270-284. https://doi.org/10.1016/j.jmst.2018.09.004.

33



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Chapter 2

Q.G. Wang, C.. Davidson, Solidification and precipitation behaviour of Al-Si-Mg
casting alloys, J. Mater. Sci. 42 (2007) 2215. https://doi.org/10.1007/s10853-006-1469-
6.

N. Kang, P. Coddet, C. Chen, Y. Wang, H. Liao, C. Coddet, Microstructure and wear
behavior of in-situ hypereutectic Al-high Si alloys produced by selective laser melting,

Mater. Des. 99 (2016) 120—126. https://doi.org/10.1016/j.matdes.2016.03.053.

L. Hitzler, S. Hafenstein, F.M. Martin, H. Clemens, E. Sert, A. Ochsner, M. Merkel, E.
Werner, Heat Treatments and Critical Quenching Rates in Additively Manufactured Al—-
Si-Mg Alloys, Materials (Basel). 13 (2020) 1-17.

P. Van Cauwenbergh, V. Samaee, L. Thijs, J. Nejezchlebova, P. Sedlak, A. Ivekovi¢, D.
Schryvers, B. Van Hooreweder, K. Vanmeensel, Unravelling the multi-scale structure—

property relationship of laser powder bed fusion processed and heat-treated AlSi10Mg,
Sci. Rep. 11 (2021) 1-15. https://doi.org/10.1038/s41598-021-85047-2.

H.Hyer,L.Zhou, A. Mehta, S. Park, T. Huynh, S. Song, Y. Bai, K. Cho, B. McWilliams,
Y. Sohn, Composition-dependent solidification cracking of aluminum-silicon alloys
during laser powder bed fusion, Acta Mater. 208 (2021) 116698.
https://doi.org/10.1016/j.actamat.2021.116698.

N.T. Aboulkhair, I. Maskery, C. Tuck, I. Ashcroft, N.M. Everitt, On the formation of
AlSi10Mg single tracks and layers in selective laser melting: Microstructure and nano-
mechanical properties, J. Mater. Process. Technol. 230 (2016) 88-98.
https://doi.org/10.1016/j.jmatprotec.2015.11.016.

N.T. Aboulkhair, I. Maskery, C. Tuck, I. Ashcroft, N.M. Everitt, The microstructure and
mechanical properties of selectively laser melted AlSilOMg: The effect of a
conventional T6-like heat treatment, Mater. Sci. Eng. A. 667 (2016) 139-146.
https://doi.org/10.1016/j.msea.2016.04.092.

I. Maskery, N.T. Aboulkhair, A.O. Aremu, C.J. Tuck, [.A. Ashcroft, R.D. Wildman,
R.J.M. Hague, A mechanical property evaluation of graded density Al-Sil0-Mg lattice
structures manufactured by selective laser melting, Mater. Sci. Eng. A. 670 (2016) 264—
274. https://doi.org/10.1016/j.msea.2016.06.013.

N.T. Aboulkhair, I. Maskery, C. Tuck, I. Ashcroft, N.M. Everitt, Improving the fatigue

behaviour of a selectively laser melted aluminium alloy: Influence of heat treatment and

34



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Chapter 2

surface quality, Mater. Des. 104 (2016) 174-182.
https://doi.org/10.1016/j.matdes.2016.05.041.

N.T. Aboulkhair, N.M. Everitt, I. Ashcroft, C. Tuck, Reducing porosity in AlSi10Mg
parts processed by selective laser melting, Addit. Manuf. 1 (2014) 77-86.
https://doi.org/10.1016/j.addma.2014.08.001.

D K. Kim, W. Woo, J.H. Hwang, K. An, S.H. Choi, Stress partitioning behavior of an
AlSi110Mg alloy produced by selective laser melting during tensile deformation using in
situ neutron diffraction, J. Alloys Compd. 686 (2016) 281-286.
https://doi.org/10.1016/j jallcom.2016.06.011.

D. Buchbinder, W. Meiners, K. Wissenbach, R. Poprawe, Selective laser melting of
aluminum die-cast alloy—Correlations between process parameters, solidification
conditions, and resulting mechanical properties, J. Laser Appl. 27 (2015) S29205.
https://doi.org/10.2351/1.4906389.

D. Buchbinder, H. Schleifenbaum, S. Heidrich, W. Meiners, J. Biiltmann, High power
Selective Laser Melting (HP SLM) of aluminum parts, in: Phys. Procedia, Elsevier B.V .,
2011: pp. 271-278. https://doi.org/10.1016/j.phpro.2011.03.035.

U. Tradowsky, J. White, R.M. Ward, N. Read, W. Reimers, M.M. Attallah, Selective
laser melting of AISi10Mg: Influence of post-processing on the microstructural and
tensile  properties  development, Mater. Des. 105 (2016) 212-222.
https://doi.org/10.1016/j.matdes.2016.05.066.

A.Hadadzadeh, B.S. Amirkhiz, M. Mohammadi, Contribution of Mg2Si precipitates to
the strength of direct metal laser sintered AISi10Mg, Mater. Sci. Eng. A. 739 (2019)
295-300. https://doi.org/10.1016/j.msea.2018.10.055.

A. Leon, E. Aghion, Effect of surface roughness on corrosion fatigue performance of
AlSi10Mg alloy produced by Selective Laser Melting (SLM), Mater. Charact. 131
(2017) 188—194. https://doi.org/10.1016/j.matchar.2017.06.029.

M. Cabrini, S. Lorenzi, T. Pastore, S. Pellegrini, E.P. Ambrosio, F. Calignano, D.
Manfredi, M. Pavese, P. Fino, Effect of heat treatment on corrosion resistance of DMLS
AlSi10Mg alloy, Electrochim. Acta. 206 (2016) 346-355.
https://doi.org/10.1016/j.electacta.2016.04.157.

J.C. Hastie, J. Koelblin, M .E. Kartal, M.M. Attallah, R. Martinez, Evolution of internal

35



[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

Chapter 2

pores within AlSi10Mg manufactured by laser powder bed fusion under tension: As-
built and heat treated conditions, Mater. Des. 204 (2021) 109645.
https://doi.org/10.1016/j.matdes.2021.109645.

Q. Liu, H. Wu, M.J. Paul, P. He, Z. Peng, B. Gludovatz, J.J. Kruzic, C.H. Wang, X. Li,
Machine-learning assisted laser powder bed fusion process optimization for AlSi10Mg:

New microstructure description indices and fracture mechanisms, Acta Mater. 201

(2020) 316-328. https://doi.org/10.1016/j.actamat.2020.10.010.

X.J. Wang, L.C. Zhang, M .H. Fang, T.B. Sercombe, The effect of atmosphere on the
structure and properties of a selective laser melted Al-12Si alloy, Mater. Sci. Eng. A.

597 (2014) 370-375. https://doi.org/10.1016/j.msea.2014.01.012.

D. Gu, H. Wang, F. Chang, D. Dai, P. Yuan, Y.C. Hagedorn, W. Meiners, Selective
laser melting additive manufacturing of TiC/AlSi10Mg bulk-form nanocomposites with

tailored microstructures and properties, in: Phys. Procedia, Elsevier B.V., 2014: pp.

108—116. https://doi.org/10.1016/j.phpro.2014.08.153.

P. He, H. Kong, Q. Liu, M. Ferry, JJ. Kruzic, X. Li, Elevated temperature mechanical
properties of TiCN reinforced AISi10Mg fabricated by laser powder bed fusion additive
manufacturing, Mater. Sci. Eng. A. 811 (2021).
https://doi.org/10.1016/j.msea.2021.141025.

K.G. Prashanth, S. Scudino, H.J. Klauss, K.B. Surreddi, L. Lober, Z. Wang, A K.
Chaubey, U. Kiihn, J. Eckert, Microstructure and mechanical properties of Al-12Si

produced by selective laser melting: Effect of heat treatment, Mater. Sci. Eng. A. 590
(2014) 153-160. https://doi.org/10.1016/j.msea.2013.10.023.

M. Liu, T. Wada, A. Suzuki, N. Takata, M. Kobashi, M. Kato, Effect of annealing on
anisotropic tensile properties of al-12%si alloy fabricated by laser powder bed fusion,

Crystals. 10 (2020) 1-14. https://doi.org/10.3390/cryst10111007.

X.P. Li, K.IM. O’Donnell, T.B. Sercombe, Selective laser melting of Al-12Si alloy:
Enhanced densification via powder drying, Addit. Manuf. 10 (2016) 10-14.
https://doi.org/10.1016/j.addma.2016.01.003.

M. Leary, M. Mazur, J. Elambasseril, M. McMillan, T. Chirent, Y. Sun, M. Qian, M.
Easton, M. Brandt, Selective laser melting (SLM) of AlSi12Mg lattice structures, Mater.
Des. 98 (2016) 344-357. https://doi.org/10.1016/j.matdes.2016.02.127.

36



[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Chapter 2

J. Suryawanshi, K.G. Prashanth, S. Scudino, J. Eckert, O. Prakash, U. Ramamurty,
Simultaneous enhancements of strength and toughness in an Al-12Si alloy synthesized
using selective laser melting, Acta Mater. 115 (2016) 285-294.
https://doi.org/10.1016/j.actamat.2016.06.009.

X.P. Li, X.J. Wang, M. Saunders, A. Suvorova, L.C. Zhang, Y J. Liu, M.H. Fang, Z.H.
Huang, T.B. Sercombe, A selective laser melting and solution heat treatment refined Al-

12851 alloy with a controllable ultrafine eutectic microstructure and 25% tensile ductility,

Acta Mater. 95 (2015) 74-82. https://doi.org/10.1016/j.actamat.2015.05.017.

K.G. Prashanth, B. Debalina, Z. Wang, P.F. Gostin, A. Gebert, M. Calin, U. Kiihn, M.
Kamaraj, S. Scudino, J. Eckert, Tribological and corrosion properties of Al-12Si
produced by selective laser melting, J. Mater. Res. 29 (2014) 2044-2054.
https://doi.org/10.1557/jmr.2014.133.

O. Gharbi, D. Jiang, D .R. Feenstra, S.K. Kairy, Y. Wu, C.R. Hutchinson, N. Birbilis,
On the corrosion of additively manufactured aluminium alloy AA2024 prepared by
selective laser melting, Corros. Sci. 143 (2018) 93-106.
https://doi.org/10.1016/j.corsci.2018.08.019.

B. Ahuja, M. Karg, K.Y. Nagulin, M. Schmidt, Fabrication and characterization of high
strength Al-Cu alloys processed using Laser Beam Melting in metal powder bed, in:
Phys. Procedia, Elsevier B.V,, 2014: pp- 135-146.
https://doi.org/10.1016/j.phpro.2014.08.156.

H.Zhang, H. Zhu, X. Nie, T. Qi, Z. Hu, X. Zeng, Fabrication and heat treatment of high
strength Al-Cu-Mg alloy processed using selective laser melting, in: Laser 3D Manuf.

III, SPIE, 2016: p. 97380X. https://doi.org/10.1117/12.2211362.

R. Casati, J.N. Lemke, A.Z. Alarcon, M. Vedani, Aging Behavior of High-Strength Al
Alloy 2618 Produced by Selective Laser Melting, Metall. Mater. Trans. A Phys. Metall.
Mater. Sci. 48 (2017) 575-579. https://doi.org/10.1007/s11661-016-3883-y.

H. Zhang, H. Zhu, T. Qi, Z. Hu, X. Zeng, Selective laser melting of high strength Al-
Cu-Mg alloys: Processing, microstructure and mechanical properties, Mater. Sci. Eng.

A. 656 (2016) 47-54. https://doi.org/10.1016/j.msea.2015.12.101.

Y. Qi, H. Zhang, J. Zhu, X. Nie, Z. Hu, H. Zhu, X. Zeng, Mechanical behavior and

microstructure evolution of Al-Cu-Mg alloy produced by laser powder bed fusion:

37



[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Chapter 2

Effect of heat treatment, Mater. Charact. 165  (2020) 110364.
https://doi.org/10.1016/j.matchar.2020.110364.

H.Zhang,H. Zhu, X.Nie,J. Yin, Z. Hu, X. Zeng, Effect of Zirconium addition on crack,
microstructure and mechanical behavior of selective laser melted Al-Cu-Mg alloy, Scr.

Mater. 134 (2017) 6-10. https://doi.org/10.1016/j.scriptamat.2017.02.036.

E. Louvis, P. Fox, C.J. Sutcliffe, Selective laser melting of aluminium components, J.
Mater. Process. Technol. 211 (2011) 275-284.
https://doi.org/10.1016/j.jmatprotec.2010.09.019.

S.Z. Uddin, L.EE. Murr, C.A. Terrazas, P. Morton, D.A. Roberson, R.B. Wicker,
Processing and characterization of crack-free aluminum 6061 using high-temperature

heating in laser powder bed fusion additive manufacturing, Addit. Manuf. 22 (2018)
405—-415. https://doi.org/10.1016/j.addma.2018.05.047.

M. Opprecht, J.P. Garandet, G. Roux, C. Flament, M. Soulier, A solution to the hot
cracking problem for aluminium alloys manufactured by laser beam melting, Acta

Mater. 197 (2020) 40-53. https://doi.org/10.1016/j.actamat.2020.07.015.

A. Mehta, L. Zhou, T. Huynh, S. Park, H. Hyer, S. Song, Y. Bai, D.D. Imholte, N.E.
Woolstenhulme, D.M. Wachs, Y. Sohn, Additive manufacturing and mechanical
properties of the dense and crack free Zr-modified aluminum alloy 6061 fabricated by
the laser-powder bed fusion, Addit. Manuf. 41 (2021) 101966.
https://doi.org/10.1016/j.addma.2021.101966.

L.F. (Lucio F.. Mondolfo, Aluminum alloys : structure and properties, Butterworths,
1976.

K. Schmidtke, F. Palm, A. Hawkins, C. Emmelmann, Process and mechanical
properties: Applicability of a scandium modified Al-alloy for laser additive
manufacturing, in: Phys. Procedia, Elsevier B.V., 2011: pp. 369-374.
https://doi.org/10.1016/j.phpro.2011.03.047.

S. Begoc, F. Montredon, G. Pommatau, G. Leger, M. Gas, S. Eyrignoux, Additive
manufacturing of Scalmalloy® satellite parts, Proc. 8th Eur. Conf. Aeronaut. Sp. Sci.

(2019) 1-15. https://doi.org/10.13009/EUCASS2019-677.

P. Jakkula, G. Ganzenmiiller, F. Gutmann, A. Pfaff, J. Mermagen, S. Hiermaier, Strain
Rate Sensitivity of the Additive Manufacturing Material Scalmalloy®, J. Dyn. Behav.

38



[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Chapter 2

Mater. (2021). https://doi.org/10.1007/s40870-021-00298-4.

A .B. Spierings, K. Dawson, K. Kern, F. Palm, K. Wegener, SLM-processed Sc- and Zr-
modified Al-Mg alloy: Mechanical properties and microstructural effects of heat
treatment, Mater. Sci. Eng. A. 701 (2017) 264-273.
https://doi.org/10.1016/j.msea.2017.06.089.

A.B. Spierings, K. Dawson, P.J. Uggowitzer, K. Wegener, Influence of SLM scan-speed
on microstructure, precipitation of Al3Sc particles and mechanical properties in Sc- and
Zr-modified  Al-Mg alloys, = Mater.  Des. 140 (2018) 134-143.
https://doi.org/10.1016/j.matdes.2017.11.053.

A.B. Spierings, K. Dawson, P. Dumitraschkewitz, S. Pogatscher, K. Wegener,
Microstructure characterization of SLM-processed Al-Mg-Sc-Zr alloy in the heat treated
and HIPed condition, Addit. Manuf. 20 (2018) 173-181.
https://doi.org/10.1016/j.addma.2017.12.011.

Q.Jia,F.Zhang, P. Rometsch, J. Li, J. Mata, M. Weyland, L. Bourgeois, M. Sui, X. Wu,
Precipitation kinetics, microstructure evolution and mechanical behavior of a developed
Al-Mn-Sc alloy fabricated by selective laser melting, Acta Mater. 193 (2020) 239-251.
https://doi.org/10.1016/j.actamat.2020.04.015.

Q. Jia, P. Rometsch, S. Cao, K. Zhang, X. Wu, Towards a high strength aluminium alloy
development methodology for selective laser melting, Mater. Des. 174 (2019).
https://doi.org/10.1016/j.matdes.2019.107775.

Q. Jia, P. Rometsch, P. Kiirnsteiner, Q. Chao, A. Huang, M. Weyland, L. Bourgeois, X.
Wu, Selective laser melting of a high strength Al[sbnd]Mn[sbnd]Sc alloy: Alloy design
and  strengthening  mechanisms, Acta Mater. 171 (2019) 108-118.
https://doi.org/10.1016/j.actamat.2019.04.014.

J. R. Davies, Corrosion of aluminum and aluminum alloys, 1999.

https://doi.org/10.1361/caaal999p025.

L.F. (Lucio F.. Mondolfo, Al-Mg-Zn alloys - A review of the literature, Res. Dev.
Center, Reverse Copp. Brass Inc.,. (1967).

N. Kaufmann, M. Imran, T.M. Wischeropp, C. Emmelmann, S. Siddique, F. Walther,
Influence of process parameters on the quality of aluminium alloy en AW 7075 using

Selective Laser Melting (SLM), in: Phys. Procedia, Elsevier B.V., 2016: pp. 918-926.

39



[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Chapter 2

https://doi.org/10.1016/j.phpro.2016.08.096.

M.L. Montero Sistiaga, R. Mertens, B. Vrancken, X. Wang, B. Van Hooreweder, J.P.
Kruth, J. Van Humbeeck, Changing the alloy composition of Al7075 for better
processability by selective laser melting, J. Mater. Process. Technol. 238 (2016) 437—
445 . https://doi.org/10.1016/j.jmatprotec.2016.08.003.

R.S. Mishra, S. Thapliyal, Design approaches for printability-performance synergy in
Al alloys for laser-powder bed additive manufacturing, Mater. Des. 204 (2021) 109640.
https://doi.org/10.1016/j.matdes.2021.109640.

S K. Kairy, O. Gharbi, J. Nicklaus, D. Jiang, C.R. Hutchinson, N. Birbilis, On the
Characterization of a Hitherto Unreported Icosahedral Quasicrystal Phase in Additively
Manufactured Aluminum Alloy AA7075, Metall. Mater. Trans. A Phys. Metall. Mater.
Sci. 50 (2019) 529-533. https://doi.org/10.1007/s11661-018-5025-1.

O. Gharbi, S. Kumar Kairy, P.R. De Lima, D. Jiang, J. Nicklaus, N. Birbilis,
Microstructure and corrosion evolution of additively manufactured aluminium alloy
AA7075 as a function of ageing, Npj Mater. Degrad. 3 (2019).
https://doi.org/10.1038/s41529-019-0101-6.

J.H. Martin, B.D. Yahata, J.M. Hundley, J.A. Mayer, T.A. Schaedler, T.M. Pollock, 3D
printing of high-strength aluminium alloys, Nature. 549 (2017) 365-369.
https://doi.org/10.1038/nature23894.

S.Y. Zhou, Y. Su, H. Wang, J. Enz, T. Ebel, M. Yan, Selective laser melting additive
manufacturing of 7xxx series Al-Zn-Mg-Cu alloy: Cracking elimination by co-
incorporation of Si and TiB2, Addit. Manuf. 36 (2020).
https://doi.org/10.1016/j.addma.2020.101458.

L.Li,R.Li, T. Yuan, C. Chen, Z. Zhang, X. Li, Microstructures and tensile properties
of a selective laser melted Al-Zn—-Mg—Cu (Al7075) alloy by Si and Zr microalloying,
Mater. Sci. Eng. A. 787 (2020) 139492. https://doi.org/10.1016/j.msea.2020.139492.

C. Galy, E. Le Guen, E. Lacoste, C. Arvieu, Main defects observed in aluminum alloy
parts produced by SLM: From causes to consequences, Addit. Manuf. 22 (2018) 165—
175. https://doi.org/10.1016/j.addma.2018.05.005.

D. Dai, D. Gu, R. Poprawe, M. Xia, Influence of additive multilayer feature on

thermodynamics, stress and microstructure development during laser 3D printing of

40



[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Chapter 2

aluminum-based material, Sci. Bull. 62 (2017) 779-787.
https://doi.org/10.1016/j.scib.2017.05.007.

M. Rappaz, J.-M. Drezet, M. Gremaud, A New Hot-Tearing Criterion, 1999.

C.E. Cross, N. Coniglio, P. Schempp, M. Mousavi, Critical Conditions for Weld
Solidification Crack Growth, in: Hot Crack. Phenom. Welds III, Springer Berlin
Heidelberg, 2011: pp. 25-41. https://doi.org/10.1007/978-3-642-16864-2_2.

S. Kou, A criterion for cracking during solidification, Acta Mater. 88 (2015) 366—-374.
https://doi.org/10.1016/j.actamat.2015.01.034.

G. Mathers, The welding of aluminium and its alloys, CRC Press, 2002.

J. Liu, S. Kou, Susceptibility of ternary aluminum alloys to cracking during
solidification, Acta Mater. 125 (2017) 513-523.
https://doi.org/10.1016/j.actamat.2016.12.028.

S. Li, D. Apelian, HOT TEARING OF ALUMINUM ALLOYS A CRITICAL
LITERATURE REVIEW, 2011.

Y.L. Wu, F.H. Froes, A. Alvarez, C.G. Li, J. Liu, Microstructure and properties of a new
super-high-strength AIZnMgCu alloy C912, 1997.

M. De Sanctis, Structure and properties of rapidly solidified ultrahigh strength AI-Zn-
Mg-Cu alloys produced by spray deposition, 1991.

H.Li, F. Cao, S. Guo, Y. Jia, D. Zhang, Z. Liu, P. Wang, S. Scudino, J. Sun, Effects of
Mg and Cu on microstructures and properties of spray-deposited Al-Zn-Mg-Cu alloys,
J. Alloys Compd. 719 (2017) 89-96. https://doi.org/10.1016/j.jallcom.2017.05.101.

M.M. Sharma, M.F. Amateau, T.J. Eden, Mesoscopic structure control of spray formed
high strength Al-Zn-Mg-Cu alloys, Acta Mater. 53 (2005) 2919-2924.
https://doi.org/10.1016/j.actamat.2005.03.007.

M.M. Sharma, Microstructural and mechanical characterization of various modified
T7XXX series spray formed alloys, Mater. Charact. 59 (2008) 91-99.
https://doi.org/10.1016/J. MATCHAR .2007.01.013.

H. Yu, M. Wang, Y. Jia, Z. Xiao, C. Chen, Q. Lei, Z. Li, W. Chen, H. Zhang, Y. Wang,
C. Cai, High strength and large ductility in spray-deposited Al-Zn-Mg-Cu alloys, J.
Alloys Compd. 601 (2014) 120-125. https://doi.org/10.1016/j.jallcom.2014.02.126.

