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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�� µFDQ� WKHUH� EH� WRR� PXFK� VROXWH"¶, 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®). 7KH�6FKHLO�VROLGLILFDWLRQ�PRGHO�DQG�5DSSD]¶V�KRW�

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 WKH� SUHVHQFH� RI� KLJK� YROXPH� IUDFWLRQ� RI� Ș¶� DQG� Ș-Mg(Zn, Al)2 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 i8 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 Al-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.  

 

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 Pm ± 100 Pm 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 = ௉
୴כ��୦כ�୲

   (Eq. 2.1) 

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 µballing¶ 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 
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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 AlSi10Mg, 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 AlSi10Mg 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 AlSi10Mg 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 ჴ-Al matrix surrounded 

by Si-rich regions.  

The Vickers hardness of as-LPBF AlSi10Mg 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 AlSi10Mg 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 MgSi2 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].  

 

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

from [77] 

 

Al-12Si 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 AlCuMg, Al2CuMg and Al7Cu2Fe phase through appropriate heat 

treatment conditions, where the Al6Mn 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] 

 

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 5xxx-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® (Al-0.66Sc-4.5Mg-0.37Zr-

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 Zr1-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, 

WHUPHG�DV�Ȟ-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.  

 

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, Al7075 + 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 TiB2 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 WKH�PDWHULDO¶V�ILQDO�SHUIRUPDQFH�� 

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 µlambda 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 Ș¶�and Ș��0J=Q2) phase and the precipitation sequence is as follows: 

Supersaturated solid solution ĺ *XLQLHU� 3UHVWRQ� �*3�� ]RQHV�ĺ� Ș¶�PHWDVWDEOH�ĺ� Ș� VWDEOH�

(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 Mg32 (Zn, Al)49 could alter the extent of strengthening. 

In the context of achieving high strength Al-Zn-Mg alloys, increasing the formation of Ș¶�and 

Ș��0J=Q2) 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)49 [5].  

 

Figure 2.13: Bright field TEM micrographs and corresponding SADPs of peak aged spray 

deposited Al-Zn-Mg-Cu taken along [110]Al zone axis (a and b) and [112]Al 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 
designation 

Ultimate tensile 
strength (MPa) 

Elongation 
(%) 

 
 

Wrought aluminium alloys [5] 

AA2024 ± T8  480 6 

AA2124 ± T8 490 8 

AA6151 ± T6 330 17 

AA7001 ± T6 675 9 

AA7075 ± T6 570 11 

AA7178 ± T6 610 10 

LPBF prepared Al-alloys 

AlSi10Mg [73] 420 11 

AlSi10Mg+TiC 
[142] 

482 10.8 

6061 [106] 392 3.9 

2024 [101] 532 13 

Scalmalloy® [113] 550 14 
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Al-Mn-Sc [114] 573 18 

 

 

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.  
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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 

ZLWK� WKH� WLWOH�� ³/DVHU� SRZGHU� EHG� IXVLRQ� RI� KLJK� VROXWH� $O-Zn-Mg alloys: Processing, 

FKDUDFWHULVDWLRQ�DQG�SURSHUWLHV´�DV�SXEOLVKHG�LQ�0DWHULDOV�DQG�GHVLJQ� 

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 HV1 and the tensile properties revealed brittleness of the high solute 

Al-alloys in the as-LPBF condition.  
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H I G H L I G H T S

• Successful fabrication of high solute
Al-Zn-Mg alloy without expensive addi-
tions such as Sc or Zr processed through
SLM.

• The coexistence or clustering of parti-
cles was evidenced due to complex so-
lidification process.

• Previously unreported, new quasicrys-
talline phase named as P-phase was
found with a quasi-lattice constant of
0.529 nm.
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Additivemanufacturing of aluminiumalloys by laser powder bed fusion (LPBF) has beennotionally 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-depthmicrostructural characterisation and phase identification revealed the
presence of a newquasicrystalline phase, whichwas namedP-phase. The hardness of the alloyswere 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.

© 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/).

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

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]. Themost widely
SLM prepared Al-alloys to date include the well optimised cast-alloy-
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like compositions of AlSi10 Mg (Al-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 270MPa [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-0.55Mn), which resulted in successful fabrication of a high strength
alloy (yield strength ~446MPa)with the addition of 2wt% 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]. Considerablework on LPBF process optimisation
and heat treatment was also performed, and Al3Sc precipitates formed
during artificial ageing were reported to be responsible for the increase
inmechanical 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
571MPa – in addition to Al3Sc precipitates, Al6Mn 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
η (MgZn2) precipitates (and variants including η’ and Cu-doped η’).
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) andmelt spinning tech-
niques have pushedmaximum zinc concentrations to 12wt%, 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 additivemanufacturing (namely LPBF),with the view

of exploiting rapid solidification to impart high solute concentrations in
achievinghigh strength. The rapid solidification from the LPBFprocess 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 weremappedwith 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
Mgmay 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
custompre-alloyed powders utilised hereinwere prepared by argon gas
atomisation and supplied by TLS Technik GmbH. The as received alloy
powder was passed through a 63 μm 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 μm, 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. Itwas observed that thepowder particleswere 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-
LPBF

Powder Post-LPBF Powder Post-LPBF

Zn 10.8 8.59 14.7 10.9 19.2 11.9
Mg 2.3 2.1 3.34 2.79 4.40 3.28
Fe 0.17 0.18 0.28 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
distribution

16–63 μm 18–63 μm 14–63 μm
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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 × 10mm× 10mm 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 mm/s. An anti-
parallel scanning strategy was adopted herein, where the subsequent
layers were rotated by 90o. The hatch spacing, laser spot size and
layer thickness were maintained at 0.07 mm, 50 μm and 25 μm, respec-
tively. Square plates of 17 mm × 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,

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 μm 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 opticalmicro-
graphs which were collected at the same magnification. The fraction of
surface area that was porous was analysed using the ImageJ software.

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

Transmission electron microscopy was performed using an FEI®
Tecnai G2 T20 and FEI Tecnai G2 F20 operating at 200 kV for imagingmi-
crostructural features and compositional analysis via energy-dispersive
X-ray spectroscopy (EDXS). In addition, a double corrected FEI® Titan3

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 μm slice. Such slices were mechanically
thinned to ~100 μm and then punched into 3 mm discs. These discs
were thinned further in order to be electron transparent using a
Gatan® 691 Precision Ion 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 Kα radiation, op-
erating with a Lynxeye sensitive detector. The specimens for XRD were
prepared perpendicular to the LPBF build direction andwere finished to
a P2500 grit. Diffraction analysis was performed with a 2θ 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 hardnessmeasurements 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 μm,whereas for lower scan speeds, the poros-
ity was reduced to less <50 μm. 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 thanFig. 2. Dimensions of the tensile specimens used in the present study.