41



Chapter 2

[141] T.G. Spears, S.A. Gold, In-process sensing in selective laser melting (SLM) additive
manufacturing,  Integr.  Mater.  Manuf.  Innov. 5 (2016) 1640.
https://doi.org/10.1186/s40192-016-0045-4.

[142] D. Gu, H. Wang, D. Dai, Laser Additive Manufacturing of Novel Aluminum Based
Nanocomposite Parts: Tailored Forming of Multiple Materials, J. Manuf. Sci. Eng.
Trans. ASME. 138 (2016). https://doi.org/10.1115/1.4030376.

42



3

Research aims

43



Chapter 3

A review of available literature indicates that there is not only an increasing motivation to
expand the portfolio Al-alloys, but also a major deficiency in Al-alloys designed for additive
manufacturing. Specifically, LPBF prepared Al-Zn-Mg alloys that may be utilised for high
strength applications in the transportation sector, have not received dedicated attention from a
design-directed perspective. One approach for LPBF fabrication of Al-Zn-Mg alloys is to
modify the composition of existing commercial alloys. However, the key issues that hinders
such a (traditional) approach, includes the need for expensive alloying additions, the possibility

of hot cracking, and the development of excess porosity. Therefore, it is necessary to design

novel and affordable Al-alloys in the Al-Zn-Mg system without hot cracking, that are

specifically tailored to utilise the benefits of rapid solidification through LPBF.

The aim of this research is to design, produce and characterise a cost-effective and high
strength Al-Zn-Mg alloy, derived from excess Zn and Mg additions afforded through

LPBF, in net-shape.

A principle hypothesis for this research was that the addition of an excess of solute (namely Zn
and Mg) will further promote the formation of strengthening second phase particles; aiding in
the improvement of mechanical properties. This research will contribute to the field of Al-
alloys prepared by AM, via providing significant insights in the exploration of an Al-alloy

system capable of solute hyperloading without hot cracking.

In the approach herein, novel compositions with low hot cracking susceptibility were
rationalised based on solidification modelling of a range of Al-Zn-Mg alloys, with a varying
Zn:Mg ratio. The experimental workflow to achieve the objective of the present study was as

follows:
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Chapter 3

1. LPBF processing of the selected Al-Zn-Mg alloy compositions:

— Design of high solute Al-Zn-Mg alloys with the aid of CALPHAD and thermodynamic
databases, along with knowledge based on archival literature.

— Optimising the processing parameters of LPBF prepared Al-Zn-Mg alloys, including
laser power, laser scan speed, hatch spacing and spot size, to fabricate near-dense
samples in net-shape.

— Analysis of the as-LPBF microstructure using scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and x-ray diffraction (XRD), along with
mechanical property testing including hardness measurements and uniaxial tensile

testing.

2. Heat treatment of the LPBF prepared high solute Al-Zn-Mg alloy and evaluation of changes

in microstructure and mechanical properties:

— Subject LPBF prepared high solute Al-Zn-Mg alloys to several heat treatment
conditions such as direct heat treatment, solutionising heat treatment and ageing heat
treatment.

— Evaluate the alteration of microstructural and mechanical properties as a result of heat

treatment.

3. Evaluation of corrosion behaviour of high solute Al-Zn-Mg alloys:

— Perform electrochemical and exposure tests to evaluate the corrosion rate of as-LPBF

and heat treated high solute Al-Zn-Mg alloys, along with their corrosion morphology.

4. In-situ characterisation of second phase particles to understand their effect in mechanical

properties:

— Perform in-situ TEM and in-situ XRD to understand the phase transformation occurring

in the high solute alloy at different heat treatment conditions.
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Chapter 4

4.1 Chapter synopsis

This chapter is focused towards the first objective of the research aim and it is a research paper
with the title, “Laser powder bed fusion of high solute Al-Zn-Mg alloys: Processing,

characterisation and properties” as published in Materials and design.

In this work, three high solute Al-alloys in the Al-Zn-Mg system that displayed low hot
cracking susceptibility and high volume fraction of second phase particles were chosen with
the following compositions (in wt. %): Al-10Zn-2Mg, Al-14Zn-3Mg and Al-18Zn-4Mg, and
were successfully fabricated through laser powder bed fusion (LPBF) process. The high solute
Al-Zn-Mg alloys were characterised using a number of different techniques, namely Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and X-ray Diffraction
(XRD) to assess the microstructure. The microstructure of the high solute Al-alloys processed
through LPBF were unique in comparison to wrought Al-alloys and were decorated with a high
volume fraction of second phase particles. High resolution TEM revealed the presence of a
previously unreported, icosahedral quasicrystalline phase, herein termed as the P-phase. The
alloys were also subjected to mechanical testing where the hardness of the Al-Zn-Mg alloys
varied between 120-160 HV 1 and the tensile properties revealed brittleness of the high solute

Al-alloys in the as-LPBF condition.
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Additive manufacturing of aluminium alloys by laser powder bed fusion (LPBF) has been notionally restricted to a
small number of alloy compositions to avoid hot cracking and excessive porosity. In the present work, three
unique alloy compositions from the Al-Zn-Mg system with high solute content (Zn > 10 wt% and Mg > 2 wt%)
were designed in pursuit of attaining high strength from directly LPBF prepared Al-alloys. The high solute alloys
were successfully fabricated, and in-depth microstructural characterisation and phase identification revealed the
presence of a new quasicrystalline phase, which was named P-phase. The hardness of the alloys were higher than
the existing as-fabricated Al-Zn-Mg alloys and comparable to conventionally fabricated high strength wrought
aluminium alloys, however, the as-built tensile properties revealed brittleness. This study presents an insight
into the possibilities of fabricating high strength Al-Zn-Mg alloys without expensive additions such as Sc or Zr,
through selective laser melting.

TEM © 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

Quasicrystals

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The production of complex components, such as those for aerospace
applications, necessitates the use of intensive machining processes to
achieve desired tolerance and geometry. Such traditional processes
limit design freedom and component complexity [1,2]. On the

* Corresponding author.
E-mail address: abirami.babu@monash.edu (A.P. Babu).

https://doi.org/10.1016/j.matdes.2020.109183

possibility of producing net-shape components, the Laser Powder Bed
Fusion (LPBF) process, commercially known as selective laser melting
(SLM), is a form of powder bed additive manufacturing that has been
demonstrated to be capable of producing complex components from a
variety of alloy materials [3,4]. To date, the SLM of alloys including tita-
nium, nickel and stainless steel has been successful, the fabrication of a
portfolio of Al-alloys via the SLM process has been limited due to the
formation of excessive porosity and hot cracking [3-5]. The most widely
SLM prepared Al-alloys to date include the well optimised cast-alloy-

0264-1275/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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like compositions of AlSi10 Mg (AI-10.67 Si-0.48 Mg wt%) and AlSi12
(Al—12 Si wt%), resulting in close to 100% dense components and
with mechanical properties demonstrating a maximum yield strength
of up to 270 MPa [6-11]. On the contrary, limited studies have been con-
ducted on potentially high strength systems such as the Al-Zn-Cu-Mg
and Al-Cu-Mg alloys, which conventionally have limited weldability
(and would benefit from net-shape fabrication) and of which have a
considerable interest to the aerospace and transportation industry [12].

Of the works that have pursued high strength aluminium alloys via
additive manufacturing (AM) processes, only a few reported attempts
have made with what are considered as traditional wrought-alloy-like
compositions - largely as a result of the formation of hot cracking
being observed [14,15]. However, a recent study by Zhang et al. utilised
LPBF to produce a wrought alloy composition, AA2024 (Al-4.47 Cu-1.95
Mg-0.55 Mn), which resulted in successful fabrication of a high strength
alloy (yield strength ~446 MPa) with the addition of 2 wt% zirconium as
grain refiner [16,17]. By exploiting the rapid solidification achieved in
LPBF processing - by extending the alloy solubility limits - a modified
5xxx series alloy (Scalmalloy: Al-4.5 Mg-0.66 Sc-0.37 Zr-0.17 Si) was
developed by Schmidke et al., with a yield strength of 530 MPa and an
elongation of 14% [18]. Considerable work on LPBF process optimisation
and heat treatment was also performed, and AlsSc precipitates formed
during artificial ageing were reported to be responsible for the increase
in mechanical properties [19,20] - which represent the benchmark for a
balance of strength and ductility for LPBF prepared Al-alloys. Recently,
alloys in the Al-Mn-Sc system (Al-4.52 Mn-1.32 Mg-0.79 Sc-0.74 Zr-
0.05 Si-0.07 Fe) were prepared by LPBF to reach yield strength of
571 MPa - in addition to Al;Sc precipitates, AlsMn was also responsible
for strengthening [20]. Notwithstanding the properties achieved by
Scalmalloy, the pursuit of high strength LPBF prepared Al-alloys that
are Sc-free (and hence cost competitive) remains an active pursuit.

In the context of Al-alloys, more generally, the Al-Zn-Mg alloy sys-
tem offers significant potential for age hardening via the formation of
1 (MgZn,) precipitates (and variants including 1" and Cu-doped 7).
The preliminary feasibility for producing such alloys using LPBF was
studied by Montero-Sistiaga et al. where an alloy of Al-Zn-Mg system
(EN AW 7075) was successfully produced by the addition of 4 wt% Si
to purportedly improve fluidity and minimise hot cracking by reducing
the solidification range [13]. Recently, another approach to controlling
solidification dynamics was studied by Martin et al. by adding zirco-
nium (Zr) nano-nucleants to AA7075 Al-alloy which led to grain refine-
ment, thereby producing a crack-free and moderate strength material
(yield strength ~370 MPa) [21]. In contrast, conventional wrought alu-
minium alloys reveal strengths of over 570 MPa in the case of AA7075
in the T6 condition [12]. Therefore, rather than seeking to fabricate
existing conventional (wrought) alloy compositions, there exists an op-
portunity to develop new alloys commensurate with the unique pro-
cessing afforded by the LPBF method [22].

In the prior pursuit of high strength Al-alloy, Al-Zn-Mg alloys with
high Zn content have been explored for their improved mechanical
properties, however the conventional casting processes for such alloys
have resulted in macrosegregation, cracking and grain coarsening due
to slow cooling [23]. To overcome such issues, rapid solidification tech-
niques such as spray forming (Osprey process) and melt spinning tech-
niques have pushed maximum zinc concentrations to 12 wt%, revealing
yield strengths of 800 MPa [24]. The observed mechanical properties of
such ultra-high strength aluminium alloys were largely dependent on
the volume fraction of additional phases obtained from the control of
spray parameters and heat treatment [25,26]. The ratio of solutes in rap-
idly solidified alloys played an important role in dictating mechanical
properties, where it was demonstrated that Zn + Mg > 15 wt% was
achievable [27] - however, the complexity in controlling process pa-
rameters restricted industrial usage - an aspect that can potentially be
overcome with LPBF processing.

The present study presents the performance of Al-Zn-Mg alloys that
were designed for additive manufacturing (namely LPBF), with the view
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of exploiting rapid solidification to impart high solute concentrations in
achieving high strength. The rapid solidification from the LPBF process is
posited to extend the solid solubility limits of Zn and Mg in the Al-Zn-
Mg system, permitting the fabrication of Al-alloys with Zn > 10 wt%
and Mg > 2 wt%. An added advantage of LPBF is that components may
be produced in a net shape, along with detailed control of process pa-
rameters. Herein, the treatise of such alloys is presented, revealing the
as-fabricated macrostructure, microstructure and mechanical
properties.

2. Experimental methods
2.1. Materials

The high solute alloys considered for this study were nominally Al-
10 Zn-2 Mg, Al-14 Zn-3 Mg and Al-18 Zn-4 Mg (in wt%). The selection
of the compositions studied was rationalised based on solidification
modelling of a range of Al-Zn-Mg alloys (with varying Mg:Zn ratio)
using Thermocalc®. For instances where compositions with low hot
cracking susceptibility were mapped with the aid of Rappaz's hot crack-
ing criterion [28] and Scheil solidification model, it was deemed that
empirical production (as done in this study) may be advantageous.
Owing to CALPHAD calculations being based on thermodynamic data-
base information, the translation of calculated values in the context of
results from LPBF production also forms a basis for the work herein.
The low boiling point and high vapour pressure of Zn and Mg have
been previously reported as leading to preferential Zn and Mg
vaporisation during the LPBF process [29]. Such vaporisation of Zn and
Mg may lead to compositional variations that result in local hot cracking
[28,29]. Therefore, additional Zn and Mg were added to the target com-
position in an attempt to compensate for vaporisation during LPBF. The
custom pre-alloyed powders utilised herein were prepared by argon gas
atomisation and supplied by TLS Technik GmbH. The as received alloy
powder was passed through a 63 pm sieve to remove all oversized par-
ticles that may have formed in the manufacturing of powder using gas
atomisation. The particle size distribution of the sieved powders used
for LPBF fabrication was between 14 and 63 pm, and the detailed pow-
der compositions are provided in Table 1, noting that Fe, Cu and Si pres-
ent as impurities. The elemental composition of the powders and
fabricated samples was determined using Inductively Coupled Plasma
- Atomic Emission Spectroscopy (ICP-AES) at Spectrometer Services®,
VIC, Australia to understand the difference in compositional change
during the fabrication process.

The indicative powder morphology of Al-14Zn-3Mg after sieving is
shown in Fig. 1. It was observed that the powder particles were predom-
inantly spherical with very limited non-spherical or ellipsoid particles.
The LPBF process involves the application of powder in repeated layers
and it is known that the spherical morphology aids in improving the
flowability of the powder particles [32,33]. Studies have also shown

Table 1

Chemical composition and powder size (diameter) distribution of the feedstock powder
and post- LPBF fabricated alloy in wt%, measured using ICP-AES. The post-LPBF composi-
tion was measured from samples that produced maximum relative density.

Element Al-10Zn-2Mg  Al-14Zn-3Mg Al-18Zn-4Mg
Powder Post- Powder Post-LPBF Powder Post-LPBF
LPBF

Zn 10.8 859 147 10.9 19.2 119
Mg 2.3 2.1 3.34 2.79 4.40 3.28
Fe 0.17 0.18 028 0.23 0.23 0.27
Cu 0.02 0.02 0.06 0.06 0.02 0.02
Si 0.07 0.08 0.09 0.10 0.05 0.06
Al Bal Bal Bal

Powder size 16-63 um 18-63 um 14-63 um

distribution
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Fig. 1. Secondary electron image of Al-14Zn-3Mg powder, showing spherical morphology
and size range.

that spherical shape improves the packing efficiency of the powder
which aids in obtaining relatively dense parts [34].

2.2. Alloy production methods

The LPBF process was carried out using a Concept Laser Mlab
Cusing-R. Several cubes that were 10 mm x 10 mm x 10 mm in dimen-
sion were fabricated in a controlled argon atmosphere upon an AA2024
base plate. Such cubes formed the basis of investigating process optimi-
sation for attaining minimum porosity. The processing parameters ex-
plored in this study included varying the laser power and laser scan
speeds, maintaining the oxygen content less than 0.2% at all times.
Herein, laser powers of 90 W and 95 W were utilised, whilst laser
scan speed was varied between 100 mm/s to 800 mmy/s. An anti-
parallel scanning strategy was adopted herein, where the subsequent
layers were rotated by 90°. The hatch spacing, laser spot size and
layer thickness were maintained at 0.07 mm, 50 pm and 25 pm, respec-
tively. Square plates of 17 mm x 5 mm were fabricated for XRD sam-
ples. Specimens for tensile testing (60 mm long) were fabricated in
the vertical direction in the so-called ‘dog-bone’ shape of 16 mm
gauge length and a cross-section of 5 mm as shown in Fig. 2.

2.3. Microstructural characterisation

The specimen cubes were cut from the base plate using a Struers®
Discotom-6. To avoid oxidation layers developed during fabrication,

Fig. 2. Dimensions of the tensile specimens used in the present study.
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the individual cubes were cross-sectioned to a depth of 2 mm and
polished perpendicular to their build direction in order to estimate
their average porosity. The samples were metallographically prepared
to a P2500 grit finish using silicon carbide paper, followed by polishing
to a 1 pm finish using diamond suspension. The porosity of LPBF pre-
pared samples was studied using an Olympus GX51 optical microscope.
Average porosity was estimated using five representative optical micro-
graphs which were collected at the same magnification. The fraction of
surface area that was porous was analysed using the Image] software.

Scanning electron microscopy (SEM) was performed using a FEI®
Quanta 3D FEG. Specimens for SEM were polished to a 0.01 um surface
finish using colloidal silica suspension.

Transmission electron microscopy was performed using an FEI®
Tecnai G2 T20 and FEI Tecnai G? F20 operating at 200 kV for imaging mi-
crostructural features and compositional analysis via energy-dispersive
X-ray spectroscopy (EDXS). In addition, a double corrected FEI® Titan®
80-300 TEM operated at 300 kV was used for atomic resolution imag-
ing. TEM specimen preparation involved the sectioning of LPBF pre-
pared alloys into a 500 pm slice. Such slices were mechanically
thinned to ~100 pm and then punched into 3 mm discs. These discs
were thinned further in order to be electron transparent using a
Gatan® 691 Precision lon Polishing System (PIPS), and plasma cleaned
using a Gatan® Solarus 950 advanced plasma system before TEM imag-
ing. A Bruker X-flash X-ray detector was utilised for collecting EDXS
data, with quantitative analyses was performed using the Bruker® Es-
prit 1.9 X-ray software.

Phase identification via X-ray diffraction (XRD) was performed
using a Bruker® D8 Advance diffractometer, with a Cu K, radiation, op-
erating with a Lynxeye sensitive detector. The specimens for XRD were
prepared perpendicular to the LPBF build direction and were finished to
a P2500 grit. Diffraction analysis was performed with a 26 angle be-
tween 30° and 80° with a step size of 0.02°, at a generator voltage of
40 kV and an X-ray beam current of 25 mA. Bruker® EVA software
was used for processing of XRD data.

2.4. Mechanical testing

Vickers hardness testing was carried out using Struers® Duramin A-
300, by applying a load of 1 kg for a dwell time of 10 s, upon samples
metallographically prepared to a P2400 grit finish. The average values
of ten hardness measurements taken at different sites upon the samples
constituted the average hardness reported.

Tensile testing was performed at an extension rate of 0.02 mm/s at
room temperature using an Instron® 4050/5500R equipped with a
100 kN load cell. Two samples of every alloy composition were tested
in the as-built state, to ensure the repeatability of the alloys under the
given mechanical conditions.

3. Results
3.1. Optimisation of process parameters

The cubes of Al-14Zn-3Mg produced with different processing con-
ditions upon an AA2024 base plate are shown in Fig. 3. The cubes
were differentiated based on the variation of scan speed and laser
power which was used for the optimisation of minimal porosity. The
cube specimens underwent some form of oxidation as seen in Fig. 3 as
the oxygen content maintained during printing was 0.2%.

Representative optical micrographs from the cube specimens are
shown in Fig. 4. It was observed that porosity increased with scan
speed. For high scan speeds, porosity was irregular in shape with di-
mensions up to 500-530 um, whereas for lower scan speeds, the poros-
ity was reduced to less <50 um. In addition, the irregularity in porosity
(shape) was also minimised at slower laser scan speed. It is believed
that metallurgical pores are observed at lower scan speeds due to gas
entrapment and process turbulence, confined to pores smaller than
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Fig. 3. LPBF fabricated specimens of Al-14Zn-3Mg with different processing parameters
(microstructures of which are presented in Fig. 4).

100 um - whereas larger porosity is principally keyhole porosity which
can be attributed to the incomplete filling of gaps with the molten metal
during rapid solidification [8,30,31]. Such phenomena could be
rationalised based on the alloy microstructures (as shown in Fig. 4)
where small (metallurgical) pores were observed at lower scan speeds
whilst keyhole pores (> 100 um) were present for scan speeds exceed-
ing 300 mm/s. Whilst the micrographs shown in this study are abridged
in number and alloy type, it is noted that for all the alloy compositions
studied herein, near dense high solute Al-Zn-Mg alloys were produced
for the high laser power and slower scanning speeds studied for LPBF.
This is further rationalised on the basis that aluminium has inefficient
laser absorption due to its comparatively high laser reflectivity, and a
higher energy density is favourable for effective melting and fusion.
Similar cases have been reported in LPBF of aluminium alloys where
the combination of high laser power and low scanning speeds resulted
in maximum relative density [14,29].

The change in porosity of Al-14 Zn-3 Mg with respect to the laser
power and scanning speeds was estimated through optical microscopy
and shown in Fig. 5. It can be observed that the porosity followed a
monotonic increase with scan speed, where a maximum porosity of
~18% was obtained for a scan speed of 800 mm/s. Conversely, a mini-
mum porosity of 0.51% was achieved for a sample with laser power of
95 W and a speed of 150 mmy/s.

The process parameters that resulted in the lowest observed po-
rosity of Al-14 Zn-3 Mg was used to fabricate the remaining two
alloy compositions (Al-10 Zn-2 Mg and Al-18 Zn-4 Mg), to minimise
powder utilisation and to maintain a constant energy density. A
laser power of 95 W was chosen with two different scan speeds of
150 mm/s and 175 mmy/s, in pursuit of achieving high (viable) density.
The representative optical micrographs of Al-10 Zn-2 Mg, Al-14 Zn-3
Mg and Al-18 Zn-4 Mg are shown in Fig. 6. The average porosity
that was estimated from the optical micrographs of Al-10 Zn-2 Mg
(Fig. 6a and b) was 0.47% and that of Al-14 Zn-3 Mg (Fig. 6¢c and
d) was 0.38% for samples built at a laser power of 95 W and a scan
speed of 175 mmy/s. This corresponds to an energy density of 310 J/
mm?. However, Al-18Zn-4Mg showed signs of cracking (Fig. 6e and
f) which was attributed to the appreciable loss of Zn and Mg due to
vaporisation, as seen from Table 1. The post-LPBF compositions of
Al-18Zn-4Mg shows that 7.3 wt% of Zn and 1.12 wt% of Mg was lost
through vaporisation. In contrast, for Al-12Zn-2Mg the extent of Zn
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and Mg lost through vaporisation was 2.21 wt% and 0.2 wt%, respec-
tively. Under such conditions it is possible that localised vaporisation
of Zn and Mg leads to the formation of so-called vaporisation cracks.
Fine cracks were evident in Al-18 Zn-4 Mg as shown in Fig. (6e and
6f). The presence of cracking has been previously reported in the
welding of high solute Al-alloys, which was notionally controlled by
minimising the energy density of the laser interaction process [35-
38]. An increase in evaporative loss alters the overall composition of
the alloys. It was observed in the present work, that the rate of
vaporisation for Zn and Mg was increased with an increase in the sol-
ute content of the alloys. Although the vaporisation loss of Zn and Mg
during LPBF was taken into consideration during powder production
and design, in practice, it was realised that a greater extent of solute
was lost from the actual (empirical) LPBF process.

3.2. Microstructural characterisation and phase analysis

The microstructural characterisation of Al-10 Zn-2 Mg, Al-14 Zn-3
Mg and Al-18 Zn-4 Mg was performed via scanning electron micros-
copy (SEM) using backscattered electron imaging, with the resultant
micrographs shown in (Fig. 7 a, 7a’ and 7a”), (7b, 7b’ and 7b”), (7c,
7¢ and 7¢”).

Results from SEM revealed a unique microstructure in comparison
with conventionally (cast and wrought) processed aluminium alloys.
The bright contrast of the second phase particles indicated that they
were enriched with higher atomic number elements; differentiated
from the Al-matrix that was lower in contrast. The microstructures im-
aged at lower magnification depicted U-shape melt pools of different
sizes. The size of the melt pool was proportional, to the hatch spacing
and laser spot size used during the LPBF process, where melt pools
were approximately 27-51 pm wide. The width measured was less
than the hatch spacing of 70 um (0.07 mm) that signified overlapping
of melt pool layers by ~27%. This overlapping resulted in differentiating
the melt pool into three zones as shown in Fig. 7b” that are explained as
follows:

(1) Heat affected zone (HAZ) contained elongated, plate-like particles
which were comparatively large in size, ranging between 1 and 3 pm.

(2) Coarse cellular dendrites were present in the region between HAZ
and fine cellular dendrites with reasonably coarse particles of ~1 pm.
These particles were formed due to high diffusion rates from heat dissi-
pated from the heat affected zone.

(3) Fine cellular dendrites contained a fine distribution of sub-micron,
spherical particles and were present in the inner regions of the melt
pool.

The second phase particles had high number density where their
sizes varied between nanometre to sub-micrometre ranges. Therefore,
characterisation of second phase particles via transmission electron mi-
croscopy (TEM) was deemed necessary, with bright field TEM images of
as fabricated Al-10 Zn-2 Mg, Al-14 Zn-3 Mg and Al-18 Zn-4 Mg alloys
shown in (Fig. 8 a and 8a”), (8b and 8b)” and (8c and 8c”), respectively.

The different size and distribution of the second phase particles were
characterised by TEM based on their existence at different regions of the
melt pool, namely the coarse cellular dendrites, heat affected zone and
the fine cellular dendrites. It was observed that coarse cellular dendrites
(83, 8b and 8c) had particles with diverse morphology and size between
50 nm to ~3 um. In contrast, the heat affected zone (Fig. 8 a’, b’, C’) re-
vealed a completely different microstructure that was comprised of
cell-like structures. These cells varied approximately between
~600 nm - 1.3 um in length and 900 nm - 1.3 pm in width where second
phase particles appeared to nucleate preferentially at such cells. Addi-
tionally, Fig. 8 a”, b”, ¢” revealed that second phase particles were also
observed at apparently random locations that comprised the region of
fine cellular dendrites in the Al-matrix. The particles in this region var-
ied in size between 30 nm to 250 nm. The difference in contrast ob-
served in particles also suggests the coexistence of two or more
phases (Fig. 8a”, 8b” and 8¢”). In order to understand the composition
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Fig. 4. (a) Optical micrographs of Al-14Zn-3Mg at different laser power and scan speed, showing variation in porosity (minimum average porosity of 0.51% was obtained at a laser power of

95 W and scan speed of 150 mmy/s).

and distribution of such phases within the particles, Al-14 Zn-3 Mg was
considered for further detailed characterisation. The diffraction pattern
obtained from one of the second phase particles in as-built Al-14 Zn-3
Mg revealed a 3-fold symmetry (inset in Fig. 8b”). The presence of a 3-
fold symmetry indicates that the particles might be of an icosahedral
quasicrystalline structure. It is also known that such 3-fold symmetry
does not exist in decagonal quasicrystals [39,40].

The distribution of chemical elements in the LPBF prepared Al-14 Zn-
3 Mg was analysed through STEM-EDXS mapping as shown in Fig. 9. Spot
analysis was performed at three different regions highlighted as features
1,2 and 3, in Fig. 9b. The respective compositional analysis of those re-
gionsis tabulated, where Al,Zn and Mg were present as the major solutes,
whereas Fe, Siand O were present as impurities. In general, second phase
particles were rich in Zn and Mg. In addition, it was also observed that
some particles were rich in Si, which may be evidence of Mg,Si (Fig. 9,
Point 1). It is interesting to note the appreciable difference in the solute
content of the Al-matrix that exists at different locations, as determined
from EDXS point analysis in Fig. 9 (Points 2 and 3). An estimate of phases
(phase types) was realised through the compositional analysis from
STEM-EDXS, as a description of precise phase composition was complex
due to particle clustering.

In order to understand the phases within an apparent particle, high
magnification BF-STEM and HAADF-STEM of a single particle is shown
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Fig. 5. Porosity of Al-14Zn-3Mg at different scan speeds for two different laser powers,
namely 90 W and 95 W. The relative density of the sample with minimum porosity is
99.49%.
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Fig. 6. Optical micrographs of Al-Zn-Mg fabricated with laser power of 95 W and at two scanning speeds, 150 mmy/s and 175 mm/s, revealing the typical macro-structures. (a, b) Al-10Zn-
2Mg (average porosity - 0.47%); (¢, d) Al-14Zn-3Mg (average porosity - 0.38%); (e, f) Al-18Zn-4Mg (average porosity 0.76%) revealing cracking associated with localised evaporation of Mg

and Zn.

in (Fig. 10 a and 10b). The features marked as 1 and 2 signified the pres-
ence of two different phases that co-exist with each other. The chemical
composition of the particles was demonstrated from EDXS analysis as
shown in (Fig. 10 c and 10f) with their respective elemental analysis.
It can be seen that Particle 1 and Particle 2 have different compositions
with the latter having a high Zn and Mg content which was confirmed
by the difference in contrast. It was also noted that Particle 1 had a
higher iron content with 1.6 at. % when compared to particle 2 that
had an iron content of only 0.1%. It was also comprehended that a con-
siderable amount of Mg (~3.8 at. %) and Zn (~10.2 at. %) was dissolved in
the Al-matrix as highlighted in the compositional analysis acquired
from Feature 3 in Fig. 10.

In order to confirm the presence of a quasicrystalline phase, high res-
olution STEM was performed for direct imaging. The combination of
high resolution imaging coupled with the Fourier transform of STEM
images permits an understanding regarding the structure of such
nano-crystals present in the LPBF prepared Al-14Zn-3Mg. Characterisa-
tion revealed the unambiguous presence of a quasicrystalline phase,
where lattice images of five-fold and two-fold symmetries revealed an
icosahedral quasicrystal (Fig. 11). The quasi lattice parameter (ag) was

calculated by measuring the edge length of the rhombic tiles that form
the building blocks in quasicrystal models by using Eq. 1 [41,42].

3
ag — T (1)
where ag is the quasi-lattice parameter, T is the golden mean with the
value of 1.618034 and dy is the interplanar spacing between the
brightest beam to the beam corresponding to (211111) as shown by
the line that was measured as 4 nm in Fig. 11 f. The quasi-lattice param-
eter (aR) was calculated for Al-14Zn-3Mg as 0.529 nm using Eq. 1. The
quasicrystal phases with their respective lattice constant that are possi-
ble in the Al-Zn-Mg system are tabulated in Table 2. High solute Al-Zn-
Mg alloys were previously prepared by melt spinning techniques. The
expected second phase after melt spinning was Mgs;(Al, Zn),9, also
known as T-phase, which has an icosahedral structure and was reported
to have a quasi-lattice parameter of 0.515 nm [43]. Gun quenching tech-
niques were also used to fabricate an icosahedral quasicrystal with the
composition Mgs,(Al, Zn, Cu)4g that resulted in the same quasi-lattice
constant of 0.515 nm [44]. Recently, LPBF fabricated AA7075 was also
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Fig. 7. Backscattered electron SEM micrographs of LPBF prepared Al-Zn-Mg at several magnifications. (a,a’ and a”) Al-10Zn-2Mg; (b, b’ and b”) Al-14Zn-3Mg; (c, ¢’ and ") Al-18Zn—4Mg.
The low magnification of the alloys (a, b and ¢) show melt-pool tracks that are developed during the LPBF process. The higher magnification (a”, b” and ¢”) images reveal the presence of

spherical and plate-like particles with fine cellular and coarse dendritic structures.

reported to form a quasicrystal phase, termed as v-phase, which had a
quasi-lattice parameter of 0.49 nm [45,46]. The quasi-lattice parameter
of Al-14 Zn-3 Mg alloy under study was 0.529 nm which is different (in
a statistically significant manner) from the previously reported values -
confirming the presence of an unreported quasicrystalline phase,
termed herein as P-phase.

XRD analysis (Fig. 12) was also performed to confirm the pres-
ence of this new nano-crystal phase and to assess the presence of
other phases. It was identified that the Al-matrix with FCC crystal
structure was present, in addition to the presence of a unique
(non-FCC) phase where the peaks with complex features did not
match those of T-phase or m-phase (MgZn,) (Fig. 12). Therefore,
the un-identified peaks reported are associated with the quasicrys-
talline phase particles, i.e. P-phase, which were present in high-
volume fraction within the alloy. Although other phases that con-
tain elements such as Fe and Si exist (from the TEM study), no ev-
ident peaks from such phases were noticed in X-ray diffraction,
signifying the low number density and low volume fraction of Fe
and Si-containing phases in the alloys.

3.3. Mechanical property evaluation

The hardness of the LPBF fabricated alloys Al-10Zn-2Mg, Al-14Zn-
3Mg and Al-18Zn-4Mg were found to increase with an increase in solute
content (Zn + Mg), as shown in Fig. 13. The average hardness values of
Al-10 Zn-2 Mg, Al-14 Zn-3Mg and Al-18 Zn-4Mg were measured to be
124.4 + 0.5 HV4, 153 + 4.7 HV, and 165.5 + 2.4 HV,, respectively.
The results indicate that the hardness achieved from these alloys is
higher than LPBF-AA7075, which was reported to have a hardness
value of 107 HV [46]. The hardness was also comparable to the previ-
ously reported high strength aluminium alloys fabricated through selec-
tive laser melting, either through Si or Zr additions where hardness
values between 100 and 160 HV have been reported [13,21,42,43].
The high hardness in the Al-Zn-Mg alloys produced herein through
LPBF is attributed to the high population density of the second phase
particles present in the as-build state, in addition to high solute
concentration.

In order to evaluate the strength and ductility of these as-fabricated
alloys with high hardness, tensile tests were performed as shown in
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Fig. 8. TEM micrographs of Al-Zn-Mg at several magnifications - (a,a’ and a”) Al-10Zn-2Mg; (b, b’ and b”) Al-14Zn-3Mg; (c, ¢’ and ") Al—18Zn— 4Mg. The low magnification of the alloys
(a,band c) show coarse cellular dendrites of the melt pool and (&', b’, and ¢’) shows the cell-like structures at the heat affected zone. High magnification (a”, b” and ") images reveal second

phase particles with different contrast with the size range of 50 to 200 nm.

Fig. 14. The results show that the samples failed well before a yield
point, demonstrating the highly brittle nature of these alloys in the as-
built condition- where the extent of ductility was negligible (also
noted by the dashed line in Fig. 14 that would be notionally used to de-
termine the 0.2% proof stress). The fracture morphology indicated the
presence of cleavages, dimples and local occurrences of columnar grains
that were exposed on the fracture surface. This denoted a mixed mode
of failure between a brittle, ductile and intergranular fracture where
similar fracture mechanism has been reported in the SLM of other alu-
minium alloys [15]. The premature samples failure may be contributed
to by the high-volume fraction of second phases present in the as-built
condition - although noting that the tensile properties of such alloy
compositions have not previously been explored. Studies have also
shown that laser spattering affects the final strength of the part which
depends on several factors such as inert gas flow velocity, LPBF scanning
strategy, part placement and the use of recycled powder [58,59]. The
tensile samples used in the present study were carefully placed in the
build plate and fresh powders were utilised to minimise the effect of
spatter. The brittle nature of LPBF fabricated Al-Zn-Mg alloys may also
be attributed to residual stress and high dislocation densities imparted
from rapid solidification, would need further analysis.

Post- LPBF heat treatments would be essential to understand the
evolution of second phase particles as a function of temperature. Heat
treatment will also be essential to impart sufficient ductility to the alloys
that are currently being investigated.

4. Discussion

In the present study, high solute Al-Zn-Mg alloys, without the addi-
tion of non-commodity elements such as Sc or Zr, were successfully fab-
ricated through selective laser melting in net shape and with acceptable
porosity. The macrostructure of the alloys was entirely reliant on pro-
cess parameters such as the laser power and scan speed, where the
size of porosity increased with increase in scan speed, similar to other
aluminium alloys previously fabricated through SLM [14,15,50].

This work also indicates the microstructural features associated with
production by additive manufacturing relevant to the fabrication of ma-
terials layer by layer. It was seen that U-shape melt pools (shown in
Fig. 7 - a,d, g) were controlled by the laser interaction and were formed
as a result of heat flow that is unique to SLM processing. The formation
of such U-shaped structures could be attributed to the temperature gra-
dient formed from the powder surface towards the build direction
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Fig. 9. BF-STEM and HAADF-STEM micrographs of Al-14Zn-3Mg are presented in (a) and (b), respectively, and the corresponding EDXS maps are presented in (c-h). The compositional
variation in at. % of different elements at three different points 1, 2 and 3 are tabulated noting that Si and Fe are present as impurities.

when the heat passes from the top to bottom layer of the already
sintered powder [51]. It is known that the increase in the degree of
constitutional supercooling results in solidification changes from
columnar dendritic mode to equiaxed dendritic mode [52]. This

was realised in the present alloys where the microstructures were
predominantly controlled by the complex thermal cycles existing
in SLM process and had a mixture of columnar and equiaxed den-
drites (bimodal) that contained second phase particles with

Fig. 10. High magnification BF-STEM and HAADF-STEM micrographs of Al-14Zn-3Mg are shown in (a) and (b), respectively, and their corresponding EDXS maps are presented (c-f). The
features labelled as 1 and 2 indicate two individual particles that coexist and feature 3 indicates the Al-matrix. The individual compositions of those features are tabulated in at. %, showing

compositional variation that existed within the mapped region.
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Fig. 11. (a and b) Atomic resolution BF-STEM and ADF-STEM image of a unique quasicrystal along a fivefold symmetry axis. (c) Fourier transformation of ADF-STEM image in (b). (d and
e) Atomic resolution BF-STEM and HAADF-STEM image of a quasicrystal along twofold symmetrical zone axis. (f) Fourier transformation of HAADF-STEM image from (e). The distance

from the diffracted spot with (211111) indices to the non-diffracted beam at the centre is denoted by the line in (f) which was measured as 4 nm~".

Table 2 different size and morphology. The complex thermal cycles from the
Comparison of the quasi-lattice constant of different phases. SLM process resulted in varied degree of constitutional supercooling
Phase Quasi-lattice constant and growth rate across the build surface, resulting in the formation
v-phase 0.49 nm of different zones of the melt pool. It was reported that, during
Mgs2(Al, Zn)49 0515 nm rapid solidification, a large density of dislocations originate as a re-
Identified phase (P-phase) 0.526 nm sult of thermal contraction, arranging into honeycomb-like struc-

tures and commonly termed cellular sub-structures [53]. These
cellular sub-structure boundaries provide nucleation sites for the
evolution of second phase particles which resulted in unique phase

Fig. 12. X-ray diffraction pattern of as-fabricated Al-Zn-Mg through LPBF: (a) Al-10Zn-
2Mg; (b) Al-14Zn-3Mg; (c) Al-18Zn-4Mg; revealing the presence of a second phase Fig. 13. Hardness of LPBF prepared Al-10Zn-2Mg, Al-14Zn-3Mg and Al-18Zn-4Mg in
along with the Al-matrix. comparison with LPBF-AA7075 [48].

57


KKarunakaran
Rectangle


A.P. Babu, S.K. Kairy, A. Huang et al.

Materials and Design 196 (2020) 109183

Fig. 14. Representative tensile data showing the failure before 0.2% proof stress of LPBF prepared Al-10Zn-2Mg (represented by continuous lines) and Al-14Zn-3Mg (represented by dotted
lines). The representative fracture morphology shows the presence of cleavages, dimples and columnar grains that were exposed to the fracture surface denoting a mixed mode of brittle,

ductile and intergranular fracture.

arrangement along the boundaries (Fig. 8 a’, b’, ¢’). Similar structures
decorated with second phase particles were also reported for LPBF of
AA2024, AA7075 and nickel based superalloys [46,54-57]. The coex-
istence of particles also implied that there was solute trapped during
the rapid solidification process which - as solidification progressed,
acted as sites of nucleation for the second phase to form. As the
EDXS method is qualitative, the exact composition of particles
formed was not possible due to particle clustering, nevertheless,
the pursuit of such phenomena and phases warrants future research.
It is noted that traces of Si and Fe were found in the particles, both of
which Si and Fe are present as impurities. What is however notewor-
thy, is that the size of many-micron sized constituent particles (pres-
ent from impurities in cast and wrought alloys) that are notionally
rich in Fe and Si for 2xxx and 7xxx alloys, were not observed in the
alloys herein - confirming that the SLM process is able to annihilate
any coarse particles that are rich in transition metals. The rapid solid-
ification of these high melting temperature elements, in combination
with the Zn and Mg, however, produced complex clustering of sec-
ond phase particles.

The quasicrystalline phase (P-phase) identified in the present
study had a hitherto quasi-lattice constant value which is unre-
ported in the literature [38]. The discovery of a new phase signifies
a novel finding, made possible through additive manufacturing and
modern advanced characterisation techniques - in spite of a cen-
tury of research on the (Al-Zn-Mg) alloy system to date. Such a find-
ing indicates that there remains significant work to be done in (re)
understanding so-called conventional alloy systems in the context
of SLM.

The rapid solidification through SLM facilitated the high concen-
tration of Zn and Mg incorporated in the alloys under consideration.
This was higher than the solute limits achieved through other pow-
der metallurgy and rapid solidification processes, where the maxi-
mum Zn and Mg content was approximately 9 wt% and 3 wt%
respectively [12]. Such high solute alloys resulted in high hardness
that was ~30-40% higher than the additively manufactured
AA7075 and Zr modified AA7075 in the as-built condition previously
reported [21, 46]. However, further heat treatment is required to
modify the brittleness of the alloy in order to permit sufficient
alloy ductility. The research question that arises from this study is
whether the presence of excess solute, or hyperloading with solute,

is universally associated with deteriorated mechanical properties;
Ongoing work to ascertain this question is underway.

5. Conclusions

Novel alloys based on the Al-Zn-Mg system with high solute content
were successfully produced via selective laser melting (SLM), with no
hot cracking and acceptably low porosity. This study revealed the possi-
bility to develop new Al-alloys for additively manufacturing without the
requirement of adding expensive alloying elements - albeit that the op-
timisation of property balance remains underway for the system stud-
ied. Additionally, the present study revealed new insights into the
physical metallurgy of very high solute rich Al-alloys. The following con-
clusions may be drawn from the present work:

* Al-10Zn-2Mg and Al-14Zn-3Mg (wt%) were successfully fabricated
with no visible hot cracking via SLM, with porosities of 0.47% and
0.38%, respectively. The Al-18Zn-4Mg (wt%) alloy showed potential
signs of local cracking due to the localised vaporisation of Zn and Mg.
The microstructure of the alloys investigated was unique to conven-
tionally cast and wrought alloys, exhibiting high volume fraction of
second phase particles along different regions of the melt pool in the
as-built condition.
Transmission electron microscopy revealed the presence of cell-like
structures, which were developed as a result of the complex thermal
cycle during SLM. In addition, several second phase particles with dif-
ferent composition were found to coexist in the Al-matrix.
Previously unreported, a new icosahedral quasicrystalline phase was
determined in the SLM fabricated Al-14Zn-3Mg alloy and was termed
P-phase.
 The hardness of SLM fabricated Al-Zn-Mg alloys (120-160 HV,) was
determined to be higher than SLM fabricated AA7075 samples (=~
108 HV,), in the as-built condition. However, the tensile properties
of the alloys studied herein revealed brittleness and further heat treat-
ment studies are underway to obtain optimum mechanical properties.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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Chapter 5

5.1 Chapter synopsis

This chapter is focused towards heat treatment and mechanical properties of high solute Al-
14Zn-3Mg and it is a research paper with the title, “On the heat treatment and mechanical
properties of a high solute Al-Zn-Mg alloy processed through laser powder bed fusion process”

as published in Materials science & Engineering A.

In this work, the high solute Al-14Zn-3Mg was subjected to different heat treatment conditions
and the corresponding microstructure was evaluated through scanning and transmission
electron microscopy (SEM and TEM). Microstructural characterisation revealed the presence
of high area fraction of n’ and n-MgZn2 precipitates in the Al-matrix as a result of precipitation
heat treatment. The formation of such hardening precipitates were expected to increase the
mechanical properties of high solute Al-14Zn-3Mg, however, the results demonstrated a
compromise in ductility. This behaviour was elucidated in the context of microstructure-
strength relationship, where the results reveal a loss of mechanical properties in Al-alloys when
the area fraction of second phase exceeds ~50%. This study provides significant insights in
revealing the critical solute limits (herein, Zn and Mg) that are fundamental to achieve good

mechanical properties through second phase strengthening in Al-alloys.
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High strength alloys in the Al-Zn-Mg system are primarily strengthened through artificial ageing by the for-
mation of precipitates that are rich in Mg and Zn. In this work, a high solute Al-Zn-Mg alloy with 14 wt% Zn and
3 wt% Mg was prepared using the laser powder bed fusion process (LPBF). Heat treatment of Al-14Zn-3Mg
revealed the presence of a high volume fraction of n° and n-Mg(Zn, Al), precipitates in the Al-matrix, accom-
panied by a compromise of mechanical properties. This was elucidated in the context of microstructure — strength
relationship, where the results demonstrate a loss of mechanical properties in aluminium alloys when the area

fraction of second phases exceeds ~50%. This study is a discrete effort towards revealing the critical solute limits
of Zn and Mg in aluminium that are imperative to achieve high strength through second phase particles — a
fundamental concept that maybe exploited in the future design of high strength Al-alloys through additive

manufacturing.

1. Introduction

Additive manufacturing has emerged over the last decade, resulting
in an evolved landscape of manufacturing across diverse technological
areas. Additive manufacturing techniques utilise an energy source to
build products layer by layer, in contrast to conventional manufacturing
techniques which involve a subtractive process [1]. Furthermore, ad-
ditive manufacturing technology also addresses demand for solutions
that are essential to promote value creation with minimal environmental
impact. Laser powder bed fusion (LPBF), commercially known as se-
lective laser melting (SLM), is a form of additive manufacturing which
has the capability to produce bespoke net-shaped parts that cannot be
fabricated through conventional manufacturing routes. The ASTM de-
fines laser powder bed fusion as a technique that utilises thermal energy
(a laser source) to selectively fuse regions of a powder in order to build
the final component in a layer wise manner based on a computer model
[2]. The benefits of adopting additive manufacturing coupled with the
freedom of design has led to the fabrication of a portfolio of metallic
materials such as aluminium alloys, stainless steels, nickel alloys and
titanium alloys [3].