Fig. 1. Secondary electron image of Al-14Zn-3Mg powder, showing spherical morphology
and size range.
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100 μm –whereas larger porosity is principally keyhole porosity which
can be attributed to the incompletefilling of gapswith themoltenmetal
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 μm)were present for scan speeds exceed-
ing 300mm/s.Whilst themicrographs 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 mm/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 mm/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. 6c and
d) was 0.38% for samples built at a laser power of 95 W and a scan
speed of 175 mm/s. This corresponds to an energy density of 310 J/
mm2. 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

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,
7c’ and 7c”).

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 μm wide. The width measured was less
than the hatch spacing of 70 μm (0.07 mm) that signified overlapping
of melt pool layers by ~27%. This overlapping resulted in differentiating
themelt 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 μm.

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

(3) Fine cellular dendrites contained afinedistribution 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 secondphase particleswere
characterised by TEMbased 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
(8a, 8b and 8c) had particleswith diversemorphology and size between
50 nm to ~3 μm. 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 μm in length and 900 nm – 1.3 μm inwidthwhere second
phase particles appeared to nucleate preferentially at such cells. Addi-
tionally, Fig. 8 a”, b”, c” 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 8c”). In order to understand the composition

Fig. 3. LPBF fabricated specimens of Al-14Zn-3Mg with different processing parameters
(microstructures of which are presented in Fig. 4).
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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 preparedAl-14 Zn-
3Mgwasanalysed throughSTEM-EDXSmappingas shown inFig. 9. Spot
analysiswasperformed at three different regionshighlighted as features
1, 2 and 3, in Fig. 9b. The respective compositional analysis of those re-
gions is tabulated,whereAl,ZnandMgwerepresentasthemajorsolutes,
whereasFe, Si andOwerepresentas impurities. Ingeneral, secondphase
particles were rich in Zn andMg. In addition, it was also observed that
some particles were rich in Si, which may be evidence of Mg2Si (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
fromEDXSpoint 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 compositionwas 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

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%.

Fig. 4. (a) Opticalmicrographs of Al-14Zn-3Mg at different laser power and scan speed, showing variation inporosity (minimumaverageporosity of 0.51%was obtained at a laser power of
95 W and scan speed of 150 mm/s).
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in (Fig. 10 a and 10b). The featuresmarked 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 ofMg (~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 thepresence 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 (aR) 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].

aR ¼
τ3:dR
! "

2
ð1Þ

where aR is the quasi-lattice parameter, τ is the golden mean with the
value of 1.618034 and dR is the interplanar spacing between the
brightest beam to the beam corresponding to (211111) as shown by
the line that wasmeasured 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 Mg32(Al, Zn)49, also
known as T-phase,which has an icosahedral structure andwas 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 Mg32(Al, Zn, Cu)49 that resulted in the same quasi-lattice
constant of 0.515 nm [44]. Recently, LPBF fabricated AA7075 was also

Fig. 6.Optical micrographs of Al-Zn-Mg fabricatedwith laser power of 95W and at two scanning speeds, 150mm/s and 175mm/s, revealing the typicalmacro-structures. (a, b) Al-10Zn-
2Mg (average porosity - 0.47%); (c, d) Al-14Zn-3Mg (average porosity - 0.38%); (e, f) Al-18Zn-4Mg (average porosity 0.76%) revealing cracking associatedwith localised evaporation ofMg
and Zn.
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reported to form a quasicrystal phase, termed as ν-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 nmwhich 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 η-phase (MgZn2) (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 andAl-18Zn-4Mgwere found to increasewith 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 HV1, 153 ± 4.7 HV1 and 165.5 ± 2.4 HV1, 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 aluminiumalloys 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

Fig. 7. Backscattered electron SEMmicrographs of LPBF preparedAl-Zn-Mg at severalmagnifications. (a, a’ and a”) Al-10Zn-2Mg; (b, b’ and b”) Al-14Zn-3Mg; (c, c’ and c”) Al\\18Zn\\4Mg.
The lowmagnification of the alloys (a, b and c) showmelt-pool tracks that are developed during the LPBF process. The higher magnification (a”, b” and c”) images reveal the presence of
spherical and plate-like particles with fine cellular and coarse dendritic structures.
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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 gasflowvelocity, 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
treatmentwill 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 lasermelting in net shape andwith 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].

Thiswork also indicates themicrostructural features associatedwith
production by additivemanufacturing 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 andwere 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

Fig. 8. TEMmicrographs of Al-Zn-Mg at several magnifications - (a, a’ and a”) Al-10Zn-2Mg; (b, b’ and b”) Al-14Zn-3Mg; (c, c’ and c”) Al\\18Zn\\4Mg. The lowmagnification of the alloys
(a, b and c) show coarse cellular dendrites of themelt pool and (a’, b’, and c’) shows the cell-like structures at the heat affected zone.Highmagnification (a”, b” and c”) images reveal second
phase particles with different contrast with the size range of 50 to 200 nm.
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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. 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.

Fig. 10.High magnification BF-STEM and HAADF-STEMmicrographs of Al-14Zn-3Mg are shown in (a) and (b), respectively, and their corresponding EDXSmaps 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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different size and morphology. The complex thermal cycles from the
SLM process resulted in varied degree of constitutional supercooling
and growth rate across the build surface, resulting in the formation
of different zones of the melt pool. It was reported that, during
rapid solidification, a large density of dislocations originate as a re-
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. 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−1.

Table 2
Comparison of the quasi-lattice constant of different phases.

Phase Quasi-lattice constant

ν-phase 0.49 nm
Mg32(Al, Zn)49 0.515 nm
Identified phase (P-phase) 0.526 nm

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
along with the Al-matrix.

Fig. 13. Hardness of LPBF prepared Al-10Zn-2Mg, Al-14Zn-3Mg and Al-18Zn-4Mg in
comparison with LPBF-AA7075 [48].
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arrangement along the boundaries (Fig. 8 a’, b’, c’). 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 transitionmetals. The rapid solid-
ification of these highmelting 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 systemwith 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 newAl-alloys for additivelymanufacturingwithout 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
physicalmetallurgy of very high solute richAl-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 HV1) was
determined to be higher than SLM fabricated AA7075 samples (≈
108 HV1), 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 optimummechanical properties.

Data availability

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

Fig. 14.Representative tensile data showing the failure before 0.2%proof stress of LPBF prepared Al-10Zn-2Mg (represented by continuous lines) andAl-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 amixedmode of brittle,
ductile and intergranular fracture.
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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 iW� LV�D� UHVHDUFK�SDSHU�ZLWK� WKH� WLWOH��³2Q� WKH�heat treatment and mechanical 

properties of a high solute Al-Zn-0J�DOOR\�SURFHVVHG�WKURXJK�ODVHU�SRZGHU�EHG�IXVLRQ�SURFHVV´�

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 KLJK�DUHD�IUDFWLRQ�RI�Ș¶�DQG�Ș-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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Chapter 6 

6.1 Chapter synopsis 

This chapter evaluates the corrosion behaviour of Al-14Zn-3Mg and it is a research paper with 

WKH� WLWOH��³On 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 0.1M 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-

14Zn-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. 