Of the several metallic materials fabricated through LPBF,
aluminium alloys are gaining increasing interest due to their wide
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spread application in modern manufacturing that necessitates light
weight components with complex geometry. LPBF also promotes
enhanced material properties due to fine grain structures formed as a
result of rapid solidification [4]. Such fine grain microstructures are
attributed to the ultrafast cooling rate (10°-10° K/s), resulting in
increased dislocation densities that may also promote enhanced me-
chanical properties [5]. In the pursuit of achieving improved properties,
considerable work has been reported on the LPBF fabrication of cast
aluminium alloy compositions, such as AlSil0Mg [6-13] and AlSil12
[14] owing to their narrow solidification range. The strength of the
aluminium alloys prepared by LPBF is demonstrably improved by
~30-50% when compared to their respective casting alloys, owing to
the aforementioned factors that promote the formation of a unique
microstructure [13,15]. Conversely however, complexities may also
arise from the cooling rates experienced during the LPBF process, such
that pursuits to further improve the mechanical properties of wrought
aluminium alloys via alloying can pose challenges such as the formation
of hot cracking and porosity [16]. To date, attempts have been made to
directly fabricate or alter the composition of traditional wrought
Al-alloys (such as the 2xxx and 7xxx series Al-alloys) by adding in-
oculants such as Si, Si + TiBy, Zr or Sc to minimise hot cracking during
LPBF fabrication [17-22]. The broader exploration of Al-alloy systems
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that are more resilient to, and exploit, the benefits of rapid solidification
are yet to be widely explored.

To increase the portfolio of LPBF prepared Al-alloys and to concur-
rently improve their mechanical properties, there is a requirement to
design alloy compositions tailored for additive manufacturing. This
concept has been demonstrated with success through the development
of Scalmalloy®, Al-4.5Mg-0.66Sc-0.37Zr-0.17Si (in wt. %); where a
modified 5xxx series aluminium alloy with scandium additions was
designed to exploit the benefits rapid solidification [23,24]. The high
solidification rate existing in the molten melt pool increased the amount
of solute (herein, scandium) that could be trapped in the solid solution
thereby pushing the solubility limits of the alloy system [25], along with
rapid solidification minimising any unwanted reaction between Sc and
other alloying elements (such as Si) [26]. This resulted in improved
properties where a higher Sc solute content increased the formation of
nano-sized AlsSc precipitates [27]. Another new alloy that was designed
for LPBF in the Al-Mn-Sc system is Al-4.52Mn-1.32Mg-0.79Sc-0.74Zr (in
wt. %), where excess manganese was added to improve the solid solu-
tion strengthening of the alloy, in addition to second phase strength-
ening produced by Sc [28]. It can be comprehended that LPBF enables
the addition of excess solute relative to conventional melts, that may
promote the strengthening of aluminium alloys through enhanced solid
solution strengthening in addition to second phase hardening.

In the pursuit of broadening the portfolio of properties of LPBF
prepared Al-alloys, and to minimise alloy cost from expensive elements
(such as Sc and Zr), the further development of Al-alloys for LPBF re-
mains an active pursuit. Al-Zn-Mg alloys are widely used in the aircraft
industry for their excellent strength to weight ratio in combination with
good stress corrosion cracking (SCC) resistance. The main strengthening
contribution in commercial Al-Zn-Mg arises from precipitation hard-
ening, via nano-sized n’ and n Mg (Zn, Al, Cu)z precipitates formed
during artificial ageing. In the context of precipitation hardening — the
supersaturation of solute is of critical importance, such that changes in
solute solubility with temperature may be activated to stimulate fine
particle precipitation [29]. As such, high Zn contents have been
explored in the Al-Zn-Mg system through conventional ingot metal-
lurgy, in order to produce cost-effective Al-alloys with high strength,
however such attempts have resulted in several processing challenges
due to slow cooling in conventional alloy production routes [30]. On the
contrary, other powder metallurgy and rapid solidification techniques,
such as the Osprey process [31,32], have set a practical limit of 12 wt %
Zn that resulted in strengths >840 MPa, but restricted industrial uptake
due to the complexity in processing. The LPBF process has the ability to
overcome alloy processing, as the process results in net shape (i.e. final
shape) components, where rapid solidification may also be exploited to
hyper load solute — offering the prospect of producing low cost, high
strength aluminium alloys. This was reported in a recent prior study,
where high solute Al-Zn-Mg alloys were successfully fabricated through
LPBF with a relative density of 99.6% and revealed a new quasicrystal
phase, termed P-phase, identified for the first time [33].

Herein, a detailed study of post-process heat treatments on the
resulting microstructure and mechanical properties of a high solute
Al-Zn-Mg alloy fabricated using the LPBF process is presented. In
particular, new insights on the effect of high Zn and Mg on the precip-
itation behaviour are systematically evaluated through electron char-
acterisation techniques. The properties of commercially important
aluminium alloys are also correlated with their respective area fraction
of second phases, to understand the inflexion point after which the
mechanical properties deteriorate.

2. Experimental methods
2.1. Material and methods

High solute Al-14Zn-3Mg powders required for LPBF were supplied
by TLS Technik® GmbH. The powders were pre-alloyed and custom
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prepared in an argon atmosphere through the gas atomisation tech-
nique. Table 1 reveals the elemental composition of the as-received
powder (pre-LPBF) and the as-LPBF prepared bulk sample. Composi-
tion was measured using Inductively Coupled Plasma — Atomic Emission
Spectroscopy (ICP-AES) at Spectrometer Services® Australia. The as-
received powder was passed through a 63 pm sieve and the powder
size distribution was maintained between 16 and 63 pm.

A Concept laser Mlab Cusing-R with a laser spot size of 50 pm, laser
power of 95W and scanning speed of 150 mm/s was used to fabricate all
the samples used in this study. The hatch spacing and layer thickness
were maintained at 0.07 mm and 25 pm, respectively. Cubes (with edge
lengths of 10 mm) were prepared from Al-14Zn-3Mg, and sectioned
perpendicular to the build direction for heat treatment studies. Rect-
angular ‘dog-bone’ shape tensile samples with the dimensions shown in
Fig. 1 were also fabricated in the vertical direction and in net shape
through LPBF. All samples were cut off from the build plate using a high
speed saw - Struers® Discotom-6 and were directly used for analysis.

2.2. Heat treatment

Specimens heat treatment at the lower temperatures of 100 °C,
150 °C and 200 °C was carried out using an oil bath, whereas heat
treatment at the higher temperatures of 300 °C, 400 °C and 500 °C was
carried out using a salt bath in order to maintain a uniform temperature
distribution throughout the sample. All specimens were also wrapped in
aluminium foil to minimise the oil or salt contamination during
respective heat treatment.

The heat treatment of Al-14Zn-3Mg was divided into two categories:

(a) Direct heat treatment of the as-LPBF samples at temperatures of
100 °C, 200 °C, 300 °C, 400 °C and 500 °C to understand the
dissolution of rapidly solidified structure from LPBF.

(b) Precipitation strengthening heat treatment that involved sol-
utionising the as-LPBF samples at 500 °C for 4 h, followed by
quenching in water, after which artificial ageing was performed
at 150 °C for several hours to study the evolution of precipitates.

2.3. Microstructural characterisation

Microstructural characterisation was performed using an FEI®
Quanta 3D FEG focussed ion beam - scanning electron microscope (SEM)
operating at 15 kV. Specimens studied were metallographically pre-
pared using silicon carbide papers to a P2500 grit and subsequently
polished using 3 pm and 1 pm diamond suspensions, followed by pol-
ishing in a colloidal silica suspension to attain 0.1 pm surface finish.

Transmission electron microscopy (TEM) was performed using an
FEI® Tecnai G2 T20 and FEI® Tecnai G> F20 (equipped with a high-
angle annular dark field detector), both instruments operating at 200
kV. Compositional analysis via energy dispersive X-ray spectroscopy
(EDXS) was performed in the FEI® Tecnai G2 F20 equipped with a
Bruker® X-flash X-ray detector and Bruker® Esprit 1.9 software. The
specimen preparation for TEM involved punching of 3 mm discs from
thin slices of as-LPBF Al-14Zn-3Mg samples which were then mechan-
ically thinned to ~50 pm. These discs were ion milled using a Gatan®
691 Precision Ion Polishing System (PIPS) that operated at —100 °C.
Finally, specimens were plasma cleaned using a Gatan® Solarus 950
advanced plasma system with an argon and oxygen gas mixture for ~5

Table 1

Chemical composition and powder size (diameter) distribution of the feedstock
powder and post-SLM fabricated Al-14Zn-3Mg in wt. %, measured using ICP-
AES.

Element (wt. %) Zn Mg Fe Cu Si Al
Al-14Zn-3Mg (powder) 14.7 3.34 0.28 0.06 0.09 Balance
Al-14Zn-3Mg (as-LPBF) 10.9 2.79 0.23 0.06 0.1 Balance
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Fig. 1. Dimensions of the tensile samples used in this study.

min prior to TEM analysis.
2.4. Mechanical testing

The samples for hardness testing were metallographically prepared
to a P2500 grit using silicon carbide papers. A Struers® Duramin A-300
was used for hardness measurements by applying 1 kg of load for a dwell
time of 10 s where five measurements were collected for each specimen.

An Instron® 4050/5500R equipped with a 100 kN load cell and an
extension rate of 0.02 mm/s was utilised for tensile testing. The stress-
strain data were recorded through a 10 mm gauge extensometer
where two samples for each condition were tested until fracture to
ensure repeatability.
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3. Results
3.1. As-LPBF Al-14Zn-3Mg microstructure prior to heat treatment

In order to understand the effects of heat treatment in altering the
microstructure, it is essential to evaluate the phases present in
Al-14Zn-3Mg in the as-fabricated (as-LPBF) condition. Fig. 2 (2a and
2b) reveals back scattered electron micrographs of the as-LPBF condi-
tion, where the melt pool is decorated with second phase particles of
different morphology. These particles have been identified as an icosa-
hedral quasicrystalline P-phase [33]. Due to the high solute content in
Al-147Zn-3Mg, a high volume fraction of the P-phase was distributed
throughout the alloy microstructure with sizes ranging from few nano-
meters within the melt pools to ~3 pm along the melt pool boundaries.
The high angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) images denoting the different morphology of
the P-phase are also shown in Fig. 2 (2c and 2d). It was determined that
two or more particles may co-nucleate, where one particle can serve as a
nucleation site for the other. The genesis of the thermodynamics behind
such constituent particles formed in additive manufacturing remains
unclear at this stage, noting that what is observed is a ‘solidification’
microstructure, that has arisen from cooling of local melt pools at a rate
of ~10°-10° K/s.

Fig. 2. (a, b) Representative back scattered electron micrographs of as fabricated (as-LPBF) Al-14Zn-3Mg taken at several magnifications showing the morphology
of P-phase distributed along the melt pool region. (¢, d) HAADF-STEM micrographs of as fabricated Al-14Zn-3Mg highlighting the coexistence of different particles,

where a representative co-existence of particles is differentiated by numbers.
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3.2. Effect of direct heat treatment on the microstructure and mechanical
properties of Al-14Zn-3Mg in the as-LPBF condition

3.2.1. Microstructural characterisation of Al-14Zn-3Mg after direct heat
treatment in the as-LPBF condition

Specimens of as-LPBF Al-14Zn-3Mg were subjected to direct heat
treatment at 100 °C, 200 °C, 300 °C, 400 °C and 500 °C for several
holding times ranging from 2 to 20 h, after which specimens were
analysed using SEM. Fig. 3 shows the representative back scattered
electron micrographs of Al-14Zn-3Mg in the as-LPBF condition that
were directly heat treated at 100 °C, 200 °C, 300 °C, 400 °C and 500 °C,
for 20 h. Even though several holding times were performed during
direct heat treatment, only micrographs obtained following 20 h are
presented in Fig. 3 - as a general representation of microstructure;
however all the other micrographs were analysed in order to quantify
particle dissolution, as reported further below. Fig. 3 (3a and 3b)
confirm the persistent presence of second phase along melt pool
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boundaries at 100 °C and 200 °C, with such second phase having
coarsened in response to heat treatment temperatures of 300 °C
(Figs. 3c) and 400 °C (Fig. 3d). The microstructure obtained at 100 °C
and 200 °C resembled the as-LPBF microstructure, which may indicate
the thermal stability of the P-phase at temperatures up to 200 °C. At
300 °C, the change in microstructure was concomitant with the disso-
lution of P-phase, where inner regions of the melt pool were decorated
with particles that grew in size from few nano meters (at 200 °C) to a few
hundreds of nano meters. However, at 400 °C, these particles further
ripened along with accompanying dissolution of smaller particles,
revealing discontinuous and coarse particles along the melt pool
boundary. However, at 500 °C all the particles from the as-LPBF
microstructure had dissolved and there were no evidence of melt pool
structures as shown in Fig. 3e. Due to the high volume of solute in the
alloy, it is not readily possible to avoid rapid natural ageing of
Al-14Zn-3Mg, which is manifest as sub-micron particles in Fig. 3e. This
phenomena is discussed in subsequent sections. It is also noted that a

Fig. 3. Representative backscattered electron micrographs following the heat treatment of Al-14Zn-3Mg in the as-LPBF condition at (a)100 °C, (b) 200 °C, (c)
300 °C, (d) 400 °C and (e) 500 °C, for 20 h. The micrographs taken at similar magnifications reveal the changes in size and morphology of the second phase particles

with increase in temperature.

66


KKarunakaran
Rectangle


A.P. Babu et al.

small population of particles ranging between ~1 and 3 pm remain
evident in the micrographs taken from as-LPBF Al-14Zn-3Mg directly
heat treated at 500 °C, which are posited to be constituent intermetallics
not soluble at this temperature.

3.2.2. Mechanical testing of Al-14Zn-3Mg after direct heat treatment in
the as-LPBF condition

To understand the thermal stability of the quasicrystalline P-phase,
Fig. 4 (a) reveals the room temperature hardness that was measured
after heat treating as-LPBF Al-14Zn-3Mg at 100 °C, 200 °C, 300 °C,
400 °C and 500 °C with different holding times. It was shown that there
was decrease in the hardness of Al-14Zn-3Mg up to a temperature of
300 °C after which the hardness increased. The maximum softening of
the as-LPBF Al-14Zn-3Mg occurred at 300 °C between a holding time of
4-8 h, which would correspond to solubility of the P-phase. As noted
from Fig. 4, the maximum variations in hardness that were noted at
different temperatures along a holding time of 4 h were selected for
further analysis. Fig. 4b reveals the stress-strain curves for the as-LPBF
samples, which were heat treated at 100 °C, 200 °C, 300 °C and
400 °C for a holding time for 4 h to support the hardness measurements.
The loss of alloy hardness is also likely to be influenced by the alteration
of the rapidly solidified structures that includes fine grains and high
dislocation density, along with alteration of any residual stresses formed
during the LPBF process. Such alterations within the alloy microstruc-
ture also rationalise the results presented in Fig. 4b, whereby a notion-
ally ‘brittle’ response is revealed following heat treatment at 100 °C and
200 °C (due to the presence of quasicrystalline P-phase) is altered to-
wards a significant increase in ductility following heat treatment at
300 °C, due to dissolution of the P-phase. The rapid solidification
imparted from LPBF and the high temperature of melt pools has the
ability the ability to trap solute in the as-fabricated condition. As a
result, trapped solute in the solidified alloy will contribute to precipi-
tation with any increase in temperature (since there is a decreasing
solubility of solute with increasing temperature in the Al-Zn-Mg sys-
tem) with this evident at a temperature of 400 °C where the hardness
and the strength increases with a loss in ductility. There exists a
competition between the simultaneous dissolution of P-phase and pre-
cipitation of other phase between 100 °C and 500 °C which contributes
to the decrease or increase in hardness at different temperatures.
However, as demonstrated herein, the direct heat treatment of
Al-14Zn-3Mg in a single step from as-LPBF condition did not yield
satisfactory mechanical properties, necessitating the investigation of
multi-step heat treatment.

3.3. Evaluation of solutionising temperature and time

Fig. 5 reveals the second phase volume fraction that was calculated
using back scattered electron micrographs (of the nature shown in
Fig. 3) from specimens heat treated between 100 and 500 °C for different
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Fig. 5. Volume fraction of second phase measured at room temperature after
heat treating Al-14Zn-3Mg from the as-LPBF condition at 100 °C, 200 °C,
300 °C, 400 °C and 500 °C for different times. The lowest volume fraction of
second phase particles (1.4%) was obtained at 500 °C/4 h, which was subse-
quently chosen as the solutionising condition for this alloy.

holding times from the as-LPBF condition. It was revealed that the
volume fraction of second phase at all the temperatures increased with
longer holding times. The minimum value of volume fraction of second
phase particles (~1.4%) was obtained for a holding time of 4 h at 500 °C.
Owing to the high level of solute in Al-14Zn-3Mg, obtaining a single
phase region with all solutes being dissolved in the alloy matrix was not
possible. Consequently, the condition where minimum volume fraction
of second phase was obtained was chosen as solution heat treatment
(SHT) condition, which was a treatment of 500 °C for 4 h.

3.4. Effect of ageing on the microstructure and mechanical properties of
Al-14Zn-3Mg after solutionising at 500 °C for 4 h

3.4.1. Ageing response of Al-14Zn-3Mg following solution heat treatment

Al-147Zn-3Mg specimens were subjected to an ageing treatment at
150 °C after solutionising at 500 °C for 4 h, as shown in Fig. 6a.

The variation in Vickers hardness values obtained for the different
heat treatment conditions in comparison to Al-14Zn-3Mg in the as-LPBF
condition are presented in Fig. 6b.

The four different conditions represent in Fig. 6b, namely as-LPBF,
solution heat treated (SHT), naturally aged (NA), and, artificially aged
(AA1 and AA2) that are subsequently considered in this study are

Fig. 4. (a) The hardness profiles of
Al-14Zn-3Mg in the as-LPBF condition measured
at room temperature after direct heat treatment
at 100 °C, 200 °C, 300 °C, 400 °C and 500 °C for
different dwell times. The contour plot shows
that the maximum softening of Al-14Zn-3Mg
occurs at ~300 °C. (b) Representative tensile
data measured at room temperature showing the
strength and ductility of as-LPBF Al-14Zn-3Mg
directly heat treated to the corresponding tem-
peratures of 100 °C, 200 °C, 300 °C and 400 °C
for a holding time of 4 h as denoted in points 1,
2, 3 and 4 shown in (a).
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Fig. 6. (a) Ageing curve of the as-LPBF Al-14Zn-3Mg obtained after solutionising at 500 °C for 4 h and aged at 150 °C for several holding times. (b) Hardness of
Al-14Zn-3Mg obtained at room temperature and following the different heat treatment conditions (described in Table 2). The peak hardness of 223 + 2.3 HV; was

obtained in the AA1 condition.

tabulated in Table 2.

The average hardness of as-LPBF Al-14Zn-3Mg decreased from 153
+ 4.7 to 129 + 4 HV;, following solution heat treatment. It was deter-
mined that ageing at 150 °C caused the hardness to rapidly increase
following solutionising, to a peak hardness of 220 + 3.6 HV; in
approximately 2 h - revealing a rapid age hardening response for
Al-14Zn-3Mg. It is noted that Al-14Zn-3Mg also has a high affinity for
natural ageing following solutionising, where the hardness increased
from 129 + 4 to 171 + 5.6 HV; after 24 h at room temperature. The
decrease in hardness from the as-LPBF condition to the solutionised
condition is principally attributed to the dissolution of the quasicrys-
talline P-phase, and also accompanied by the loss of the rapidly solidi-
fied structure (Fig. 2) from the LPBF process. The rapid increase in
hardness after natural and artificial ageing, is synonymous with the
evolution of strengthening precipitates nucleated from the super satu-
rated solid solution.

3.4.2. Microstructural characterisation of Al-14Zn-3Mg after solutionising
and ageing

The microstructures of Al-14Zn-3Mg in the as-LPBF, NA (500 °C/4
h +25°C/24 h), AA1 (500 °C/4h + 150 °C/2 h) and AA2 (500 °C/4 h +
150 °C/24 h) conditions, were realised using back scattered electron
imaging as shown in Fig. 7.

Specimens from as-LPBF Al-14Zn-3Mg (Fig. 7a) exhibited a
distinctive melt pool arrangement, revealing a non-uniform micro-
structure that also revealed characteristics from the hatch of overlapping
laser tracks. The microstructure included a high density of fine P-phase
particles, which form during solidification of the Al-14Zn-3Mg alloy.
Fig. 7b—d reveals the precipitate distribution for the NA, AA1 and AA2
conditions, where the P-phase and other rapidly solidified structures
were not present. It was also discerned that there were some relatively
coarse second phase particles with a size of ~1 pm distributed along the
grain boundaries in the NA, AA1 and AA2 specimens (Fig. 7b-d). It was
noted that there were no major discernible differences between the
different heat treatment conditions (NA, AA1 and AA2) observed at the
scale of Fig. 7.

To identify the composition of the coarse particles along the grain
boundaries, HAADF-STEM was carried out, with the corresponding
EDXS maps as shown in Fig. 8.

Table 2

Heat treatment parameters and their corresponding designation.
Heat treatment 500 °C/ 500°C/4 h + 500°C/4h + 500 °C/4 h +
condition 4h 25°C/24h 150°C/2h 150 °C/24 h
Designation SHT NA AAl AA2

The composition maps reveal the presence of elements including Zn,
Mg and Fe along the grain boundaries, with particles ranging between
500 nm-2 pm. Finer particles only a few nanometers in size contained Si,
Zn and Mg, and distributed within the grains. It was determined that the
coarse rod-shaped second phase distributed along the grain boundaries
were Fe-containing intermetallics (with Fe present as an impurity in the
Al-14Zn-3Mg powder).

Bright field STEM micrographs highlighting the precipitate distri-
bution within the grains of Al-14Zn-3Mg in different heat treatment
conditions (NA, AA1 and AA2) are revealed in Fig. 9.

A high density of nanoscale Zn-Mg precipitates were observed with a
mixture of spherical and rod-shaped morphology (Fig. 9). Table 3 shows
the edge to edge inter-precipitate spacing, average size and area fraction
of the precipitates which were averaged from 100 different measure-
ments taken from numerous TEM micrographs. The heat treated con-
dition with a peak hardness value, AA1 (500 °C/4 h + 150 °C/2 h),
contained precipitates that were ~4.1 nm in diameter. After prolonged
ageing, these precipitates grew in size resulting in an average precipitate
diameter of 8.8 nm in the AA2 condition (500 °C/4 h + 150 °C/24 h). It
is also noted that the natural ageing of Al-14Zn-3Mg was so efficient
that it resulted in precipitates with an average size of ~8.6 nm (Fig. 9 a)
which is not too dissimilar to the AA2 condition. However, there was a
major difference in the edge-to-edge inter-precipitate distances between
the three conditions (NA, AA1 and AA2) as revealed in Table 3. It was
noted that the inter-precipitate spacing in the sample in naturally aged
condition (NA) was higher than the inter-precipitate spacing in the
artificially aged conditions (AA1 and AA2).

Fig. 10 provides the bright field TEM micrographs for Al-14Zn-3Mg
in the AA1 and conditions, along with the corresponding selected area
diffraction patterns (SADPs) in the <112>,; and <111>4; projections.
The strong diffraction spots arise from the face-centred cubic aluminium
matrix, whilst nanoscale precipitates of semi-coherent )’ are detected at
1/3{220}4; and 2/3{220} 4 positions (in the SADP along <112> and
<111> zone axes for both the conditions). Weak and diffuse streaks
along the {111} direction at {220} positions are also observed in the
<112> zone axes as shown in Fig. 10 (b and e), indicating that the n’
precipitates have formed in the alloy with a platelet morphology. This
correlates with observations in Fig. 9, where a mixture of precipitates
with spherical and rod-shaped morphology may be confirmed as the
metastable n/ precipitates. The streaks along the {111} direction in the
<112> zone axis became stronger for the AA2 condition (Fig. 10e),
indicating that number and size of 1/ precipitates increased as confirmed
from the bright field TEM images (Fig. 10a and d). Fig. 10f also revealed
the presence of stable 1) phase in different orientations as revealed from
imaging in the <111> zone axis for AA2 sample - consistent with the
extensively reported transformation of n° — n with prolonged ageing
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Fig. 7. Backscattered electron micrographs of Al-14Zn-3Mg at (a) as-LPBF condition, (b) NA: 500 °C/4 h + 25 °C/24 h, (c) AA1: 500 °C/4 h + 150 °C/2 h and (d)

AA2: 500 °C/4 h + 150 °C/24 h. The images reveal the presence of relatively coarse particles along grain boundaries and nanoscale particles distributed within the
grains for the NA, AA1 and AA2 conditions.

Fig. 8. (a) HAADF-STEM image of Al-14Zn-3Mg in AA2 condition: 500 °C/4 h + 150 °C/24 h, along with (b—f) corresponding EDXS maps for Zn, Mg, Fe, Si and Al

[34-36]. Weak diffuse spots, previously reported as the GP(II) zones
[371, were visible near {311}/2 on the <112> projection (Fig. 10b and
e). The general precipitation sequence following SHT of the as-LPBF
Al-14Zn-3Mg may be summarised as: Solid solution — GP zones —

Metastable n° — Stable n. This sequence follows the expectations from
conventional (i.e. lower solute rich) 7xxx series Al-alloys [38,39].

In order to calculate the orientation relationship between the matrix
and 1 precipitates, electron diffraction studies were performed on a
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Fig. 9. Bright field STEM micrographs of Al-14Zn-3Mg revealing the variation in size and distribution of second phase particles in the (a) NA, (b) AAl and (c)

AA2 conditions.

Table 3
Average precipitate size and edge-to-edge inter-precipitate spacing of
Al-14Zn-3Mg in different heat treatment conditions.

Heat treatment NA: 500 °C/4 h AA1: 500 °C/4 AA2:500°C/4 h
condition +25°C/24 h h +150°C/2h + 150 °C/24 h
Average precipitate 8.6 4.1 8.8
diameter (nm)
Edge-to-edge inter- 7.4+3.1 35+15 4.9 + 3.6
precipitate spacing, A
(nm)
Average area fraction of 39 + 4 58 + 3.8 55+ 3.8

second phase (%)

single particle as shown in Fig. 11. Selected area diffraction patterns in
<011>4) (Fig. 11b), <112>4; (Fig. 11¢) and <111>4; (Fig. 11d) pro-
jections for Al-14Zn-3Mg in AA1 condition (500 °C/4 h + 150 °C/2 h)
was acquired from a single particle (Fig. 11a). The orientation rela-
tionship between the hexagonal )’ precipitate (lattice parameters of a =
0.496 nm and ¢ = 1.402 nm) and the aluminium matrix was identified
similar to other Al-Zn-Mg alloys as <1010>,//<110>;; <1120>,.//
<112>p); a1 (0001),//{111}4; [20,40-44]. Therefore, it can be eluci-
dated that the high volume fraction of second phase particles present in

Al-14Zn-3Mg are 1’ precipitate.

3.4.3. Mechanical testing of Al-14Zn-3Mg after solutionising and ageing

The mechanical properties of Al-14Zn-3Mg in both the as-LPBF and
heat treated conditions are represented in Fig. 12.

The results reveal that the as-LPBF sample prematurely failed before
yielding, thereby indicating the high brittle nature of the alloy, also
associated with the presence of P-phase. After subjecting the as-LPBF
Al-14Zn-3Mg to solutionising heat treatment at 500 °C for 4 h, the
ductility increased to 9.7%, with a yield strength of 171 MPa and UTS of
261 MPa. After subjecting Al-14Zn-3Mg to natural ageing, the yield
strength increased to 297 MPa and UTS to 387 MPa, with the ductility
falling to a 4.2%. The sample at AA1 condition (500 °C/4 h + 150 °C/2
h) revealed failure of a brittle nature, with the yield stress, UTS and
elongation at 350 MPa, 383 MPa and 1.05%, respectively. However, it
was noted that the AA2 condition with a longer ageing time (500 °C/4 h
+ 150 °C/24 h) displayed a higher strength and ductility compared to
the sample at the peak hardness (AA1) condition. This finding reinforces
the well-recognised need for independent tensile testing, as hardness
testing alone does not necessarily correlate closely with strength and
ductility. The AA2 condition revealed an improved yield strength of 407
MPa, UTS of 447 MPa and elongation of 1.9%.

Empirical testing in the present study was unable to generate

Fig. 10. Bright field TEM micrographs and selected area diffraction patterns (SADPs) obtained from Al-14Zn-3Mg in the following conditions: (a, b and c¢) AA1 and
(d, e and f) AA2. SADP patterns corresponding to <112>,; projection are shown in b and e whereas spots corresponding to <111> 4 projection are shown in ¢ and f.
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Fig. 11. (a) Bright field TEM micrograph from Al-14Zn-3Mg in the AA1 condition. The selected area diffraction patterns (SADPs) correspond to (b) <011>,;
projection, (c) <112>,; projection and (d) <111>4; projection, confirming the presence of n’ phase.

conditions in which Al-14Zn-3Mg was capable of achieving remarkable
properties as a result of possessing a high (Zn and Mg) solute content.
Whilst there was expectations that Al-14Zn-3Mg could produce
strengths in the realm of a gigapascal (GPa) arising from a vast popu-
lation of strengthening precipitates — such a vast precipitate population
in fact was responsible for little or no improvement to strength and
deterioration of ductility. The rationalisation of the results are elabo-
rated below.

4. Discussion
4.1. Microstructural characteristics

The solute rich Al-14Zn-3Mg alloy prepared by LPBF presented a
unique microstructure containing a population of the brittle quasicrys-
talline P-phase. This P-phase is absent in the aluminium alloys prepared
by ingot metallurgy, and forms during rapid solidification. Inherent in
the production from the LPBF process, directional solidification coupled
with rapid cooling resulted in an anisotropic microstructure in as-LPBF
Al-14Zn-3Mg. Solidification particles varied from the micrometre scale
at the melt pool boundaries to a finer (nanometre) scale within the melt
pools regions [5,45]. The microstructural features and scale of as-LPBF
Al-147Zn-3Mg was similar to other aluminium alloys processed through
LPBF, such as AA7075 and AA2024 [18,20,46,47]. It is also noted that in
the case of Al-14Zn-3Mg, the formation of hot cracking did not occur.

Given the poor mechanical properties of the as-LPBF Al-14Zn-3Mg,
it is relevant to discuss the properties and microstructural features that
were developed in Al-14Zn-3Mg following various different heat

treatments. In the context of heat treated LPBF prepared Al-alloys, alloys
in the Al-Sc-Mg-Mn system for LPBF revealed good mechanical proper-
ties in the as-LPBF condition after being directly exposed to a single heat
treatment at 300 °C where solid solution strengthening and second
phase hardening played a major role [23,24,28,48]. However, in the
case of Al-14Zn-3Mg, modifying the P-phase phase through heat
treatment directly applied to the as-LPBF condition did not result in
benefits with regards to mechanical properties. Therefore, it is was
determined herein that Al-14Zn-3Mg required a solutionising heat
treatment (500 °C/4 h) in order to fully dissolve the P-phase, and to
permit subsequent age hardening via additional thermal treatments.

In wrought 7xxx series Al-alloys, it is known that the main
strengthening contribution to the Al-Zn-Mg system arises from the
nano-sized n’ and n Mg(Zn, Al, Cu), precipitates [29]. In the present
study, a high volume fraction of such n and ) precipitates were present
in Al-14Zn-3Mg following artificial aging subsequent to solution heat
treatment. Herein, it was also observed that the size of n’ precipitates
that nucleated in the Al-14Zn-3Mg matrix from different heat treatment
conditions ranged between 3 and 7 nm in diameter - which is similar to
the precipitate size observed in wrought 7xxx series aluminium alloys
[39,49].

From Table 3 and Fig. 12, it can be interpreted that the area fraction
of the second phase was correlated to the alloy yield strength. The area
fractions of second phase reported herein were all determined from
electron microscopy, which is acknowledged as being different — and a
proxy to - the second phase volume fraction. Herein, the Al-14Zn-3Mg
in the NA condition had a lower area fraction of second phase, and a
lower strength than in AAl1 and AA2 conditions. The current
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Fig. 12. Representative tensile data showing the strength and ductility of
Al-14Zn-3Mg for the following conditions: As-LPBF; Solution heat treated
(SHT) at 500 °C/4 h; Naturally aged (NA) at 500 °C/4 h + 25 °C/24 h; artifi-
cially aged (AA1) at 500 °C/4 h + 150 °C/2 h; and artificially aged (AA2) at
500 °C/4 h + 150 °C/24 h. It was determined that the maximum strength was
attained for the AA2 condition and maximum ductility was attained in the
SHT condition.

investigation demonstrates that a yield strength and ultimate tensile
strength of 407 MPa and 447 MPa, respectively, are were achievable in
Al-14Zn-3Mg fabricated in net shape — albeit coupled with low ductility
(<1.9%).

4.2. Mechanical characteristics

To assess the correlation of mechanical properties with respect to the
influence of second phase presence in aluminium alloys, it is useful to
understand the effect of area fraction of second phase with their corre-
sponding properties. The relationship between yield strength, elonga-
tion and the area fraction of second phase particles of several cast,
wrought and LPBF fabricated aluminium alloys are summarised in
Fig. 13. The results obtained from the present study, namely the heat
treated conditions of LPBF prepared Al-14Zn-3Mg that provided me-
chanical properties with a balance of some ductility (namely, 300 °C/4
h, 400 °C/4 h, NA, AA1 and AA2 conditions) were also compared with
the commercial aluminium alloys as shown in Fig. 13.

A general trend was revealed whereby the alloys (including
Al-14Zn-3Mg) portray reduced mechanical properties following the
increase of second phase area fraction beyond ~50%. It is noted that
50% is not proposed as a threshold, as the analysis herein is area fraction
(and not strictly, volume fraction) and a transition at a specific area
fraction is not considered in the present study to be mechanistic, but
instead phenomenological from the assessment carried out. High
strength aluminium alloys such as the AA7075 and AA7150 have area
fraction of second phase between 40 and 50% after which the strength
and ductility is seen to decrease with increasing second phase area
fraction. An important caveat is also made, that conventionally pro-
cessed (wrought) aluminium alloys will have strength contributions
from work hardening effects that are largely absent in the alloys pro-
cessed through LPBF (and always will be absent for any Al-alloys pre-
pared by LPBF). Although, the net shape fabrication of Al-14Zn-3Mg
through LPBF in the AA1 and AA2 condition possess a higher strength
than most cast and wrought Al-alloys, the large population of second
phase particles that dominate the Al-14Zn-3Mg microstructure results
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in negligible ductility — which restrict the maximum obtainable yield
strength but also hinders applications that necessitate ductility. Never-
theless, this study provides two significant insights, which are (i)
exploration of an Al-alloy system capable of solute hyperloading,
without hot cracking, and (ii) a critical understanding of the role of
second phase particles in strengthening. Both of these aspects provides
new insights in the field of Al-alloy design for additive manufacturing —
specifically LPBF. An open question that remains, and will form the basis
of future work, is ‘can there be too much solute?’ in the context of
developing high strength aluminium alloys. The LPBF process opens the
possibility of hyper-loading solute, but also opens the possibility to
unique alloying more generally (even when only confined to composi-
tions that do not suffer hot cracking). For example, the alloy studied
herein may be modified by additions of copper, or manganese, as some
additional examples of future work. The exploration of previously un-
explored Al-alloy compositions will undoubtedly remain a hallmark of
LPBF studies in years to come.

5. Conclusions

High solute aluminium alloys can be successfully fabricated through
LPBF, with opportunities for fabrication of complex components in net
shape. The heat treatment and mechanical properties of such a high
solute Al-14Zn-3Mg alloy were investigated herein. The main findings
of the present study are summarised as follows:

1. The LPBF fabrication of a high solute Al-14Zn-3Mg revealed the
presence of a unique microstructure with limited ductility, due to the
presence of a quasicrystalline P-phase and the presence of a rapidly
solidified microstructure. Direct heat treatment of the samples in as-
LPBF condition resulted in modification of the P-phase with
improvement in mechanical properties compared to the as-
fabricated state.

2. Solutionising heat treatment and natural ageing (500 °C/4 h +
25 °C/24 h) of the LPBF prepared specimens revealed that
Al-147n-3Mg had a significant affinity to age harden when pre-
cipitates with an average diameter of 8.6 nm were distributed
throughout the matrix. Mechanical properties with yield strength of
297 MPa, UTS of 387 MPa and ductility of 4.2% were obtained. Such
properties however, are not monotonically extrapolated from ex-
pectations of lower solute containing (and wrought) Al-Zn-Mg
alloys.

3. After heat treating to the AA1 (500 °C/4 h + 15 °C/2 h) and AA2
(500°C/4 h + 150 °C/24 h) conditions, it was noted that a previously
unreported high area fraction of second phase particles (>50%) were
present in the alloys studied. These second phase particles were
confirmed as the strengthening n’ precipitates with sizes varying
between 4 and 8 nm. Al-14Zn-3Mg in the AA2 (50 °C/4 h + 150 °C/
24 h) condition demonstrated mechanical properties with yield
strength of 407 MPa, UTS of 447 MPa albeit with an elongation of
only 1.9%.

4. Although a high area fraction of precipitates was anticipated to be
commensurate excellent mechanical properties (namely, high
strength), it was realised that there was a loss in strength and
ductility when the area fraction increased beyond ~50%. This pre-
sents a critical finding regarding solute limits for Al-Zn-Mg alloys
being of critical relevance for future alloy design through additive
manufacturing — a process where solute supersaturation is readily
possible.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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Fig. 13. Average yield strength and average elongation of several cast, wrought and LPBF processed Al- alloys plotted against the area fraction of second phase
particles as determined from TEM and SEM image analysis of the alloys listed [12,50-60]. The results obtained from this study corresponds to the following data
points, 11: Al-14Zn-3Mg (300 °C/4 h), 12: Al-14Zn-3Mg (400 °C/4 h), 13: Al-14Zn-3Mg (NA), 14: Al-14Zn-3Mg (AA2) and 15: Al-14Zn-3Mg (AA1).
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Chapter 6

6.1 Chapter synopsis

This chapter evaluates the corrosion behaviour of Al-14Zn-3Mg and it is a research paper with
the title, “On the corrosion of a high solute Al-Zn-Mg alloy produced by laser powder bed

fusion”, as submitted to Corrosion science.

In this work, electrochemical techniques such as potentiodynamic polarisation testing and
electrochemical impedance spectroscopy were utilised to evaluate the corrosion behaviour of
high solute Al-14Zn-3Mg processed through LPBF. In addition, localised corrosion response
of the second phase particles were evaluated through immersion testing in 0.1IM NaCl,
followed by characterisation through scanning electron microscopy (SEM) and optical
profilometry to evaluate the size and distribution of the pits. The findings revealed that the
presence of refined microstructure and annihilation of coarse intermetallic particles in Al-
147Zn-3Mg as a consequence of rapid solidification through LPBF, resulted in reduced cathodic
kinetics relative to AA7075-T6. In addition, the polarisation resistance of as-LPBF Al-14Zn-
3Mg was three times higher than the conventionally processed wrought Al-alloy. Therefore,
this study reveals the key differences in the microstructure and its effects on the
electrochemical behaviour of high solute Al-14Zn-3Mg as a function of processing, and in

contrast to a wrought Al-alloy as a benchmark.
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An additively manufactured aluminium alloy with very high solute content, Al-14Zn-3Mg (wt. %), was studied
herein. Compared to wrought AA7075-T6 as a benchmark, Al-14Zn-3Mg revealed a lower rate of corrosion,
attributed to its microstructure and solute content. Specifically, the lack of coarse intermetallic particles in the
Al-14Zn-3Mg led to reduced cathodic kinetics relative to AA7075-T6. Potentiodynamic polarisation tests and
electrochemical impedance spectroscopy analysis was performed, along with XPS studies of the corresponding

surface films. The findings herein demonstrate the corrosion behaviour of a new high solute aluminium alloy
manufactured in net shape through LPBF.

1. Introduction

The development of high strength aluminium (Al) alloys for aero-
space and transportation applications has resulted in alloys in the Al-Cu,
Al-Cu-Mg, Al-Cu-Li and Al-Zn-Mg-Cu systems, with tensile yield
strengths reaching 570 MPa for wrought products [1,2]. Powder met-
allurgy and rapid solidification techniques have revealed the possibility
to achieve yield strengths on the order of 800 MPa — with niche pro-
cessing tailored to specific applications [3,4].

In the context of advanced and efficient manufacturing, metal ad-
ditive manufacturing has emerged as critical technology to produce
complex components in net shape, with minimal waste generation [5].
Laser powder bed fusion process (LPBF) - a form of metal additive
manufacturing (AM) - is performed using a laser source to fabricate
components in an iterative layer-by-layer manner, based on a computer
model [6,7]. Advantages of metal AM for fabricating certain compo-
nents for aerospace or transportation applications are evident; namely
where complex part production with reduced lead times and high cus-
tomisation are required. To date, the most widely studied aluminium
alloys fabricated through LPBF are Al-10Si-Mg and Al-12Si owing to
their excellent fluidity, which resulted in refined microstructures and
better mechanical properties compared to cast Al-Si alloy counterparts
[8-12]. A characteristic of LPBF is rapid solidification, and extended

* Corresponding author.
E-mail address: nick.birbilis@anu.edu.au (N. Birbilis).

https://doi.org/10.1016/j.corsci.2021.109626

solubility, both of which have been demonstrated in Al-alloys [13,14].
The application of LPBF towards production of higher strength Al-alloys
was also been recently explored. Gharbi et al. studied LPBF produced
AA2024 (Al-Cu-Mg) and AA7075 (Al-Zn-Mg-Cu) - including the corro-
sion of such alloys [15,16]. The general applicability of LPBF to the
range of conventional high-strength Al-alloys has gained recent research
attention, particularly the Al-Zn-Mg system [17,18] which is an
important alloy system for aerospace applications. It was noted that the
7xxx series (Al-Zn-Mg) alloys can suffer hot cracking or contain porosity
when processed through additive manufacturing, due to their large so-
lidification intervals [6,18]. Limited work has been performed to date to
successfully fabricate AM-prepared Al-alloys in the Al-Zn-Mg system,
however work to date has indicated that modification of the traditional
7xxx series alloy compositions (by the addition of Si and Zr) was
important in avoiding hot cracks and processing defects [16,19-23].
However, notwithstanding the properties of AM-prepared Al-Zn-Mg al-
loys reported to date, it remains necessary to develop new aluminium
alloys that are specifically designed for additive manufacturing in order
to fully exploit the prospects offered by AM [14]. Such alloys include the
aluminium alloys Al-4.5Mg-0.66Sc-0.37Zr-0.17Si (wt. %) and
Al-4.52Mn-1.32Mg-0.79Sc-0.74 Zr (wt. %) that were designed with
excess solute, where rapid solidification aided in solute super saturation
that resulted in yield strength of 570 MPa with an elongation to fracture
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of 18 % [24,25]. On this basis, the work herein reports the efforts from a
focused study to produce a newly designed aluminium alloy
(Al-14Zn-3Mg wt. %), which can be considered a 7xxx series Al-alloy
with a hyper loading Zn and Mg. Such solute hyper loading can only
be rationally achieved using the LPBF process, because conventional
casting (which is also a pre-requisite for wrought products) would result
in ingot cracking. Furthermore, the composition of Al-14Zn-3Mg (wt. %)
was also selected and optimised to not suffer hot cracking or excess
porosity, based on the combination of thermodynamic modelling and
experimental trials — which also revealed a new quasi-crystalline phase
in the Al-Zn-Mg system that was hitherto unreported [26]. Hyper solute
loaded Al-alloys can not only address target mechanical properties, but
may also achieve such properties without further processing (as the AM
process can produce components in net-shape).

To date, studies on the corrosion of new Al-alloys that have been
specifically designed for AM are limited, and hence such studies remain
critical for (i) comparison with the conventional wrought aluminium
alloys that are critical to several industrial sectors, and (ii) to critically
assess the corrosion of previously unexplored alloy compositions. The
local composition of second phase particles that form as a result of new
alloying combinations or alloying levels which is directly related to the
corrosion properties of Al-alloys. [27-29].

In terms of critical background, the electrochemical behaviour and
localised corrosion response of AM prepared high strength Al-alloys is
limited to AA2024 [15,30] and AA7075 [16]. Even though both such
alloys are not ‘new’ compositions specifically for AM, both such studies
revealed that the processing conditions associated with LPBF process
resulted in improved corrosion performance of the alloys compared to
wrought counterparts. Namely, traditional micron sized (constituent)
particles present in the wrought alloys were absent following AM pro-
cessing conditions. Furthermore, a refined microstructure resulting in
nanometre-sized particles was present following AM processing. This
difference in microstructure directly improved the corrosion properties
due to reduced cathodic kinetics, which was also posited to be accom-
panied by the formation of a more stable oxide film [15,16].

Previous work regarding the LPBF prepared Al-Zn-Mg alloy system
revealed a distinct microstructure, where a new quasicrystalline phase,
termed P-phase, was reported to form in the high solute Al-Zn-Mg sys-
tem [26,31]. The P-phase, Al-47Zn-29Mg (in at. %), was determined to
have an icosahedral structure with twofold and fivefold symmetry, and a
quasi-lattice constant of 0.529 nm [26]. Evaluation of mechanical
properties of Al-14Zn-3Mg in the as-LPBF and heat treated conditions,
revealed that limited ductility was obtained due to the presence of high
volume fraction of second phase particles [31]. Following this discovery,
it is critical to understand the influence of such second phase particles in
affecting the corrosion of Al-Zn-Mg aluminium alloys tailored for addi-
tive manufacturing. In the present study, the electrochemical behaviour
and corrosion response of the high solute AM-prepared Al-14Zn-3Mg
(wt. %) was studied in three different conditions, namely, the as-LPBF
condition, the solutionised and naturally aged condition, and the sol-
utionised and artificially aged condition.

2. Experimental methods
2.1. Material production methods and heat treatment

Pre-alloyed Al-alloy powders of the target alloy composition were
developed with, and supplied by, TLS Technik GmbH. Alloy powders
were prepared in an argon atmosphere through the gas atomisation
technique resulting in the composition shown in Table 1.

The powder size distribution of the feedstock powders used for LPBF
processing was 16-63 pm. Due to evaporation that may occur as a result
of the high temperature prevailing in the LPBF melt pool, Table 1 also
indicates elemental composition of the bulk specimens produced by
LPBF that were measured using Inductively Coupled Plasma — Atomic
Emission Spectroscopy (Spectrometer Services, Australia). This was
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Table 1
Chemical composition of the feedstock powder and post-SLM fabricated Al-
14Zn-3Mg in wt. %, measured using ICP-AES.

Element (wt. %) Zn Mg Fe Cu Si Al

Al-14Zn-3Mg (powder) 14.7 3.34 0.28 0.06 0.09 Balance

Al-14Zn-3Mg (post LPBF) 10.9 2.79 0.23 0.06 0.1 Balance

done to reveal the composition of alloys after LPBF, quantifying the
difference between the powder and final product composition after any
evaporation during the LPBF process.

A Concept Laser® Mlab Cusing-R was utilised for LPBF, employing a
constant hatch spacing and layer thickness of 70 pm and 25 pm,
respectively. A laser spot size of 50 pm, laser power of 95 W and scan-
ning speed of 150 mm/s was used to fabricate all specimens used in this
study. Cube specimens with 10 mm dimensions were sectioned
perpendicular to the build direction and utilised for all electrochemical
and microstructural testing. The average porosity of samples used was <
0.5 %, as determined by an Olympus GX51 optical microscope and
ImageJ software, with optical analysis utilised to determine the fraction
of surface porosity.

Heat treatment of the as-LPBF prepared Al-14Zn-3Mg samples was
performed according to the following conditions: i) The as-LPBF samples
were solutionised at 500 °C for 4 h, quenched in water and naturally
aged at room temperature for 24 h; termed the naturally aged (NA)
condition. Evaluating the high solute Al-14Zn-3Mg alloy directly in the
as-solutionised state was deemed too challenging, owing to rapid natural
ageing of the alloy. Therefore, a well-defined period of 24 h natural
aging was selected for this work. ii) As-LPBF samples were solutionised
at 500 °C for 4 h, quenched in water, then immediately aged at 150 °C
for 24 h; denoting the artificially aged (AA) condition.

2.2. Microstructural characterisation and immersion testing

Microstructural characterisation using scanning electron microscopy
was carried out using an FEI® Quanta 3D-FEG operating at 15 kV. In-
dividual cube specimens of 10 mm were metallographically prepared
using silicon carbide papers to a P2500 grit finish, followed by polishing
with 3 pm, then 1 pm diamond suspension, and finally followed by
polishing in a 0.1 um colloidal silica suspension. Samples for immersion
testing were also prepared using the aforementioned procedure, and
were immersed in 0.1 M NacCl for different time periods.

2.3. Electrochemical measurements

Electrochemical test specimens were prepared to a P2500 grit finish
followed by ultrasonic cleaning in ethanol. A BioLogic® VMP-3 poten-
tiostat (under the control of EC-Lab® software, version 11.27) was uti-
lised. All the electrochemical testing was performed using a three-
electrode cell (Princeton Applied Research® K0235), and quiescent
0.1 M NaCl. A saturated calomel reference electrode (4244 mV vs.
SHE), and platinum mesh counter electrode were utilised, respectively.
The characteristic response of all specimens was obtained using poten-
tiodynamic polarisation testing and electrochemical impedance spec-
troscopy (EIS).

2.3.1. Potentiodynamic polarisation testing

Potentiodynamic polarisation testing was performed in 0.1 M NaCl
with a potential scan rate of 1 mVs ™, with either following 600 s or 48 h
of open circuit conditioning. Separate anodic and cathodic scans were
conducted, where prior to the tests, the specimens were allowed to
stabilise in the electrolyte for 600 s during which open circuit potential
(OCP) was measured. In this regard, anodic polarisation was performed
from —20 mV vs OCP to 1 mA/cm? and cathodic polarisation was per-
formed from +20 mV vs OCP to -1.6 Vgcg. To ensure repeatability and
consistency of the data, each scan was reproduced at least twice for all
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specimens.

2.3.2. Electrochemical impedance spectroscopy testing

Electrochemical impedance spectroscopy (EIS) was performed in
0.1 M NaCl using a frequency range of 100 kHz — 0.05 Hz (measuring
five points per decade), with an applied potential of +10 mV. Data
collection interval times were; 10 min, 1 h, 24 h, 48 h, 96 h, and 168 h,

Corrosion Science 189 (2021) 109626

respectively. The acquired EIS data was fitted using the EC-Lab soft-
ware® (version 11.27).

2.4. Pit analysis through optical profilometry

Optical profilometry was performed on specimens following 48 h of
immersion in 0.1 M NaCl. A Veeco® WYKO NT1100 optical profilometer

Fig. 1. Secondary electron micrographs of: (a) LPBF Al-14Zn-3Mg, (b) LPBF Al-14Zn-3Mg + NA, (c) LPBF Al-14Zn-3Mg + AA and (d) AA 7075 - T6. Their respective
high magnification STEM micrographs are shown in (a’, b’, ¢’ and d’) (NA: 500 °C / 4 h +25 °C / 24 h and AA: 500 °C / 4 h +150 °C / 24 h).
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was used to measure the depth and number of surface pits. Quantitative
pit analysis was performed using Veeco Vision software® where the field
of view was maintained at 300 pm x 228 pm. Prior to testing, the sam-
ples were cleaned with 10 % nitric acid for 2 min followed by ultrasonic
cleaning to remove any loose products or oxides on the surface.

2.5. X-ray photoelectron spectroscopy (XPS) evaluation

X-ray photoelectron spectroscopy (XPS) was performed using
Thermo Scientific® Nexsa Surface Analysis System calibrated to Au 4f
and equipped with a hemispherical analyser. The incident radiation was
monochromatic Al Ka X-rays (1486.6 eV) at 72 W (6 mA and 12 kV,
400 x 800 pmz spot). Survey (wide) and high-resolution (narrow) scans
were recorded at analyser pass energies of 150 and 50 eV and step sizes
of 1.0 eV and 0.1 eV, respectively. The base pressure in the analysis
chamber was less than 5.0 x 10~° mbar. A low-energy dual-beam (ion
and electron) flood gun was used to compensate for surface charging.
For the depth profiles, 100 levels were sputtered using a monatomic Ar™
gas cluster ion source at 4000 eV and high current. Each level was
sputtered for a single rotation lasting 30 s, with a 2 mm raster size and a
5 s delay. Optical profilometry (Veeco® WYKO NT1100 optical profil-
ometer) was used to measure the depth of the etched region and these
values were used to convert sputter time to sputter depth on the x-axis.
Data processing was carried out using Avantage software® version
5.9921 and the energy calibration was referenced to the main line of C
1s at 284.8 eV. The O 1s spectra were fit using a smart background and
the full width half maximum (FWHM) constrained for each species.

3. Results and discussion
3.1. Microstructural characterisation

The microstructure of AM-prepared Al-14Zn-3Mg in the as-LPBF, NA
and AA conditions (along with wrought AA7075-T6 as a benchmark),
are shown in Fig. 1 (a-d), respectively. The corresponding high
magnification microstructures revealing nanoscale particles are pre-
sented in Fig. 1 (a’-d’).

The as-LPBF Al-14Zn-3Mg revealed a distinct bimodal microstruc-
ture as revealed in Fig. 1a. The bimodal microstructure can be differ-
entiated into three regions — namely, coarse cellular dendrites, fine
cellular dendrites and the equiaxed zone, which is similar to features
previously observed in other LPBF fabricated alloys [32]. Characteristic
“U-shaped” melt pools were decorated with particles of differing
morphology and were previously identified as P-phase, Al-47Zn-29Mg
(in at. %), with an icosahedral quasicrystalline structure [26]. P-phase
particles were comparatively larger in size on melt pool boundaries (at
~1-3 pm) than particles within the melt pool (at ~ 50-100 nm), as
shown in Fig. 1a’.

Heat treatment of as-LPBF Al-14Zn-3Mg resulted in dissolution of the
quasicrystalline P-phase during solutionising (500°C), and the subse-
quent precipitation of the n and n’-MgZn, phases following lower tem-
perature (150°C) ageing heat treatment [31]. Such precipitates were
observed in AM-prepared Al-14Zn-3Mg in the NA and AA conditions, as
shown in Fig. 1b and c. For both such conditions, the presence of rela-
tively coarse second phase particles (~ 1 pm) were also revealed along
the grain boundaries, and precipitates less than 10 nm were distributed
within the grains. It was noted that the naturally aged (NA) and artifi-
cially aged (AA) conditions revealed similar average precipitate diam-
eter of ~ 8.6 nm (Fig. 1b’) and ~ 8.8 nm (Fig. 1c’), respectively.
However, the area fraction of precipitates in NA (~ 40 %) was less than
that of AA (~ 55 %) condition; indicating a greater affinity for precip-
itation in AM-prepared Al-14Zn-3Mg following solutionising and arti-
ficial ageing, in the case where there is excess solute. In addition, the
mechanical properties of Al-14Zn-3Mg in as-LPBF and heat treated
conditions were evaluated in our previous work, where the hardness of
Al-14Zn-3Mg in as-LPBF, NA and AA conditions was 153 + 4.7 HVj,

Corrosion Science 189 (2021) 109626

171 + 5.6 HV; and 220 + 3.6 HVy, respectively [31].

The microstructure of AM-prepared Al-14Zn-3Mg in all the three
conditions studied, was contrast to AA7075-T6, where the matrix was
populated with coarse constituent particles of different morphology as
shown in Fig. 1d. These particles have been previously determined to be
Al;CuyFe, AlsFe, Al,Cu, MgoSi and Al,CuMg that were nominally
formed during the casting process with over 65 % of these particles
being Al;CusFe [33,34]. For the purpose of using AA7075-T6 as a
benchmark to evaluate the corrosion behaviour of AM-prepared
Al-14Zn-3Mg, all the above mentioned particles present in AA7075-T6
are referred to as constituent particles throughout this work. The high
magnification HAADF-STEM micrograph of AA7075-T6, as shown in
Fig. 1d’, reveals the hardening precipitates (MgZny) [33]. It is noted that
the precipitates in AA7075-T6 were considerably finer than the pre-
cipitates in AM-prepared Al-14Zn-3Mg in the NA and AA conditions.
However, coarse constituent particles were not present in AM-prepared
Al-14Zn-3Mg due to the rapid solidification rates.

3.2. Electrochemical characterisation using potentiodynamic polarisation
testing

The microstructural analysis of AM-prepared Al-14Zn-3Mg revealed
a distinct microstructure loaded with a high area fraction of sub-micron
particles, whereas, the AA7075-T6 contained coarse constituent parti-
cles. This insinuates that the localised corrosion response of AM-
prepared Al-14Zn-3Mg will be distinct to the traditional wrought
aluminium alloys.

Separate anodic and cathodic potentiodynamic polarisation tests of
AM-prepared Al-14Zn-3Mg in the as-LPBF, NA and AA conditions, along
with AA7075-T6, were conducted and results presented in Fig. 2. Results
from anodic and cathodic potentiodynamic polarisation testing
following a 600 s immersion and 48 h immersion in 0.1 M NaCl are
shown in Fig. 2a-d, respectively. The corrosion potential (Ecor) and
corrosion current density (icory) Were obtained using Tafel linear
extrapolation method on the cathodic polarisation curves, and are given
in Table 2. The anodic data was avoided for the Ecorr and icor estimation
due to its pseudo-passivation tendencies which violates the ability to use
it for Tafel fitting.

The as-LPBF Al-14Zn-3Mg revealed a corrosion current density (icorr)
value of ~1.1 pA/cm2 and the i.or value of AA7075-T6 was seven times
higher with a value of ~7.85 pA/cm?, following a 600 s immersion in
0.1 M NaCl.

The most notable feature determined from potentiodynamic polar-
isation testing is that the rate of the cathodic partial reaction was
significantly lower on the Al-14Zn-3Mg alloy, as opposed to AA7075-T6.
This lower rate of cathodic reaction upon the Al-14Zn-3Mg principally
arises from two aspects, which are (i) the absence of constituent particles
that are localised and rich in impurity (or alloying) elements such as Fe
and Cu; which also serve as strong local cathodes, and (ii) the higher
alloy Zn content, which can decrease the corrosion potential owing to
the electrochemical characteristics of Zn.

A lower corrosion potential for the Al-14Zn-3Mg alloy, corresponds
to less polarisation of the associated anodic partial reaction — with
concomitantly lower dissolution rates(and corrosion).

The dissolution of AA7075-T6 results in a now well documented
corrosion morphology that includes selective dissolution of so-called
anodic constituent particles, and the trenching surrounding so-called
cathodic constituent particles (which also includes dealloying type
dissolution of Al-Cu-Fe(-Si) containing constituent particles). In fact, the
evolution of surface corrosion upon AA7075-T6 is characterised and
deduced from the time dependent polarisation response of AA7075-T6,
whereby the open circuit potential drops from ~ -740 mVscg following a
600 s immersion in 0.1 M NacCl, to the lower (i.e. less noble) value of ~
-830 mVgcE after 48 h immersion; suggesting that surface corrosion has
resulted in the loss of some cathodic potency. In contrast, the open
circuit potential of AM-prepared Al-14Zn-3Mg in the as-LPBF and heat
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Fig. 2. Potentiodynamic polarisation response in quiescent 0.1 M NaCl for as-LPBF Al-14Zn-3Mg, LPBF Al-14Zn-3Mg in various heat treatment conditions and
AA7075-T6. (a) anodic polarisation results following 5 min. of OCP conditioning, (b) anodic polarisation results following 48 h of OCP conditioning, (c) cathodic
polarisation results following 5 min. of OCP conditioning, and (d) cathodic polarisation results following 48 h of OCP conditioning, respectively. (NA: 500 °C / 4 h

+25°C /24 h and AA: 500 °C / 4h +150 °C / 24 h).

Table 2
Tafel-type extrapolation results of potentiodynamic curves of as-LPBF Al-14Zn-
3Mg, LPBF Al-14Zn-3Mg + NA, LPBF Al-14Zn-3Mg + AA and AA 7075 — T6.

Sample icorr - 600 s Ecorr - 600 s icorr - 48 h Ecorr - 48 h
(pA/cm?) (mVscr) (pA/cm?) (mVscg)

As-LPBF Al- 1.1 +£0.11 —980 £ 9 2.26 +0.28 —951 £ 2
14Zn-3Mg

LPBF Al-14Zn-  4.43 +0.08 —-943+3 3.41 +£0.14 —936 + 4
3Mg + NA

LPBF Al-14Zn- 1.46 +£ 0.17 —952 +6 1.59 +£0.18 —957 +£3
3Mg + AA

AA 7075 -T6 7.85 + 0.15 -755+5 1.21 £ 0.13 —760 + 19

treated conditions (NA and AA) displayed little to no alteration between
600 s immersion and 48 h immersion. Table 2 shows that the AM-
prepared Al-14Zn-3Mg and AA7075-T6 samples after immersion for
48 h in 0.1 M NaCl reveal a similar i.o. Herein, we effectively see that
the AA7075-T6 has the lowest electrochemically measured icorr Of
~1.21 pA/cm? which is analogous to the icor value of AM-prepared Al-
147Zn-3Mg in AA condition (~1.59 pA/ cm?). The icorr of Al-14Zn-3Mg in
the as-LPBF and NA conditions present an ico of ~2.26 pA/cm2 and
~3.41 pA/cmz, respectively. It is noted that the i values of all the
samples are similar following a 48 h immersion and does not reveal
statistically significant ranges.

3.3. Time evolution of polarisation resistance determined using EIS

To evaluate the time evolution of polarisation resistance, electro-
chemical impedance spectroscopy (EIS) measurements were carried out
at several time intervals as follows: 10 min OCP, 1 h, 24 h, 48 h, 96 h,
and 168 h, respectively. The EIS data collected after several time in-
tervals for all the samples viz, AM-prepared Al-14Zn-3Mg in as-LPBF, NA
and AA conditions, and AA7075-T6 with their corresponding Nyquist
plots are shown in Fig. 3 (a-d), respectively.

The Nyquist plots of AM-prepared Al-14Zn-3Mg in the as-LPBF, NA
and AA conditions after 600s of OCP were characterised by two
capacitive loops as shown in Fig. 3 (a—c). The high-frequency capacitive
loop represents the characteristics of alloy-electrolyte interface and was
used to determine the charge transfer resistance (R¢), and double layer
capacitance (Qq)), whereas the film characteristics such as film resis-
tance (R¢) and film capacitance (Qf) were obtained from the low fre-
quency capacitive loop [35]. For AA7075-T6, the Nyquist plot after
600 s of OCP was characterised by a low frequency inductive loop in
addition to two high or moderate frequency capacitive loops. It is known
that the inductive loop forms due to the weakening of the protective
effectiveness of the oxide film, resulting in corrosion of the specimens
during the testing process [36]. Such characteristic inductive loop was
absent in the AM-prepared Al-14Zn-3Mg. This suggests that the oxide
film developed upon LPBF Al-14Zn-3Mg in the as-LPBF, NA and AA
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Fig. 3. Nyquist plots of (a) LPBF Al-14Zn-3Mg, (b) LPBF Al-14Zn-3Mg + NA, (c) LPBF Al-14Zn-3Mg + AA and (d) AA 7075 - T6 after various immersion times (listed
in corresponding legends) in quiescent 0.1 M NaCl. The experimental data are denoted as data symbols and the solid lines are from the fitted model. (NA: 500 °C /4 h

+25°C /24 h and AA: 500 °C / 4h +150 °C / 24 h).

conditions is expected to provide better corrosion protection when
compared to AA7075-T6.

The Nyquist plot of AA7075-T6 was altered after 24 h of immersion.
The plot was characterised by a high-frequency capacitive loop followed
by a diagonal line with a slope of 45° that suggests a diffusion controlled
impedance behaviour (so-called Warburg-impedance). The Warburg-
impedance represents the impedance when an electrochemical reac-
tion is under partial or complete mass transport diffusion control and is
represented as ‘W’. The assumptions and significance of the classical
Warburg impedance model are explained in detail elsewhere [37,38].
Similarly, the Nyquist plot of AM-prepared Al-14Zn-3Mg in NA condi-
tion also changed after 24 h of immersion where the low-frequency
capacitive loop was replaced by an inductive loop - indicating the free
pitting of the specimen. This behaviour can be attributed to the uniform
evolution of pits over the supersaturated Al-matrix that predominantly
contains Mg and Zn in solid solution. In addition, the rapid natural
ageing of the alloys may also result in further pitting around the pe-
riphery of the second phase particles, resulting in the free pitting of the
LPBF Al-14Zn-3Mg in NA condition as seen from the EIS data (Fig. 3b). A
general corrosion perspective can be obtained from the semi-circle
radius of Nyquist plots where a larger radius can be directly related a

reduced corrosion rate. From Fig. 3, it can be discerned that the as-LPBF
Al-14Zn-3Mg displayed lower corrosion rates (Fig. 3a) when gauged to
AA7075-T6 (Fig. 3d).

The equivalent circuits that was used to fit the experimental data and
the associated parameters obtained as a result of fitting are highlighted
in Fig. 4 and Table 3, respectively. For Nyquist plot with a single
capacitive loop, the charge transfer resistance can be taken as the
polarisation resistance (Rp). The polarisation resistance of the Nyquist
plots with double capacitive loop (Fig. 4a), single capacitive loop with
an inductive loop (Fig. 4b), and double capacitive loop with an inductive
loop (Fig. 4c) were obtained by using Eq. 1, Eq. 2 and Eq. 3, respectively.

R, = Ry + Ry )
/R, = 1/Rg + 1/Ry. )
/R, = /(Ret + Rp) + /Ry, 3

The polarisation resistance, (R), was calculated for AM-prepared Al-
14Zn-3Mg in as-LPBF, NA and AA conditions, and AA7075-T6 as shown
in Fig. 5 with the calculated values as highlighted in Table 4.

After one week of exposure to 0.1 M NacCl, it was observed that the
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Fig. 4. Equivalent circuits used for fitting the EIS data from several immersion times of (a) Al-14Zn-3Mg in as-LPBF and AA condition for all immersion times and Al-
14Zn-3Mg in NA condition for 600 s, 1 h and 168 h, (b) Al-14Zn-3Mg in NA condition for 24 h to 96 h, (c) AA 7075 — T6 for 600 s and (d) AA-7075 - T6 for 24 h to

168 h. (NA: 500 °C / 4h +25°C / 24 h and AA: 500 °C / 4h +150 °C / 24 h).

polarisation resistance of AM-prepared Al-14Zn-3Mg in as-LPBF, NA and
AA condition was approximately 22,000 Q.cm?, 11,000 Q. cm? and
7800 Q. cm?, respectively. In addition, the polarisation resistance of all
the AM-prepared Al-14Zn-3Mg increased until a certain exposure
duration followed by a gradual decrease. This decrease of polarisation
resistance can be attributed to the breakdown of the passive layer after
prolonged exposure duration which are different for all the samples. In
contrast, the AA7075-T6 revealed a polarisation resistance value of only
~6000 Q.cm? after one week of exposure, suggesting the higher
corrosion resistance of the additively manufactured specimens. More-
over, the difference in polarisation resistance of AM-prepared Al-14Zn-
3Mg in different conditions and AA7075-T6 can be attributed to the
localised corrosion behaviour of the specimens, where the absence of
constituent particles and high Zn concentration plays a major role.

3.4. Evaluation of localised corrosion response by immersion testing in
0.1 M NacCl

Specimens of AM-prepared Al-14Zn-3Mg in as-LPBF, NA and AA
conditions along with AA7075-T6, were immersed in quiescent 0.1 M
NaCl for 48 h. To evaluate the localised corrosion response, secondary
electron micrographs taken at low and high magnifications are pre-
sented in Fig. 6.

The corrosion response of as-LPBF Al-14Zn-3Mg was characterised as
being localised, but not regular in its localisation. There are instances of
localised corrosion predominantly associated with regions adjacent to
the quasicrystalline P-phase. These localised regions of dissolution (pits)
were not like circumferential trenches along the periphery of the P-
phase particles — but instead, regions next to P-phase as seen in Fig. 6a.
An obvious characteristic of the corrosion observed, is that localised
corrosion was not associated with the entire population of P-phase, with
many regions populated in P-phase remaining unaffected. The localised
dissolution of individual elements (such as Zn or Mg) within the complex
quasicrystalline P-phase would require further analysis to confirm. The
precise mechanism regarding the localisation of corrosion adjacent to P-

phase remains unknown. Whilst this work has definitively shown the
phenomena, it is known that the local pH that arises across Al-alloy
surfaces during corrosion, dictates the evolving corrosion morphology.
For example, if P-phase (rich in Mg and Zn) begins to dissolve,
increasing local pH, then the P-phase may passivate and the alkalinity
dissolve the matrix. This would be a dynamic effect with regards to
corrosion morphology (not studied herein). The initial tendency to
consider P-phase as having a ‘cathodic’ nature by evidence of it being in-
tact, may also be a result of a dynamic pH-driven process. An additional
observation, is that it was noted that the pits formed in the melt pool
boundaries were qualitatively larger than the pits formed within the
melt pool core. Such differences in pitting behaviour are causally
correlated to the microstructural variation across the specimen. Specif-
ically, the size of P-phase is larger in the melt pool boundaries when
compared to the melt pool core — a phenomenon unique to LPBF pro-
cessing, as described in the previous section. A closer observation of the
melt pool core further confirmed the localised dissolution of a-Al matrix
adjacent to a quasicrystalline P-phase (Fig. 6a’).

In the case LPBF Al-14Zn-3Mg in the NA condition, localised corro-
sion was related to two factors: (i) the aforementioned localised disso-
lution that is not regular in its location, and (ii) the dissolution of MgZn,
phase. High magnification micrographs as shown in Fig. 6b’ reveals an
instance of MgZn, dissolution.

The localised corrosion response of Al-14Zn-3Mg in the artificially
aged (AA) condition was similar to LPBF Al-14Zn-3Mg in the naturally
aged (NA) condition (Fig. 6¢, ¢’); whilst the second phase particles in AA
condition were coarser due to the 24 h aging at 150°C.

In response to immersion for 48 h in 0.1 M NaCl, the benchmark
wrought AA7075-T6 specimen revealed the highest extent of localised
dissolution of a-Al matrix. In the case of AA7075-T6, the localised
corrosion is typically associated with coarse constituent particles as seen
in Fig. 6d, consistent with the well documented previous reports of
localised corrosion of AA7075-T6. Fig. 6d also revealed that in Cu-
containing constituent particles, a preferential dissolution of Al and
Mg occurs, leaving a Cu-enriched remnant. These Cu-clusters are known
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Fig. 6. Secondary electron micrographs of low and high magnification (a, a’) as-LPBF Al-14Zn-3Mg, (b, b’) LPBF Al-14Zn-3Mg + NA, (c, ¢’) LPBF Al-14Zn-3Mg + AA
and (d, d’) AA 7075 - T6 following 48 h immersion in quiescent 0.1 M NaCl. (NA: 500 °C / 4 h +25°C / 24 h and AA: 500 °C / 4h +150 °C / 24 h).

present. This behaviour accentuates the importance of a fine — and fine
grain - microstructure in limiting localised dissolution. It was also
noticed that the number of pits in as-LPBF Al-14Zn-3Mg after 5h of
immersion was ~50 whereas after 10 h, the pit number doubled.
However, the size of the pits remained in the sub-micron range, con-
firming the lower corrosion rates of AM-prepared Al-14Zn-3Mg when
compared to the AA7075-T6, as validated through electrochemical
studies. A point of interest emerging from this work, is that in conven-
tional Al-alloys, without hyper loading of Zn solute such as herein, the

self-dissolution of MgZn, phase (such as the phase in the heat treated
LPBF Al-14Zn-3Mg herein), is notionally rapid. Based on results in
Figs. 6 and 7, the matrix being hyper loaded in solute plays the role of
not necessarily causing rapid self-dissolution of MgZn,. A reason for why
this is the case, is that the (slower) cathodic kinetics of LPBF Al-14Zn-
3Mg result in an alloy potential that is up to 300 mV less noble than
AA7075-T6. At such potentials, the driving force for rapid MgZn,
dissolution is diminished. In fact, the dissolution rate of MgZn, in LPBF
Al-14Zn-3Mg may even be estimated to be ~100 times slower than it
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Fig. 7. Backscattered electron (BSE) and secondary electron (SE) micrographs after immersion in quiescent 0.1 M NaCl for various immersion times (as listed in the
corresponding figures) of as-LPBF Al-14Zn-3Mg, (a, b, c and d), LPBF Al-14Zn-3Mg + NA, (e, f, g and h), LPBF Al-14Zn-3Mg + AA (i, j, k and 1) and AA 7075-T6 (m, n,
o and p). (NA: 500 °C / 4h +25°C / 24 h and AA: 500 °C / 4 h +150 °C / 24 h).

would be at the potentials of AA7075-T6 based on the characteristics of
MgZn; as reported in [27], with any local pH increase suppressing the
MgZn; dissolution even further [40]. These characteristics may, hypo-
thetically, also be transposed to the behaviour of P-phase, although that
would require further work.

3.6. Pit analysis using optical profilometry

To evaluate the differences in the size, morphology and distribution
of pits, optical profilometry was utilised. Fig. 8 shows the optical pro-
filometry analysis of the corroded surfaces after 48 h immersion in
0.1 M NaCl of AM-prepared Al-1Zn-3Mg in as-LPBF, NA and AA condi-
tion, and AA7075-T6, respectively. These three dimensional optical
profilometry images demonstrate the variation in number of pits and
their corresponding size ranges, over an area of 16 um?. The analysed
results of the optical profilometry images over a ~1200 um? area
highlighting the key corrosion parameters are tabulated in Table 5.

The maximum pit depth of Al-14Zn-3Mg in as-LPBF, NA and AA
condition, and AA7075-T6 was approximately 1.1 pm, 4.7 pm, 3.1 pm
and 7.3 pm, respectively. From Table 5, it is also noticed that the

10

number of pits in as-LPBF Al-14Zn-3Mg were almost 30 times higher
than the number of pits in AA7075-T6 which had less than 70 pits over a
~1200 pm? area. This phenomenon of small size and high number
density of pits in as-LPBF Al-14Zn-3Mg further validates the influence of
a refined microstructure and absence of constituent particles in mini-
mising the rate of corrosion. As the MgZn, precipitates that are formed
after heat treatment are coarser in size than the P-phase particles, the
average pit sizes of AM-prepared Al-14Zn-3Mg from as-LPBF to heat
treated (NA and AA) conditions increased from approximately
400 pm-750 pm, respectively.

3.7. X-ray photoelectron spectroscopy (XPS) of surface films

The polarisation resistance of as-LPBF Al-14Zn-3Mg was distinctive
with respect to AA7075-T6 and heat treated Al-14Zn-3Mg samples (in
AA and NA conditions). In addition to the contrasting microstructure,
which directly alters the corrosion rates, the difference in corrosion
behaviour was also believed to be attributed to the variation in surface
film composition and thickness - which directly inhibits corrosion by
resisting the oxidation reaction of the metal [29]. After immersing the
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Fig. 8. Optical profilometry revealing the depth and distribution of pits in: (a) LPBF Al-14Zn-3Mg, (b) LPBF Al-14Zn-3Mg + NA, (c) LPBF Al-14Zn-3Mg + AA and (d)
AA 7075 - T6, after 48 h immersion in quiescent 0.1 M NaCl. The field of view was maintained at 300 pm x 228 pm. [NA: 500 °C / 4 h +25 °C / 24 h and AA: 500 °C

/4h +150°C /24 h].

Table 5

Key corrosion parameters obtained from the optical profilometry of As-LPBF Al-
14Zn-3Mg, LPBF Al-14Zn-3Mg + NA, LPBF Al-14Zn-3Mg + AA and AA 7075 -
T6 following 48 h immersion in quiescent 0.1 M NaCl. The total number of pits,
average pit size and surface roughness were calculated from 35 pm x 35 pm field
of view. (NA: 500 °C /4 h +25 °C/ 24 h and AA: 500 °C /4 h +150 °C / 24 h).

Sample Total number of pits over ~ Average pit Surface
~1200 me area size (nm) roughness (nm)

As-LPBF Al- 1937 375 £ 27 291

14Zn-3Mg
LPBF Al-14Zn- 437 659 + 48 284

3Mg + NA
LPBF Al-14Zn- 396 776 + 55 263

3Mg + AA
AA 7075 -T6 68 1154 + 62 222

specimens in 0.1 M NaCl for 48 h, X-ray photoelectron spectroscopy
(XPS) was utilised to analyse the chemical composition of the surface
film of AM-prepared Al-14Zn-3Mg in as-LPBF, NA and AA condition in
comparison with AA7075-T6 as tabulated in Table 6.

The results of chemical composition for AA7075-T6 and AM-
prepared samples displayed similar results. The main components
observed are the Al 2p, O 1s, C 1s and Zn 2p for all the samples. Minor
quantities of Cl 2p, Cu 2p, Fe 2p, Mg 1s, N 1s and Si 2p were also
detected. As known, aluminium readily forms a protective oxide film at
room temperature which conforms to an inverse logarithmic equation
[41]. From Table 6, it is evident that all the samples have developed
such a surface layer that was rich in Al and O. The high resolution Al 2p
scan of all four samples exhibits a single peak at around 74.2 eV which
confirms the presence of oxidised aluminium species as opposed to
metal. The specimen surface also revealed the presence of some
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Table 6
XPS data of AA7075 — T6, as-LPBF Al-14Zn-3Mg, Al-14Zn-3Mg in NA and AA
condition showing the calculated chemical composition of the surface film.

Atomic percent (%)

Element

Al-14Zn-3Mg (as- Al-14Zn-3Mg Al-14Zn-3Mg AA7075-

LPBF) (NA) (AA) T6
Al2p 24.1 20.1 17.4 22.9
OH™ 36.3 35.1 35.6 35.1
0% 20.2 20.2 18.6 23.2
Hy0/ 3.1 2.5 0.7 1.2

co%

Cls 16.7 22.2 26.5 18.0
Zn2p 2.1 1.8 2.8 1.9
Cl2p 0.6 0.5 0.7 0.5
Cu2p 0.3 0.2 0.1 0.6
Fe2p 0.3 0.4 - 0.4
Mgl s 0.2 0.1 0.3 0.2
Nls 0.5 0.4 0.6 0.3
Si2p 0.2 0.1 0.4 0.6

adventitious carbon, due to pick up from the environment.

The high resolution oxygen spectra were deconvoluted into three
peaks at ~530.4 eV, ~531.7 eV and ~533.3 eV to estimate the oxygen
in aluminium oxide (027), surface hydroxides (OH ) and organic
absorbates (H20/CO§') for all the samples, respectively as shown in
Fig. 9. The intensity of the peaks shows that aluminium hydroxide is the
main contribution to the formation of a surface film which is in agree-
ment with previously reported values [42]. It can also be discerned that
the ratio of hydroxide peak to the oxide peak of AA7075-T6, as-LPBF
Al-14Zn-3Mg, LPBF Al-14Zn-3Mg in NA and AA conditions are 1.5, 1.8,
1.7 and 1.9, respectively. This implies that the oxide layer is more hy-
drated in AM-prepared Al-14Zn-3Mg when compared to the AA7075-T6.
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Fig. 9. Deconvolution of high resolution O1 s spectrum for (a) LPBF Al-14Zn-3Mg, (b) LPBF Al-14Zn-3Mg + NA, (c) LPBF Al-14Zn-3Mg + AA and (d) AA 7075 - T6
showing the hydroxide to oxide ratio as 1.5, 1.8, 1.7 and 1.9 respectively. The raw data and envelope are differentiated through dotted and continuous lines,

respectively.

As the oxide layer of AM-prepared Al-14Zn-3Mg had a similar
composition with AA7075-T6, an estimation of the comparative thick-
ness of the oxide layer was deemed important in order to ascertain any
differences that result from the large difference in alloy compositions
between Al-14Zn-3Mg and AA7075-T6. Therefore, depth profiling
through X-ray photoelectron spectroscopy (XPS) was carried out for
three conditions after immersion in 0.1 M NacCl for 48 h, namely the as-
LPBF Al-14Zn-3Mg, LPBF Al-14Zn-3Mg in AA condition and compared
with AA7075-T6 as shown in Fig. 10. The concentration of oxygen re-
duces with increasing sputtering depth whereas the aluminium con-
centration increases — an indication that the oxide film is being removed
as sputtering towards the bulk material progresses. This variation of
concentration with respect to the sputtering depth can be used to esti-
mate thickness of the surface oxide film [43]. As the binding energies of
metallic Zn, Cu and Mg are often very close to the binding energies of
their corresponding oxides, chemical state analysis can be difficult using
the photoelectron peaks alone and larger chemical shifts are observed in
the Auger spectra. Therefore, the sputtering progress through the sur-
face film to the bulk material was further confirmed through observation
in the change in Zn LM2, Cu LM2 and Mg KL1 as the material was
removed, with the appearance of distinct metallic peaks and the gradual
reduction of oxide peaks for all three elementals as depth increases. The
surface oxide film thickness was estimated for AA7075-T6 as 430 nm,
as-LPBF Al-14Zn-3Mg as 1100 nm and for LPBF Al-14Zn-3Mg in AA
condition as 760 nm. Therefore, it is conclusive that AM-prepared
Al-14Zn-3Mg forms a thicker oxide at similar electrochemical condi-
tions when compared to AA7075-T6.
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3.8. General discussion

The results herein revealed key differences in the microstructure and
its effects on the electrochemical behaviour of LPBF Al-14Zn-3Mg as a
function of processing, and in contrast to AA7075-T6 as a benchmark.

Whilst AA7075-T6 acquires its properties from a heterogenous
microstructure through alloying and heat treatment [2,39], alloying
leads to the presence of insoluble constituent particles (Fig. 1d). From a
corrosion perspective, such constituent particles result in localised
corrosion (Fig. 6d, d’) [27]. In contrast, the presence of a refined
microstructure through fine P-phase particles and absence of coarse
constituent particles (Fig. 1a) in the as-LPBF Al-14Zn-3Mg, revealed a
polarisation resistance value of ~22,000 Q. cm? when compared to
AA7075-T6 with a polarisation resistance of ~6000 Q. cm?. In both the
cases, it is evident that so-called ‘cathodic particles’ support appreciable
oxygen reduction cause dissolution of the adjacent material. However,
the ramification of the presence of fine P-phase particles in the as-LPBF
Al-14Zn-3Mg, resulted in a reduced prevalence of corrosion where the
pit sizes were considerably small as seen in Fig. 6a’.

To aid in a phenomenological representation of the results herein, a
schematic of the corrosion of as-LPBF Al-14Zn-3Mg in contrast to
AA7075-T6 is depicted in Fig. 11.

The microstructural differences highlight the contrasting size and
distribution of the second phase particles (Fig. 11); whilst the surface
morphology indicates the presence of coarse constituent particles
(~1-15 pm) in AA7075-T6, and all (strengthening) particles in as-LPBF
Al-14Zn-3Mg being < 1 pm. The cross sectional morphology depictions
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Fig. 10. XPS depth profiles showing revealing the surface film chemistry and thickness of (a) LPBF Al-14Zn-3Mg, (b) LPBF Al-14Zn-3Mg + AA, (c) AA 7075 - T6.

indicate the differences in corrosion morphology that exist, where more
significant pit depths are formed in the presence of constituent particles
(AA7075-T6). Conversely, several pits are formed in the as-LPBF Al-
14Zn-3Mg where the pit sizes are ~ four times smaller than the pits
observed in AA7075-T6. It was revealed herein from XPS analysis that
the surface film upon as-LPBF Al-14Zn-3Mg (~1100 nm) was more than
twice as thick as the surface film formed upon AA7075-T6 (~430 nm).
Whilst the study herein raises a number of questions that are yet to be
fully answered, the purpose of the study to reveal the corrosion of a
comparatively (very) high solute Al-Zn-Mg alloy demonstrated that
there was not a catastrophic increase in corrosion rates from hyper-
alloying of Zn. In fact, the findings revealed new insights whereby the
corrosion behaviour of AM-prepared high solute Al-Zn-Mg alloys are
improved relative to traditional wrought high strength Al-Zn-Mg alloys
for the reasons aforementioned herein — which were largely as a result of
decreased cathodic kinetics in the case of LPBF prepared Al-14Zn-3Mg.
The study herein has raised two questions that remain open and are the
basis for future work. The first is the precise electrochemical entity of the
P-phase. Such a phase is only possible to produce in a fine size, and forms
from rapid solidification (and is thus, metastable in the sense that it
cannot be produced at scale). Further work, focused on nano-scale quasi-
in-situ methods [28,44], is one means to clarify the role — be it anodic or
cathodic relative to the alloy matrix — of the P-phase. The second is to
understand the origins of the thicker surface film, and if that is associ-
ated with a uniform dissolution phenomenon that is not evident from
SEM analyses. The findings herein, however, reveal the possibility to
explore aspects of Al-alloy corrosion that have not been previously
explored. For example, the role of oxide thickness, which here was
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revealed to be significantly different between high-Zn alloys, and
AA7075-T6; however where it was also noted that oxide film composi-
tions remaining essentially similar. The similar oxide film compositions
between alloys of vastly differing composition was unanticipated and
merits future work, most likely employing methodologies such as those
demonstrated by Gharbi and co-workers [15]. As is the case for under-
standing localised corrosion of wrought Al-alloys to date, no single study
can capture all aspects, however through ongoing work it is posited that
through the LPBF process and fabrication of new Al-alloy compositions,
further illumination into mechanistic aspects of Al-alloy corrosion and
its control by alloy design, can ensue.

4. Conclusion

The corrosion of LPBF prepared Al-14Zn-3Mg (wt. %) was studied in
the as-LPBF, naturally aged (NA) and artificially aged (AA) conditions.
An abridged summary of the findings are summarised below:

1 The as-LPBF Al-14Zn-3Mg revealed a distinctive microstructure
populated with quasicrystalline P-phase particles of different sizes
and morphology. The presence of a refined microstructure and the
annihilation of coarse constituent particles due to rapid solidification
resulted in lower corrosion rates of as-LPBF Al-14Zn-3Mg. The study
herein indicating that the presence of a high solute content (of spe-
cifically Zn) is not detrimental to corrosion of Al-alloys, prima facie.
The study also revealed that Al-14Zn-3Mg had a significantly lower
corrosion potential than AA7075-T6, attributed to less Fe and Cu rich
constituent particles and the absence of strong localised cathodes in
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Fig. 11. Phenomenology of corrosion and surface film formation for (left) AA7075-T6 and, (right) LPBF processed Al-14Zn-3Mg.

the alloy microstructure. This lower potential of Al-14Zn-3Mg
(irrespective of heat treatment) also meant that kinetics of particles
rich in Zn and Mg was restricted.

2 Electrochemical impedance spectroscopy following one week in
quiescent 0.1 M NaCl revealed that the as-LPBF Al-14Zn-3Mg had the
highest polarisation resistance of ~ 22,000 Q.cm?, followed by the
AA condition with a value of ~11,000 Q. cm?. The Al-14Zn-3Mg in
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the NA condition had a comparatively lower polarisation resistance
of 7800 Q. cm? among the AM-prepared samples, however, this
value was higher than the polarisation resistance of AA7075-T6.

Immersion testing in quiescent 0.1 M NaCl revealed that the local-
ised corrosion of AM-prepared Al-14Zn-3Mg was predominantly
associated with discrete and non-uniformly distributed localised
corrosion adjacent to second phase particles. The pits upon as-LPBF
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Al-14Zn-3Mg were smaller than those of the NA and AA heat treated
conditions, whilst noting that the precise mode of localised corrosion
remains under further investigation. The average pit size for as-LPBF
Al-14Zn-3Mg was ~375 nm whereas the AA7075 — T6 contained
average pit sizes of ~1.15 pm.

The presence of a thicker oxide film in the AM-prepared Al-14Zn-
3Mg in the as-LPBF and the AA condition was shown from XPS depth
profiling; revealing a surface film thickness of ~1100 nm and
~760 nm, respectively. The presence of a thicker oxide film may
influence corrosion behaviour when assessed relative to AA7075-T6
with a surface film thickness of ~430 nm; however the bulk
composition (supersaturation of Zn) and the absence of coarse

intermetallic particles are key factors.
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7.1 Chapter synopsis

This chapter evaluates the second phase particles formed during heat treatment of Al-14Zn-
3Mg and it is a research paper with the title, “Influence of second phase particles on the
mechanical properties of a high solute Al-Zn-Mg alloy fabricated through laser powder bed

fusion”, and will be submitted to the Intermetallics journal.

From previous works, the loss of mechanical properties during direct heat treatment of the as-
LPBF high solute Al-14Zn-3Mg (in wt. %) was unclear. In contrast, Al-alloys in the Al-Sc-Mg
and Al-Sc-Mn benefitted from a one-step heat treatment where the solute supersaturation
through LPBF was adequate to promote direct precipitation (absence of solutionising) of
strengthening second phase particles. However, in Al-14Zn-3Mg, direct ageing resulted in the
loss of mechanical properties. Therefore, this work aims to understand the phase transformation
that occurs in high solute Al-14Zn-3Mg at different temperatures through in-situ TEM and in-
situ XRD characterisation. It is noted that the temperatures existing in the thin TEM specimen
may not directly correlate to the bulk heat treatment, however, the phase changes are necessary
to understand the variation in mechanical properties. In-situ TEM revealed the dissolution of
the quasicrystalline P-phase and the formation of T-phase (Mg32(Zn, Al)49) between 300°C and
400°C, respectively. The correlation between the mechanical properties and formation of
different second phase particles at different temperatures were rationalised based on
CALPHAD modelling of volume fraction, interprecipitate spacing and mean radius of the

second phase particles.
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7.2 Abstract

A high solute 7xxx series aluminium alloy, Al-14Zn-3Mg (in wt. %), was prepared using laser
powder bed fusion (LPBF). To provide an insight into the correlation of second phase particles
and mechanical properties, several heat treatment conditions were modelled with CALPHAD,
and phase transformations were realised through in-situ characterisation techniques. It was
revealed that the formation of T-phase (Mg32(Zn, Al)49) at 400°C contributed to loss of ductility
from the direct heat treatment of as-LPBF Al-14Zn-3Mg. However, the improvement in
hardness of solutionised and peak aged Al-14Zn-3Mg was attributed to the formation of high

volume fraction of n” and n (MgZn2) precipitates with low inter-precipitate spacing.

7.3 Introduction

The 7xxx series (Al-Zn-Mg) aluminium (Al) alloy system achieves strengthening that is
developed via careful heat treatments resulting in ° and n (MgZn2) precipitates [1-4].
Typically, optimising the formation (i.e. number density of volume fraction) of such
precipitates has been associated with achieving enhanced mechanical properties [5—7].
Demonstrations of achieving optimised precipitation in Al-alloys have been attained by
exploring solute supersaturation, by rapid solidification techniques such as Osprey spray
forming process and other powder metallurgical routes [8—10]. More recently, laser powder
bed fusion (LPBF), a form of additive manufacturing, has been shown to be capable of
producing Al-alloys with solute supersaturation by exploiting metallurgical solubility limits by

the non-equilibrium nature of the LPBF process itself [11-13].

The fabrication of Al-Mn-Sc alloys (Scalmalloy®) by LPBF was benefitted by permitting a

higher level of alloyed Sc through solute supersaturation - where only a single step post heat
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treatment was required for strengthening [14—16]. The direct heat treatment of as-LPBF Al-
Mn-Sc alloys to 300°C /5h resulted in the formation of Al3Sc precipitates, resulting in enhanced
strength without requiring solutionising heat treatment [14]. However, the cost of Sc restricts
industrial usage. In the pursuit of cost effective high strength alloys, a novel high solute Al-
Zn-Mg alloy with 14 wt. % Zn and 3 wt. % Mg was fabricated through LPBF in our previous
works. The second phase in as-LPBF Al-14Zn-3Mg comprised of an icosahedral
quasicrystalline P-phase [17]. In contrast to Al-Sc-Mn alloys, direct heat treatment of as-LPBF
Al-14Zn-3Mg resulted in loss of ductility, demanding the need for solutionising heat treatment.
Heat treatment of Al-14Zn-3Mg resulted in the dissolution of P-phase during solutionising and
artificial ageing was accompanied by a high area fraction (> 50%) of n and n° (MgZn2)

precipitates, which further altered the mechanical properties [18].

The influence of second phase particles on the mechanical properties of high solute Al-14Zn-
3Mg was not comprehended owing to the complexity of microstructural formation. Herein, in-
situ transmission electron microscopy and in-situ XRD studies were performed with the aid of
CALPHAD simulations to understand the influence of second phase particles in altering the

mechanical properties of high solute aluminium alloys.

7.4 Materials and methods

The as-received powders with composition, Al-14.7Zn-3.34Mg-0.28Fe-0.06Cu-0.09Si (in
wt. %) was obtained from TLS Technik GmbH. The as-received powders were passed through
a 63 ym sieve where the powder size distribution was maintained between 16 — 63 um.

A Concept laser Mlab Cusing-R with the following parameters were used to fabricate all the
samples: hatch spacing of 0.07 mm, layer thickness of 25 ym, laser spot size of 50 ym, laser

power of 95W, scanning speed of 150 mm/s was used to fabricate all the samples used in this
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study. 10 mm cubes were sectioned perpendicular to the build direction and were used for heat
treatment studies. The heat treatment of the as-LPBF samples were performed by solutionising
at 500°C for 4 h, quenched in water and aged at 150°C for 2 h which was indicated as the peak

aged condition.

Transmission electron microscopy was performed using an FEI® Tecnai G*> T20 and FEI®
Tecnai G?> F20 operating at 200 kV for in-situ studies and imaging microstructural features,
respectively. A Gatan® model 652 Tantalum cup heating stage equipped with alpha/beta tilting
was used with a Gatan® model 1905 Temperature Controller. The specimen preparation for
TEM involved punching of 3 mm discs from thin slices of LPBF prepared Al-14Zn-3Mg
samples which were then mechanically thinned to ~50 ym using a Gatan® 691 Precision Ion
Polishing System (PIPS) that operated at —100°C. The samples were plasma cleaned using a
Gatan® Solarus 950 advanced plasma system for ~5 minutes with an argon and oxygen gas

mixture prior to TEM analysis.

In situ XRD experiments were performed using a Bruker® D8 Advance diffractometer with a
Bruker® LynxEye XE position sensitive detector. The Cu tube was operated at 40 kV and 40
mA. A Bruker® MTC wide range temperature chamber was used for temperature and vacuum
environment control. Heating rate of 5°C/min was used to heat the sample up to 400°C and
XRD data was collected from 5° to 105° with a step size of 0.05°. Quantitative phase analysis
was done through TOPAS® academic v7 Rietveld refinement software, with careful estimation
of environmental chamber contribution to the XRD pattern, and correcting the apparent

preferred orientation of matrix Al phase using March-Dollase model.

CALPHAD simulations were performed using the Thermocalc® 2020b software with TCAL4
and MOBALA4 databases. The kinetic and strength simulations utilised the Morral-Purdy and

Zander model (Zander pre-factor, Kp = 6.2 x 10°), respectively.
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7.5 Results and discussion

7.5.1. Mechanical property evaluation of Al-14Zn-3Mg in as-LPBF and at different

heat treatment condition

The hardness, yield strength and elongation of Al-14Zn-3Mg in as-LPBF and in different heat
treatment conditions are shown in Figure 1. It was revealed that the as-LPBF Al-14Zn-3Mg
failed prematurely with 0% elongation which can be due to the presence of a brittle icosahedral
quasicrystalline P-phase [17]. In addition, direct heat treatment of as-LPBF Al-14Zn-3Mg to
100°C / 4h and 200°C / 4h resulted in a slight increase in elongation accompanied by the
decrease in strength. This can be due to the loss of dislocations and rapidly solidified structures
at elevated temperatures that results in improved elongation when compared to the as-LPBF
Al-14Zn-3Mg. Herein, it was noticed that the maximum softening of Al-14Zn-3Mg occurs at
300°C / 4h where the elongation reached ~10%. However, at 400°C / 4h, the elongation
decreases significantly to ~2% and further increased to ~9.5% when solutionising at 500°C /
4h. Following solutionising, the peak aged Al-14Zn-3Mg microstructure was populated with a
high number density of n, 1° — MgZn2 precipitates and shows the highest hardness of 220 HV1
(350 MPa). The area fraction of precipitates was reported to be > 50% due to the excess
addition of solute, and the detailed characterisation of Al-14Zn-3Mg in all the heat treated

conditions is explained in our previous work [18].
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Figure 1: (a) Hardness and elongation variation from as-LPBF Al-14Zn-3Mg to different heat

treatment conditions with BF-STEM micrographs of as-LPBF and peak aged Al-14Zn-3Mg.

7.5.2. In-situ TEM characterisation and CALPHAD modelling of the different phases

formed during the heating of as-LPBF Al-14Zn-3Mg

To understand the sharp fall in elongation when heat treating to 400°C / 4h, in-situ TEM
micrographs were acquired with the heating rate, holding time and temperature cycle, as shown
in Figure 2a. The volume fraction of second phase particles formed under equilibrium
conditions are modelled using CALPHAD as shown in Figure 2b. The respective TEM

micrographs obtained with the conditions as shown in Figure 2a are presented in Figure 3(a-j).

From CALPHAD simulations, it can be noticed that the T-phase Mg32(Zn, Al)49 can form

between 350°C - 450°C and are known to form via a degraded peritectic reaction [19].
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However, it should also be noted that phase transformation might occur at different

temperatures in the thin specimen used for TEM and may not exactly represent bulk behaviour.
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Figure 2: (a) Different temperatures and holding times followed during in-situ TEM with the
alphabets (a-j) corresponding to the in-situ TEM micrographs acquired at the respective
conditions, (b) CALPHAD simulation showing the formation of T-phase between 350°C and
450°C.
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Figure 3 (a-j): In-situ TEM micrographs obtained at different temperatures and holding times

denoting the solubility of the icosahedral P-phase and formation of T-phase.

From Figure 3a-3e, it can be seen that the quasicrystalline P-phase was stable at 100°C.

However, at 150°C the onset of dissolution was noticed, As the temperature increased, the
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microstructure revealed the dissolution of sub-grain boundaries up to 250°C. Furthermore, the
increase in temperature to 300-350°C resulted in the clustering and coalescence of fine P-phase
particles followed by complete dissolution. The dissolution of P-phase at these temperature
intervals (300-400°C) might have resulted in maximum softening of Al-14Zn-3Mg as
suggested from Figure 1. At 400°C, the P-phase has completely dissolved and the presence of
new particles are evidenced which might have contributed to the reduction in elongation. These
particles further coarsen at longer holding times (Figure 31) and are suggested to be the T-phase
particles from CALPHAD modelling of volume fraction of second phase formed in Al-14Zn-
3Mg as shown in Figure 2b. The model also suggests that T-phase particles possess rapid
kinetics where they completely dissolve at 450°C. This behaviour can be evidenced in the TEM
micrograph shown in Figure 2j, which confirms that the formation of T-phase was restricted to

a short temperature interval.

7.53. In-situ XRD characterisation and CALPHAD modelling of T-phase formed

when heat treating as-LPBF Al-14Zn-3Mg to 400°C

To confirm the formation of T-phase in high solute Al-14Zn-3Mg, in-situ XRD was performed
at 400°C with the corresponding peaks as shown in Figure 4a. The respective CALPHAD
modelling that highlights the mean radius and volume fraction of T-phase particles formed at

different temperature are highlighted in Figure 4b.

The in-situ XRD results from Figure 4a confirm the formation of T-phase particles at 400°C
and the Rietveld analysis of the peaks indicate that the volume fraction of T-phase particles
formed at 400°C was 4.55% with minor quantities of Al-Cu phase particles. This finding was

in agreement with the CALPHAD modelling (Figure 4b) which denotes that the volume
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fraction of T-phase particles at 400°C was ~4.9%. In addition, the model also predicts that the

mean radius T-phase particles at 400°C was ~ 75 nm.

T-phase particles are reported to form in high Zn and Mg containing Al-alloys in the Al-Zn-
Mg system and possess a cubic structure with lattice parameter value of 14.16 A [2021].
Typically, the formation of T-phase particles are utilised for the hardening characteristics in
designing novel high strength Al-Zn-Mg alloys [20,22—-24]. However, in the current high solute
Al-14Zn-3Mg, the formation of T-phase at 400°C does not yield satisfactory mechanical
properties and hence necessitates the need for solutionising heat treatment, unlike other Al-

Mn-Sc alloys which can be strengthened through direct ageing.

a)
In-situ XRD collected at 400°C
700
T-phase Mg;,(ZnAl),g 4.55%
600 Aluminium 95.04%
Aluminium Copper 0.41%
@ 500
I
S 400
3
300
200
100 1\. ‘I

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
20 (degrees)

103



Chapter 7

b)
460 120 0.08
’ ///\/\ . i
g | 10.07
440 100 | oA
420 7 . 10.06
5 = 80 P
© 400 H | 005 &
= » / 5
© 2 = -
g 380 T 60 004 &
Q - o
& 5 4 5
Ve 10.03 &
~ 360 g 40 | / 3
340 b4 10.02
20 | / —— Mean radius of T-phase (nm)
320 P Volume fraction of T-phase 1 0.01
—— Temperature (°C)
300 I : : : V : . AN )

0 10 20 30 40 50 60 70 80
Time (minutes)

Figure 4: Quantification of T-phase formed at 400°C through (a) in-situ XRD and (b)

CALPHAD modelling showing the volume fraction and mean radius of the T-phase

7.54. CALPHAD modelling of second phase particles formed after solutionising heat
treatment at 500°C and precipitation heat treatment at 150°C

It is widely accepted that the alloys in the Al-Zn-Mg system are strengthened via the formation
of hardening 1, n’-MgZn: precipitates through precipitation hardening with the following
transformation scheme, namely, solid solution(a) — GP-zones — n’— n-MgZnz [25-27]. In
the case of LPBF prepared Al-14Zn-3Mg, the precipitation heat treatment at 150°C following
solutionising resulted in the rapid precipitation of 1, n’-MgZn2. The hardness, yield strength
and elongation of the peak aged Al-14Zn-3Mg was 220 HV1, 350MPa and 1%, respectively.
The reduced elongation can be attributed to excess solute (herein, Zn and Mg) resulting in the

formation of high area fraction of second phase particles (> 50%) [18]. To comprehend this
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behaviour with respect to wrought Al-alloys, the ageing curve of the experimental and
calculated values of Al-14Zn-3Mg, AA7075-T6 [11] and AA7046-T6 [12] are shown in Figure
Sa. Their respective mean radius and the volume fraction of precipitates calculated through the
precipitation module in Thermocalc® are shown in Figure 5b. The experimental and calculated
hardness values rationally correspond and it was interesting to note that the calculated
interprecipitate spacing in the peak aged condition of Al-14Zn-3Mg was only 2.7 nm when
compared to AA7075-T6 and AA7046-T6 which have interprecipitate spacings of 9 nm and
5.4 nm, respectively. The experimental interprecipitate spacing of Al-14Zn-3Mg are reported
to be ~3.5 nm [18]. In addition, the volume fraction of precipitates in peak aged Al-14Zn-3Mg
were twice higher than the volume fraction of precipitates in peak aged AA7075-T6 and
AA7046-T6. The kinetics of precipitation to attain the peak aged conditions to form
precipitates with similar mean radius in Al-14Zn-3Mg, AA7075-T6 and AA7046-T6 were 2h,
3h and 17h, respectively. Although the nature of processing of Al-14Zn-3Mg, AA7075-T6
and AA7046-T6 was different, it is essential to understand the extent of second phase formation
in high solute Al-Zn-Mg alloys processed through LPBF, with other wrought Al-alloys as a
benchmark. In addition, evidences of high volume fraction and smaller interprecipitate distance
compliments the previous findings [18] where too much solute might result in the deterioration

of mechanical properties.
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Figure 5: Comparison of Al-14Zn-3Mg with AA7075 and AA7046 denoting the (a) agreement
of experimental and modelled values of the peak hardness and interprecipitate spacing of

precipitates, (b) Volume fraction and mean radius of second phase particles

7.6 Conclusion

The combined studies of CALPHAD and in-situ characterisation have revealed the behaviour
of second phase particles in a solute supersaturated Al-Zn-Mg alloy fabricated through LPBF.
Herein, the following conclusion can be drawn:

1) From the in-situ TEM observations on Al-14Zn-3Mg at 400°C, the formation of T-phase,
Mgs2(Zn, Al)s9 and dissolution of P-phase was observed. In-situ XRD further confirms the
volume fraction of T-phase at 400°C as 4.55%. The formation of T-phase was suggested to
contribute to the loss of ductility during direct heat treatment to 400°C.

2) The peak aged Al-14Zn-3Mg has low inter-precipitate spacing (2.7 nm) and high volume
fraction of precipitates (0.11) when compared to AA7075-T6 and AA7046-T6 in peak aged
condition — which was due to the presence of excess solute.

The LPBF process opens the possibility of hyper-loading solute, resulting in the design and

fabrication new alloys with unique alloying. This study demonstrates the insights and
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possibilities for fabrication of high strength and high solute aluminium alloys through additive
manufacturing where solute supersaturation plays a major role. In addition, this study also
provides significant insights in highlighting the importance of CALPHAD modelling in
exploration of previously unexplored Al-alloy compositions and their potential heat treatment

pathways through LPBF processing.
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8.1 Summary

The survey of available literature regarding additive manufacturing of Al-alloys revealed that
laser powder bed fusion (LPBF) of alloys in the Al-Zn-Mg system were prone to hot cracking
and excessive porosity. In addition, fabrication of the existing (conventional) wrought Al-alloy
compositions through LPBF was ineffective; demanded the addition of grain refiners such as
Sc or Zr. However, new alloys that were specifically tailored for LPBF, such as alloys in the
Al-Sc-Mg and Al-Sc-Mn system, resulted in improved mechanical properties from unique
microstructures. Therefore, the present research work was aimed in the design, fabrication and
characterisation of new, high solute Al-alloys, in the Al-Zn-Mg system prepared through
LPBF. Herein, the summary of the key findings during the fabrication, heat treatment,
microstructural evaluation and corrosion behaviour assessment of the alloys are discussed

below:
8.1.1 LPBF processing of the chosen Al-Zn-Mg alloy compositions

— Novel alloys in the Al-Zn-Mg system with compositions Al-10Zn-2Mg, Al-14Zn-3Mg
and Al-18Zn-4Mg (wt. %) were successfully fabricated through the LPBF process with
no cracking and acceptably low porosity, without the addition of non-commodity
elements such as Sc or Zr. Specifically, Al-10Zn-2Mg and Al-14Zn-3Mg were
fabricated with no cracking and with a porosity of 0.47% and 0.38%, respectively.
However, Al-18Zn-4Mg showed potential signs of cracking which was due to the
localised vaporisation of Zn and Mg.

— Microstructural characterisation revealed the presence of a unique microstructure with

cell-like structures and several second-phase particles that co-exist in the Al-matrix.
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A new icosahedral quasicrystalline phase, herein termed as the P-phase, was identified
to form in Al-14Zn-3Mg in the as-LPBF condition. Such findings reveal the unique
characteristics of LPBF processing and the benefits of new alloy design.

The hardness of the high solute Al-Zn-Mg alloys was within the range of 120 — 160
HVi, depending on the solute content, and were determined to be higher in hardness
than LPBF prepared AA7075 (108 HV1). The increase in hardness was attributed to the

excess solute and elimination of defects arising from fabrication.

8.1.2 Heat treatment of the chosen high solute Al-Zn-Mg alloy and evaluation of

mechanical properties

High solute Al-14Zn-3Mg was selected for further characterisation due to the existence
of low porosity (0.38%). The presence of a unique and rapidly solidified microstructure
that was decorated with P-phase particles resulted in limited ductility in the as-LPBF
condition, however, direct heat treatment of Al-14Zn-3Mg resulted in an improvement
in mechanical properties.

Notwithstanding the mechanical properties obtained through direct heat treatment,
solutionising heat treatment was performed at 500°C for 4 hours, which resulted in the
effective dissolution of P-phase.

Following solutionising, it was revealed that the high solute Al-14Zn-3Mg had a
massive affinity to age harden at room temperature where precipitates of 8.6 nm were
formed after 24 hours of natural ageing. In addition, it was noted that a previously
unreported high area fraction of second phase particles (>50%) were present in Al-
147Zn-3Mg in the artificial aged conditions (500°C for 4 hours followed by 150°C for

2 hours and 24 hours, respectively).
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The second phase particles in the artificial aged condition (500°C for 4 hours followed
by 150°C for 24 hours) were confirmed as the strengthening 1’ precipitates, with sizes
varying between ~4 and 8 nm, and demonstrated mechanical properties with yield
strength of 407 MPa, UTS of 447 MPa - albeit with an elongation of only 1.9%.

Critical solute limits in designing high solute Al-alloys were revealed with a loss in
mechanical properties such as strength and ductility when the area fraction of second

phase particles increased beyond 50%.
Evaluation of corrosion behaviour of high solute Al-Zn-Mg alloy:

Electrochemical characterisation of the as-LPBF Al-14Zn-3Mg revealed that
quasicrystalline P-phase was ‘cathodic’ to the a-Al matrix. In addition, the annihilation
of coarse Fe and Cu rich constituent particles in LPBF prepared Al-14Zn-3Mg resulted
in lower corrosion rates when compared to AA7075-T6.

The polarisation resistance calculated through electrochemical impedance spectroscopy
(EIS) of Al-14Zn-3Mg in as-LPBF, naturally aged and artificial aged condition was ~
22,000 Q.cm?, 7800 Q.cm? and 11,000 Q.cm?, respectively. Herein, the polarisation
resistance of LPBF prepared Al-14Zn-3Mg were superior to the polarisation resistance
of a wrought high strength Al-alloy (AA7075-T6).

The corrosion pits upon Al-14Zn-3Mg in the as-LPBF condition were considerably smaller
than those of the naturally aged and artificially aged conditions, which was associated wit
finer feature sizes of second-phases in LPBF prepared Al-Zn-Mg alloys (compared to
conventional wrought Al-alloys) and the absence of constituent-type particles. Also, the
average pit size for as-LPBF Al-14Zn-3Mg was ~375 nm whereas the AA7075-T6 used as
a benchmark, contained average pit sizes of ~1.15 ym

In addition to the supersaturation of solute and the annihilation of coarse constituent,

the surface oxide upon as-LPBF Al-14Zn-3Mg revealed the presence of a thicker oxide
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film with a surface film thickness of ~1100 nm which may contribute to an improved
corrosion resistance when assessed relative to AA7075-T6 which had a surface film

thickness on only ~430 nm.

8.1.4 In-situ characterisation of second phase particles to understand their effect

in mechanical properties:

In-situ TEM characterisation of the evolution of second phase particles under increased
temperature revealed the dissolution temperature of the quasicrystalline P-phase which
was ranging between 350°C and 400°C.

The formation of T-phase (Mg32(Zn, Al)49) was evidenced at ~400°C which was
attributed as one of the factors for the loss of ductility during direct heat treatment of
Al-14Zn-3Mg.

The excess volume fraction of second phase particles in solute rich Al-Zn-Mg was
modelled using CALPHAD where improved hardness and low interprecipitate spacing

were reported when assessed with other high strength wrought Al-alloys.
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8.2 Future work

The research herein revealed a critical understanding of the role of second phase particles in

strengthening and the capability of solute hyperloading in Al-Zn-Mg alloys through additive

manufacturing. This study serves as a benchmark for exploration of new Al-alloys without the

formation of hot cracking through design-directed alloying. It also reveals the notion of critical

solute limits which are essential for designing new Al-alloys through laser-based AM, where

solute supersaturation is readily available. In order to expand the portfolio of LPBF fabricated

Al-alloys with favourable mechanical properties, the following future works are recommended:

il.

iii.

1v.

The present study revealed that there was a loss in mechanical property when the area
fraction of second phase increased beyond 50%. Therefore, future research is required
to alter the solute content (herein, Zn and Mg) to control the volume fraction of second
phase particles to less than 50% which might result in high strength and high solute Al-
alloys that could be potentially fabricated through LPBF.

The investigated high solute Al-alloys possess exceptional hardness due to the presence
of a new P-phase which also contributes to the brittle nature of the alloy. The wear
properties of such high solute and high hardness Al-alloys are unknown and will be of
interest for surface modification applications.

The alloy studied herein may be modified with Cu or Mn to explore new Al-alloy
compositions through LPBF, and it would be interesting — and fundamentally important
- to note the changes in microstructural, mechanical and corrosion properties.

The high solute Al-alloy compositions established in this study be fabricated through
direct energy deposition (DED), which will provide critical understanding in the
applicability of newly designed Al-alloys for different additive manufacturing

techniques.
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The investigations in the present research also revealed the improved corrosion
resistance of high solute Al-alloys prepared through LPBF when compared to
traditional wrought Al-alloys. This behaviour can be explored, or exploited in a number
of ways, for example (1) by the production of corrosion resistant net-shape components
that are served by the portfolio of mechanical properties described herein, or (ii) by
utilising the high solute alloy compositions as coatings or DED for corrosion protection

of other less corrosion-resistant Al-alloys.
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