 

 

��



&RUURVLRQ 6FLHQFH ��� ������ ������

$YDLODEOH RQOLQH �� -XQH ����
��������;�� ���� (OVHYLHU /WG� $OO ULJKWV UHVHUYHG�

���������		�
�������
������
���������������
������	�����������

�	������	�
������
����
������
�� 
�����������
	� 
�� ����!	��"�� 
�������#�
�� 
����$����	����
 ��%�

 ����������	
�	�����
���	��
����	���	���
����
���	�
����	��
����
���	�����
��	���	�����	 !�����
�	
� �
����	"#���	$����
���	�
����	��
����
���	�����
��	���	�����	 !�����
�	
� �
����	������	�
�	 ��
�
��	���!����!�
���	�
����	��
����
���	�����
��	���	�����	 !�����
�	
� �
�����	
�	���
����
��	���	�
��!���	��
�����	%��	 !�����
��	&��

���	��
����
���	 ��
��	 �%	'(�)�	 !�����
�			

� & ' ( � ) * �( $ + � � �

*��+
���,	
������,����,�
������
	�-
�����
������������

��������
�������������		�
����
����


�.��"�,
�

� � � ' & � � ' � �

���
�����.����,
���
���	���
��,����,�
����������.�	�������
������������������/0���1���2����34���

�
�������
��	�������,�
	��� ����	��������5657�'8�

� 
� �����,
	9�����/0���1��� 	�.�
����
� ����	� 	
������ ��		�
�����

��	������������
�,��	�
�	����	��
���
��������������������"�
����������
�9������
	
������	,��
������
	�����
��������
���/0���1��� ���� ���	��������
�������9������
� 	��
��.�� �����5657�'8�������������
,������
	�

�������
�
�
���
�����	����,��
���,���
����
����	�
�����
�
��
�
��

���	��	,����
����������:���
�����
����������		�
��������

�	�
���"�,
��'���"�����
���	������,��
�	
���������		�
�������
.���	����
����������
������
��,����,�
�����
,
���
���	����������
�
�����	�����)��+����

�� ������	
�����

'�����.����,������������
�	������
��,����,�2��4�
����
���	�
�	��

�
���
����	
�
��	�
�����
�����
����
��

�	�
���������
����
���������������
���������� ������)�� 
��� ������������ 
�
��,
�� ����� ���
���� ������

�	�����
�	�
������756 ��
���	��	�������	�����
�;/�<=�������	�,���

���	���
���	
����
�����"�
�����������>��
��
.��	�.�
����������

��������
���
����.��������
�	�����
���������	��	����?66 ��
�– ������������	��
��

�����
���	������
����"��
�����
����
�;1�0=��

(�����������@�����
�.
�����
�����"������,
���
���	�����,��
��
��
����.�� ,
���
���	���� �

� �,�	���� 

� �	����
�� ����������� ��� �	������
��,���@���,������
��������
�
���������,���,
���

�������	
�����;7=��
)

�	� �����	� ���� ��
���� �	���

� 2)��+4� �� 
� ��	,� ��� ,��
�� 
�����.��
,
���
���	���� 2��4� �� �
� ��	��	,��� �
���� 
� �

�	� 
��	��� ��� �
�	��
���
��,������
����
�����	
��.���
��	�����
��	�,
���	���

������
���,����	�
,����� ;8�5=����.
��
��
����,��
����� ��	� �
�	��
����� ��	�
�����,���
����
���	�
�	�
�
����	��	
�
��	�
�����
�����
����
�
	���.�����A��
,����
���	����,���@��
	���	��������������	���������
����,�
�
����������
�
��,�

�����
	��	�>��	����'���
��������,�
���������
�������
��,����,�

����
� �
�	��
���� ��	�����)��+�
	�����/6������
������/<��� ������ ���
����	��@��������B��������������	�
���������	�"����,��	�
�	����	�
�
���
�����	�,���
���
���	���	���
���,�
	�������

��������
�����������	�
	�
�
;?–/<=������
	
���	�
�������)��+� �
� 	
���� 
�����"�
������
����@�������


��������������������������
.���������,��
�	
����������
����
�;/1�/0=��
'���
�����
��������)��+����
	�
��	�����������������	�
�	���������
����
�
�

�
�
�������	���������@���	����!�
	������
���
�������)��+��	�������
��<6<0�2��������4�
�����5657�2�����������4�– ����������������		��

������� 
���� 
����
� ;/7�/8=��'�������	
�� 
�����
���������� )��+� ��� ����
	
����������.������
�������
�	���������
����
��

��
�����	������	�
�
	���

���������� �
	�����
	��� ���� ��������� 
�
��,� ;/5�/?=� ������ �
� 
��
�,��	�
���
�����
�
��,���	�
�	�
�
���
�����
����
��(���

���������
������
5@@@�
�	��
�2��������4�
����
��
��
����	������	
�9�����	�����
�����	�
����
������	���

�����	�����
�����.��,
���
���	����������������	��
	���
��
����"�
���������	.
�
�;8�/?=��)�,�������	9��

��������	��	,�������
������

����

������ �
�	��
�������	��
	������
����
� ��� ������������� 
�
��,��
����.�	���	9�����
����

������
������
��,���"�
�������������	
������
��
5@@@� 
�	��
� 
����� ��,��
�����
� 2��� ���� 
�������� ��� ��� 
��� �	4� �

�
�,��	�
��� ��� 
.������� ���� �	
�9
� 
����	���

���� ������
� ;/8�/C–<1=��
#���.�	���������
�
�����������	���	���
��������	��
	������������
��
���
�	���	��������
�������	�,
��
�����


	�������.���������
��,����,�

����
���
��
	��
����"�
������
��������	�
�����.��,
���
���	��������	��	�
����������@�����������	�
����
�����	���������;/0=�������
����
�������������

��,����,� 
����
� ���0�7���6�88���6�15�	�6�/5��� 2���� 34� 
���
���0�7<���/�1<���6�5C���6�50 �	� 2���� 34� ��
�� ��	�� ��
������ �����
�@��

�
����������	��	
����
�����"�
�����
��������
������
���	�

��	
�����
��
��	�
���������������
�	���������756 ��
������
�������
���������	
���	��

% ��		�
��������
����	��
�#��
�	�������,	���9���	����
D
�������
��2$����	����
4���

�������
���
�
�
.
��
����
���������E�	����

��		�
������������
journal homepage: www.elsevier.com/locate/corsci 

����
FGG�����	�G/6�/6/8GH���	
���<6</�/6C8<8�
&����.���<7���	���<6</A�&����.������	�.�
�����	,�/6� ����<6</A����������//� ����<6</���

��

mailto:nick.birbilis@anu.edu.au
www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2021.109626
https://doi.org/10.1016/j.corsci.2021.109626
https://doi.org/10.1016/j.corsci.2021.109626
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2021.109626&domain=pdf


&RUURVLRQ 6FLHQFH ��� ������ ������

�

���/?�3�;<0�<7=��������
��

�
��������	9���	����	���	�
���������	�
��	�,�
�
����
��� 
����� ��� �	������ 
� ������ ��
������ 
��,����,� 
�����
2���/0���1�������34���������
��������
���	���
�5@@@�
�	��
����
�����
�����
�����	���
��������
������������
����������	���
������
�������
��� 	
����
���� 
����.����
���� ���� )��+��	���

�� ���
�
�� ���.������
��
�

�����2�������
�
�
��
��	��	�>��
������	��	�������	�����
4�������	�
����
����������	
�9�����+�	���	,�	���������,��
������������/0���1���2����34�
�

� 
�
�� 
�������� 
�������,�
��� ��� ���� 
����	� ���� �	
�9���� �	� �@��

�
��	�
������

������������,���
�����������	,����
,���,���������
���
�@��	�,���
���	�
�
�– ������
�
��	�.�
����
�����>�

���	�
�
��������

��
����������������
�
��,���
���

������	�����	���	����;<8=��#���	�
������
��
�������
����
��
�����������
��	�

��
	����,���
���
���	���	���
������
,
��
�
��
����.��
�����	���	���
�����������	���	��	���

����2

��������
�	���

��
���	��������,������
��������
�
��4��

'���
����
�����
����������		�
��������������
����
���
���
.�������

����"�
������
��������	����
	����,������
���������
����
�����
�	�,
���
�	����
�� ��	� 2�4� ��,�
	�
�������� �������.������
���	������
��,����,�

����
���
��
	���	����
�����
�.�	
������
�	�
��
����	
��
���2��4�����	����
����



�

�������		�
��������	�.���
������@���	���
�������,��
�����
��'���
���
����,��
���������
��������

���
	�����
���
����	,�

�
�	�
�����������

����������,���
����
��	�
����������.��
��������
���	������	��
�����������
��		�
�����	���	���
�������
����
��;<5–<C=��

(����	,
�����	����
���
�9�	���������������	����,��
�����
.���	�
���
���
��
�����		�
����	�
���
���������	��
	��������
�	���������
����
��
�
��,����������<6<0�;/7�16=�
�����5657�;/8=��*.���������������
����

����
�
	������I���’ ��,��
�����
�
����"�
������	����������
����
�����
�
	�.�
���� ��
�� �����	���

�������������
�


���
���������)��+��	���

�
	�
����������,�	�.�����		�
������	��	,
�����������
����
���,�
	������
�	������ ������	�
	�
��$
,����� �	
������
��,��	��� 
�-��� 2���
�������4�
�
	�����
��	�
������������	������
����
���	��
�
������������������	��
��

�������������
��+�	���	,�	���
�	�"����,��	�
�	����	��	�
����������
�
��,��	��
�-����
	�����
��

��	�
���� ��������������	���

�����'��
�
�����	��������,��	�
�	����	����	�������,�	�.���������		�
�����	���	���
�
�������	��������
�������9������
���������

�
�
����
�����������
���,�
�
��������������	,
��������
�,�	��
�
�����@����"�,�;/7�/8=��

�	�.���
���	9�	��
	���������)��+��	��
	������������
�����
�
��,�
	�.�
����
���
������,��	�
�	����	������	��
�����>�

��	�
�
��������

���
��	,�������

����

�	���	���������	,�������������
���������������
�
�
��,�;<8�1/=��'�������

������05���<C���2���
���34���

�����	,��������
�
.��
�����

���	
��
�	����	���������������
���".������
�,,��	���
���
�
>�

���
������ ���
�
��� ��� 6�7<C �,� ;<8=�� *.
��
����� ��� ,���
���
��
�	���	���
�������/0���1����������

�)��+�
�����
���	�
�������������
��
	�.�
������
����,����������������

����
�����������������	�
�������������
.���,���	
���������
��������

���
	�����
�;1/=��+������������
���
��.�	���
����
��	����
���������	
�
���������B���������
����
��������

���
	�����
����

���������������		�
����������������
��,����,�
����
��
���	�����	�
����
��.��,
���
���	�����(�������	�
����
���������������	����,��
�����
.���	�

�����		�
���� 	�
���
����� ��������� 
����������	��
	������/0���1���
2����34��

�
������������	��������	�������������
���
,���������

�)��+�
���������������
��������
���
����
��	
����
���������������
�������
���
������
���
���
	��"��
����
���������������


� ���������������������

'-)- �����
��	��
�!��

�	����
��	���	����	���������	

�	��
����������
����������	
���� �����
	����
�������,��
��������	��
��.�������������
���
������������')��'�����9�!,�#�������������	
�
��	�� �	��
	��� ��� 
�� 
	���� 
�,�
���	�� ��	����� ���� �

� 
��,�

�����
������>���	�
����������������,��
������
��������'
����/��

'��������	�
�-����
�	�������������������
���9������	
��
�����	�)��+�
�	���

�����

�/8–81 μ,��E�������.
��	
�������
��,
������	�

�
�	�
����
��������������,��	
��	���	�.
�������������)��+�,����������'
����/�
�
��
�����
��
� ���,���
�� ��,��
������ ��� ���� ���9� 
����,��
� �	������� ���
)��+���
����	��,�

�	����
����(������.��������������

,
�– ���,���
*,�

���� �����	�
����� 2�����	�,���	� ��	.���
�� ��
�	
��
4�� '��
� �

�

����� ��� 	�.�
�� ���� ��,��
������ ��� 
����
� 
���	� )��+�� >�
��������� ����
�����	����������������������	�
���"�
���	��������,��
������
���	�
���
�.
��	
�������	��������)��+��	���

��

����������)

�	����
����
����&��

������
�����	�)��+���,��������
�
���
�
��� �
���� 
�
����� 
��� �
��	� ����9��

� ��� 56 μ,� 
��� <7 μ,��
	�
�����.��������

�	�
����
�-�����76 μ,���

�	�����	����C7 J�
���
�
��
�����
��������/76 ,,G
��

��
�������
�	��
���
���
����,��
��
���������
�

������ ����� 
����,��
� ����� /6 ,,� ��,��
���
� ��	�� 
���������
��	��������
	����������������	�������
��������
�����	�
��������	����,��
��

���,��	�
�	����	
����
������'���
.�	
�����	�
�������

,���
��
����

�<
6�7�3�� 

� ����	,����� ��� 
�� ���,��
� !:7/� �����
�� ,��	�
����� 
���
(,
�� �
����
	�������������
��
�
��
�
������
����������	,���������	
������
���
�	�
�����	�
�����

#�
���	�
�,�����������

�)��+��	��
	������/0���1���

,���
��

�
��	��	,���
���	�������������������������������
F��4�'���

�)��+�

,���
�
��	��
��������
���
��766 ◦����	�0 ���>������������
��	�
����
��	
����

���� 
�� 	��,� ��,��	
��	�� ��	� <0 �A� ��	,��� ���� �
��	
���� 
���� 2$�4�
�����������*.
��
��������������
���������/0���1���
�������	�������������


�
��������
���
�
����

����,���������
�������������������	
�����
��	
��

������ ��� ���� 
������ '��	���	��� 
��������"���� ��	���� ��� <0 ���
��	
��

������

�
����������	����
���	9����4��
�)��+�

,���
���	��
��������
���

��766 ◦����	�0 ���>������������
��	��������,,���
�����
����
��/76 ◦��
��	�<0 �A��������������
	��"��
����
����2��4������������

'-'- �
��
���!��!���	���������
���

�	���	
�����

�	����
��	

���	�
�	����	
����
	
���	�

������
����
�
�����������	���,��	�
�����
�

��
		���������
����
��+*(��K�
��
�1E�+*!����	
�����
��/7 9L��(��
��.���
�� �����
����,��
����/6 ,,���	��,��
����	
����
�����	��
	���
�
����
��������
	������
��	
����
��<766��	���"��
�������������������
�����
����� 1 μ,�� ����� / μ,� ��
,���� 
�
���
����� 
��� "�
���� ��������� ���
����
��������
�6�/ μ,��������
��
����
�
�
���
������
,���
���	��,,�	
����
��
�������	�� 
�
�� �	��
	��� �
���� ���� 
��	�,��������� �	�����	��� 
���
��	���,,�	
������6�/ ��$
�����	������	������,����	���
��

'-�- ������
����
���	����!�������	

*����	����,��
����
��
����,��
���	���	��
	������
��<766��	���"��
��
���������������	

��������
�����������
����������)������L���1�������
���
�
��2����	���������	������*��)
���
����
	���.�	
����//�<54��

�����
��
���� ���� ���� �����	����,��
�� ��
����� �

� ��	��	,��� �
���� 
� ��	����
�����	���� ����� 2�	�������� �������� &�
�
	���� M6<174�� 
��� >���
�����
6�/ �� $
���� �� 

��	
���� �
��,��� 	���	����� �����	���� 2+<00 ,L� .
��
�#*4��
�����
����,�,�
��������	������	������	�������
����	�
�����.�����
'�����
	
���	�
����	�
���
�����
���
����,��
��

����
������
����������
������
,��� ���
	�

����� ��
����� 
��� �����	����,��
�� �,���
���� 
����
�	�
�����2*(�4��

'-�-)- $
����

�����
�	�
���
���

�	����
��	
�����������
,������
	�

�������
������

���	��	,������6�/ ��$
���

�����
��������
��
�
��	
������/�,L
−/������������	�����������866 
��	�0? ��
����������	����������������������
	
���
������
����
�������
�
�
���	��
����������� ���	�� �	��	� ��� ���� ��
�
�� ���� 
����,��
� ��	�� 
������� ���

�
����
��������������	��������	�866 
���	�����������������	������������
��
2���4��

�,�

�	����(�����
�	��
	���
���������
	�

������

���	��	,���
�	�,�−<6 ,L�.
��������/ ,�G�,<�
����
����������
	�

������

���	�
��	,����	�,�+<6 ,L�.
���������/�8�L��*��'����
�	��	���
�
�������
���
���
�
��������������
�
���
���
�
���

�	��	�������
����

����������	�
���

��������
���,��
�� ��,��
������ ��� ���� ����
���9� �����	� 
��� ��
���)�� �
�	��
���� ����
/0���1����������3��,�

�	����
����(����*����
*��,����2����34� ��� ��� +�� ��� ��� ���
���/0���1���2�����	4� /0�5� 1�10� 6�<?� 6�68� 6�6C� �
�
����
���/0���1���2��
��)��+4� /6�C� <�5C� 6�<1� 6�68� 6�/� �
�
�����

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

�


����,��
��

'-�-'- ������
����
���	
��������	������
��
��	����
��	
*����	����,��
�� �,���
���� 
����	�
����� 2*(�4� �

� ��	��	,��� ���

6�/ ��$
����
����
��	�>������	
�������/66 9#- – 6�67 #-�2,�

�	����
".�� �����
� ��	� ���
��4�� ����� 
�� 
������� �������
�� ���±/6 ,L�� E
�
�
���������������	.
����,�
���	�A�/6 ,����/ ���<0 ���0? ���C8 ���
���/8? ���

	�
�����.�����'���
�>��	���*(���
�
��

�"������
���� ����*��)
�� 
����
�
	���2.�	
����//�<54��

'-0- $
�	������
�	���
!��	
��
���	��
1�
�����	

�����
���	�"��,��	���

���	��	,������
����,��
�����������0? �����
�,,�	
�������6�/ ��$
������L������JNM��$'//66������
���	�"��,���	�

������� ������
	�������	���,��	��	
��
���F�2
4�)��+����/0���1����2�4�)��+����/0���1�� + $���2�4�)��+����/0���1�� + ���
���2�4����5657�– '8��'���	�	�
�����.��
�����,
���"�
������'*��,��	��	
��
�
	��
��������2
’���’���’ 
����’4�2$�F�766 ◦��G�0 ��+<7 ◦��G�<0 ��
�����F�766 ◦��G�0 ��+/76 ◦��G�<0 �4��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

�

�

��
������,�

�	������������
�����,��	����
�	�
������
��K�
����
��.��
����
�
��
�
��

���	��	,����
����L�����L�
����
����
	������	������"����
���.�����

�,
���
�����
��166 μ, @ <<? μ,���	��	������
����������

,�
���
���	�����
���������/6�3����	���
������	�< ,������������������	

�����
���
��������	�,�.��
������
���	�����
��	��@���
��������
�	�
����

'-2- "#���	��
�
������
�	������
��
��	3"$�4	����!��

�	

:�	
�� ����������	��� 
����	�
����� 2:��4� �

� ��	��	,��� �
����
'��	,���������"���$�@

���	�
�����
��
�
���
��,��
���	
����������0��

����>������������
���,�
���	��
��
�
��
�	��'������������	
��
������

�
,�����	�,
�������Mα :�	
�
� 2/0?8�8 �L4� 
�� 5< J� 28 ,��
���/< 9L��
066 × ?66�μ,<�
���4����	.���2����4�
��������	�
��������2�
		��4�
�
�
�
��	��	���	����
��
�
��
�	��


����	���
����/76�
���76 �L�
���
����
�-�
�
��� /�6 �L� 
���6�/ �L�� 	�
�����.����� '��� �

�� �	�

�	�� ��� ���� 
�
��
�
�
��
,��	��

���

���
��7�6 × /6−C�,�
	�����������	�����
����
,�2����

��������	��4�B���������

��
��������,���

�����	�
�	�
�����
	������
+�	������������	�"��
��/66���.��
���	��
�����	����
����
�,��
��,����	+
�

� ���
��	� ���� 
��	��� 
�� 0666 �L� 
��� ����� ��		����� *
��� ��.��� �

�

�����	�����	�
�
������	��
������

�����16 
�������
�< ,,�	

��	�
�-��
���
�
7 
����
��������
���	�"��,��	��2L������JNM��$'//66������
���	�"��
�,���	4��

��
������,�

�	��������������������������	������
������
��
.
���
���	���
���������.�	��
�����	���,�����
�����	��������������@�
@�
��
E
�
� �	���

���� �

� �
		���� ���� �
���� �.
��
��� 
����
	��� .�	
����
7�CC</�
����������	����
���	
������

�	���	�������������,
�������������
/
�
��<?0�?��L��'�����/
�
����	
���	��"���
����
�
,
	���
�9�	�����
���
����������������
���,
@�,�,�2+J#�4����
�	
�������	��
���
�����
��

�� ���	�����������
	������

�-)- �
��
���!��!���	���������
���

�	

'���,��	�
�	����	���������	��
	������/0���1����������

�)��+��$��

���������������
�2
�����������	��������5657�'8�

�
������,
	94��

	�� 
����� ��� +���� /� 2
–�4�� 	�
�����.����� '��� ��		�
�������� �����
,
���"�
����� ,��	�
�	����	�
� 	�.�
����� �
��
�
��� �
	�����
� 
	�� �	��

���������+����/�2
’–�’4��

'���

�)��+����/0���1���	�.�
����
���
��������,��
��,��	�
�	���
��	��

�	�.�
�������+����/
��'�����,��
��,��	�
�	����	���
����������	�
����
���� ����� ��	��� 	�����
� – �
,����� ��
	
�� ������
	� ����	���
�� "���
������
	�����	���
�
��������>��
@���-������������
�
�,��
	������
��	�
�
�	�.���
�����
�	.����������	�)��+��
�	��
����
����
�;1<=����
	
���	�
����
“O�
�
���” ,���� ����
� ��	�� ����	
���� ����� �
	�����
� ��� �����	����
,�	��������
�����	���	�.���
���������"���

�����

������05���<C���
2���
���34�������
�����

���	
��>�

��	�
�
������
�	����	��;<8=������

��
�
	�����
���	����,�
	
��.�����
	��	����
�-�����,��������������
	��
�2
��
P/−1 μ,4� ��
���
	�����
�������� ����,��������� 2
��P�76–/66 �,4��

�

��������+����/
’��

#�
���	�
�,�������

�)��+����/0���1���	�
�����������

���������������
>�

��	�
�
������ ����

�� ��	���� 
��������
���� 2766�4�� 
��� ���� 
��
��
>������	������
������������η 
���η’�����<���

�
���������������	���,�
��	
��	�� 2/76�4� 
��������
�� �	�
�,���� ;1/=�� ������	������
��
���	��
��
�	.����������	��
	������/0���1����������$��
���������������
��

�

��������+����/��
������+�	������
�������������
�������	�
��������	��
�
��.������
	
��
��������

���
	�����
�2P�/ μ,4���	��
�
��	�.�
����
�����
�����	
��������
	��
��
����	������
��
���

���
��/6 �,���	����
�	�������
������������	
��
��(���

���������
�������
��	
����
����2$�4�
���
	��"�
��
����
����2��4����������
�	�.�
����
�,��
	�
.�	
����	������
�����
,�
���	� ��� P� ?�8 �,� 2+���� /�’4� 
��� P� ?�? �,� 2+���� /�’4�� 	�
�����.�����
#���.�	������
	�
��	
����������	������
��
����$��2P�06�34��

���

���
��
��
��������2P�77�34����������A������
�����
��	�
��	�
�"�������	��	�����
��
������������	��
	������/0���1�������������
��������
����
���
	���
"��
��
���������������

�����	�����	���
��@��

�
�������(��
�������������
,���
���
�� �	���	���
� ��� ���/0���1��� ��� 

�)��+� 
��� ��
�� �	�
����
���������
���	���.
��
���������	��	�.���
���	9�����	�������
	���

����
���/0���1��� ���

�)��+��$��
���������������
��

�/71 ± 0�5�#L/��

/5/ ± 7�8�#L/�
���<<6 ± 1�8�#L/��	�
�����.����;1/=��
'���,��	�
�	����	�� ��� ����	��
	��� ���/0���1��� ��� 
��� ���� ��	���

���������
�
���������

�����	

�������5657�'8�����	������,
�	�@��

�
�����
�����������
	
�����
���������
	�����
���������	����,�	��������

�

��������+����/���'��
���
	�����
��
.��������	�.���
�������	,�����������
��5��<+��� ��1+��� ��<���� ��<��� 
��� ��<����� ��
�� ��	�� ��,��
����
��	,�����	���� ���� �

������	���

������ �.�	� 87�3���� ���
�� �
	�����
�
������ ��5��<+�� ;11�10=�� +�	� ���� ��	��
�� ��� �
���� ��5657�'8� 

� 
�
�����,
	9� ��� �.
��
��� ���� ��		�
���� ���
.���	� ��� ����	��
	���
���/0���1����
�������
��.��,����������
	�����
��	�
���������5657�'8�

	��	���		������

����
���������
	�����
���	�����������
���	9��'��������
,
���"�
�����#��E+–�'*��,��	��	
��������5657�'8�� 

� 
����� ���
+����/�’��	�.�
�
������
	��������	������
��
�2����<4�;11=��(���
���������
��
�����	������
��
� �����5657–'8���	�� ���
���	
����"��	� ��
�� �����	��
�����
��
� �������	��
	������/0���1��� ��� ����$��
���������������
��
#���.�	����
	
�����
���������
	�����
���	�������	�
�����������	��
	���
���/0���1��������������	
����
�����"�
�����	
��
��

�-'- ������
����
���	���������
���

�	!�
��	�
����

�����
�	�
���
���

�	
����
��	

'���,��	�
�	����	
��
�
��
�
��������	��
	������/0���1���	�.�
����

���
������,��	�
�	����	����
���������
������
	�
��	
���������
���,��	���
�
	�����
�����	�

��������5657�'8�����
�������
	
�����
���������
	���
���
�� '��
� ��
���
��
� ��
�� ���� ���
��
��� ��		�
���� 	�
���
�� ��� ����
�	��
	��� ���/0���1��� ����� ��� ��
������ ��� ���� �	
������
�� �	������

��,����,�
����
��

���
	
���
������
����
������������������
,������
	�

�������
�
����
����	��
	������/0���1����������

�)��+��$��
���������������
��
�����
�������5657�'8����	������������
���	�
���
��	�
���������+����<��&�
���
�
�	�,� 
������ 
��� �
������� �����������
,��� ���
	�

����� ��
�����
���������� 
� 866 
� �,,�	
���� 
��� 0? �� �,,�	
���� ��� 6�/ ��$
��� 
	��

����� ��� +���� <
–��� 	�
�����.����� '��� ��		�
���� �������
�� 2*��		4� 
���
��		�
���� ��		���� ���
���� 2���		4� ��	�� ���
����� �
���� '
���� ����
	�
�@�	
���
�����,��������������
����������
	�

�������	.�
��
���
	����.���
���'
����<��'���
�������
�
��

�
.��������	�����*��		�
������		��
��,
�����
���������
��
������


�.
��������������
�������.���
��
�����
�����������
��
�����	�'
����"�������

'���

�)��+����/0���1���	�.�
����
���		�
������		�������
����2���		4�
.
�������P/�/ μ�G�,<�
����������		�.
���������5657�'8��

�
�.�����,�
�
�����	������
�.
�������P5�?7 μ�G�,<������������
�866 
��,,�	
�������
6�/ ��$
����

'���,�
�����
������
��	������	,������	�,������������
,������
	�
�

����� ��
����� �
� ��
�� ���� 	
��� ��� ���� �
������� �
	��
�� 	�
������ �

�

����"�
���������	�����������/0���1���
������

�����
��������5657�'8��
'��
�����	�	
�������
�������	�
������������������/0���1����	�����
����

	�
�
��	�,�����

����
��������
	��2�4�����
�
�����������
���������
	�����
�
��
��
	�����
��
���
���	��������,��	����2�	�
�������4����,���
�
����

�+��

�����A�������
�
��
�	.��

�
�	�������
���
�����
��
���2��4����������	�

������������������������
�����	�

��������		�
�����������
�����������
���������	����,��
����
	
���	�
���
��������

������	���		�
�����������
����	��������/0���1���
��������		�
����
�
��� ��

� ���
	�

����� ��� ���� 


���
���� 
������ �
	��
�� 	�
������ – �����
�����,��
���������	���

��������	
��
2
�����		�
���4��

'��� ��

�������� ��� ��5657�'8� 	�
���
� ��� 
� ��������� ����,������
��		�
����,�	�������� ��
�� �������
� 
������.�� ��

�������� ��� 
���
�����

������ ���
�������� �
	�����
�� 
��� ���� �	�������� 
�		�������� 
���
�����
�
������� ���
�������� �
	�����
� 2������ 
�
�� �������
� ��
�������� �����
��

�����������������+�2���4�����
���������
���������
	�����
4��(���
��������
�.�������� ��� 
�	�
��� ��		�
���� �������5657�'8� �
� ��
	
���	�
��� 
���
���������	�,�������,���������������
	�

�����	�
���
�������5657�'8��
���	���������������	������������
���	��
��	�,�P��506�,L��*�����������
�
866 
��,,�	
�������6�/ ��$
���������������	�2�������

������4�.
�������P�
�?16�,L��*�
���	�0? ���,,�	
���A�
����
�������
��
�	�
�����		�
�����

�
	�
������ ��� ���� ��

� ��� 
�,�� �
������� ��������� (�� ����	

��� ���� �����
��	������������
���������	��
	������/0���1����������

�)��+�
�����
��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

�

�	�
�������������
�2$��
�����4���
��
�����������������
���	
�������������
866 
� �,,�	
���� 
��� 0? �� �,,�	
����� '
���� <� 
���
� ��
�� ���� ����
�	��
	��� ���/0���1��� 
��� ��5657�'8� 

,���
� 
���	� �,,�	
���� ��	�
0? �����6�/ ��$
���	�.�
��
�
�,��
	����		��#�	���������������.����
�����
��
���� ��5657�'8� �

� ���� ����
�� �����	����,��
���� ,�

�	��� ���		� ���
P/�</ μ�G�,<��������
�
�
�����
�����������		�.
�����������	��
	�������
/0���1�������������������2P/�7C μ�G�,<4��'������		�������/0���1������
����

�)��+�
���$�����������
��	�
����
�����		� ���P<�<8 μ�G�,<� 
���
P1�0/ μ�G�,<��	�
�����.�����(�� �
���������
���������		� .
���
����
�������


,���
� 
	�� 
�,��
	� ���������� 
� 0? �� �,,�	
���� 
������
� ���� 	�.�
��

�
��
���
����
����"�
���	
���
��

�-�- %
��	��
�!�

�	
�	�
���
���

�	���
������	������
���	!�
��	���	

'���.
��
��� ���� ��,���.����������� ���
	�

����� 	�
�
�
����� �����	��
���,��
���,���
����
����	�
�����2*(�4�,�

�	�,���
���	���
		��������

��
�.�	
����,������	.
�
�

�������
F�/6 ,��������/ ���<0 ���0? ���C8 ���

���/8? ��� 	�
�����.�����'���*(���
�
�����������
���	� 
�.�	
�� ��,�� ���
��	.
�
���	�
�������

,���
�.�-������	��
	������/0���1������

�)��+��$��

���������������
��
�����5657�'8����������	���		�
��������$�>��
��
����
�
	��
��������+����1�2
–�4��	�
�����.�����

'���$�>��
������
��������	��
	������/0���1����������

�)��+��$��

��� ��� ���������
� 
���	� 866 
� ��� ���� ��	�� ��
	
���	�
��� ��� ����
�
�
����.������
�

�
��������+����1�2
–�4��'���������	�>�������
�
����.��
�����	��	�
���
�������
	
���	�
���
����
����������	����������	�
���
����

�
�
����������	,����������
	����	
�
��	�	�
�
�
����2&��4��
�����������
��	�
�
�
���
���� 2K��4�����	�

� ����"�,���
	
���	�
���
� 
����

�"�,�	�
�
�
�
����2&�4�
���"�,��
�
���
����2K�4���	�����
������	�,����� �����	��
>������ �
�
����.�� ����� ;17=�� +�	� ��5657�'8�� ���� $�>��
�� ����� 
���	�
866 
���������

���
	
���	�
������
������	�>�������������.����������

���������������������	�,���	
����	�>�������
�
����.������
��(���
�9�����
��
�������������.�� �������	,
��������������
9��������� �����	������.��
�������.���

���������@����"�,��	�
������������		�
�����������
����,��
�
��	����������
������	���

�;18=���������
	
���	�
�����������.��������

�

�
���������������	��
	������/0���1����'��
�
����
�
���
�������@����
"�,���.������� ����� )��+����/0���1��� ��� ���� 

�)��+��$�� 
������

�����
� �����������
,������
	�

����� 	�
���
�� ���>���
�����6�/ ��$
��� ��	�

�)��+����/0���1����)��+����/0���1��� ���.
	���
���
�� �	�
�,�������������
�
���
��5657�'8��2
4�
���������
	�

�����	�
���
�����������7 ,�������������������������2�4�
���������
	�

�����	�
���
�����������0? �����������������������2�4��
�������
���
	�

�����	�
���
�����������7 ,�������������������������
���2�4��
����������
	�

�����	�
���
�����������0? �����������������������	�
�����.�����2$�F�766 ◦��G�0 ��
+<7 ◦��G�<0 ��
�����F�766 ◦��G�0 ��+/76 ◦��G�<0 �4��

������
�
'
����������@�	
���
�����	�
���
���������������
,�����	.�
����

�)��+����/0����
1����)��+����/0���1�� + $���)��+����/0���1�� + ���
������5657�– '8���
�
,���� ���		���866 
�

2μ�G�,<4�
*��		���866 
�
2,L��*4�

���		���0? ��
2μ�G�,<4�

*��		���0? ��
2,L��*4�

�
�)��+�����
/0���1���

/�/ ± 6�//� −C?6 ± C� <�<8 ± 6�<?� −C7/ ± <�

)��+����/0����
1�� + $��

0�01 ± 6�6?� −C01 ± 1� 1�0/ ± 6�/0� −C18 ± 0�

)��+����/0����
1�� + ���

/�08 ± 6�/5� −C7< ± 8� /�7C ± 6�/?� −C75 ± 1�

���5657�– '8� 5�?7 ± 6�/7� −577 ± 7� /�</ ± 6�/1� −586 ± /C��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

�

���������
� �
� �@������� ��� �	�.���� �����	� ��		�
���� �	��������� �����
��,�
	��������5657�'8��

'���$�>��
������������5657�'8��

�
���	���
���	�<0 ������,,�	
�����
'���������

���
	
���	�
������
�������	�>�������
�
����.����������������
���
���
���
������������
�
��������07◦ ��
��
����
�
�
������
��������	������
�,���
���� ���
.���	� 2
���
�����J
	��	���,���
���4�� '��� J
	��	���
�,���
���� 	��	�
���
� ���� �,���
���� ����� 
�� �����	����,��
�� 	�
��
������
�����	��
	��
���	���,������,


��	
�
��	�������
��������	���
����
�
	��	�
������

� IJ’��'���


�,�����
�
��� 
����"�
������� ������


��
��
J
	��	���,���
����,�����
	���@��
�����������
�����
����	��;15�1?=��
��,��
	��������$�>��
��������������	��
	������/0���1������$��������
����� 
�
�� ��
����� 
���	� <0 �� ��� �,,�	
�������	�� ���� �����	�>������
�
�
����.��������

�	���
�������
���������.�������– �����
����������	���
���������������
����,����'��
����
.���	��
�����
��	�������������������	,�
�.��������������
��.�	�����
���	

��	
�������,
�	�@���
���	���,��
�����
����
��
���� 
��� ��� ��� 
����� 
��������� (�� 
��������� ���� 	
���� �
��	
��

��������� ����
����
�,
��
�
��	�
���� ��� ��	���	���������
	������������
	����	���������
��������

���
	�����
��	�
���������������	������������������
)��+����/0���1������$������������

�
�����	�,�����*(���
�
�2+����1�4����
����	
�� ��		�
���� ��	
�����.�� �
�� ��� ���
����� �	�,� ���� 
�,����	����
	
���
����$�>��
������
����	��
��
	��	�	
���
��
�������	������	��
����
�

	���������		�
����	
����+	�,�+����1������
�������
��	������
������

�)��+�
���/0���1�����
��
��������	���		�
����	
��
�2+����1
4�������
��������
��5657�'8�2+����1�4��

'����>��.
�������	����
���
���

��
������"�������@��	�,���
���
�
�
���
����


���
�����
	
,���	
����
�����

�
�	�
�������"������
	��������������
��� +���� 0� 
��� '
���� 1�� 	�
�����.����� +�	� $�>��
�� ����� ����� 
� 
������
�
�
����.�� ������ ���� ��
	��� �	
�
��	� 	�
�
�
���� �
�� ��� �
9��� 

� ����
���
	�

�����	�
�
�
����2&�4��'������
	�

�����	�
�
�
�����������$�>��
��
����
��������������
�
����.�������2+����0
4��
�������
�
����.������������

���������.�������2+����0�4��
�����������
�
����.������������
���������.��
�����2+����0�4���	�����
���������
����*>��/��*>��<�
���*>��1��	�
�����.������
Rp = Rct + Rf                                                                                 2/4��
1/Rp = 1/Rct + 1/RL                                                                        2<4��
1/Rp = 1/(Rct + Rf) + 1/RL                                                               214�

'������
	�

�����	�
�
�
�����2&�4���

��
����
������	�����	��
	�������
/0���1������

�)��+��$��
���������������
��
�����5657�'8�

�
�����
���+����7�����������
����
����.
���
�

����������������'
����0��

����	��������9�����@��
�	�����6�/ ��$
��������

���
�	.�����
������

������� $�>��
������
����2
4�)��+����/0���1����2�4�)��+����/0���1�� + $���2�4�)��+����/0���1�� + ���
���2�4����5657�– '8�
���	�.
	���
��,,�	
������,�
�2��
����
�����		�
��������������
4����>���
�����6�/ ��$
����'����@��	�,���
���
�
�
	����������

��
�
�
�,���
�
�������
���������
�
	���	�,�����"�����,������2$�F�766 ◦��G�0 ��
+<7 ◦��G�<0 ��
�����F�766 ◦��G�0 ��+/76 ◦��G�<0 �4��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

�

���
	�

�����	�
�
�
�����������	��
	������/0���1������

�)��+��$��
���
��� ���������� �

� 
��	�@�,
����� <<�666� Ω��,<�� //�666� Ω� �,<� 
���
5?66�Ω� �,<��	�
�����.�����(��
����������������
	�

�����	�
�
�
�������
���
���� ����	��
	��� ���/0���1��� ���	�

��� ������ 
� ��	�
��� �@��
�	��
��	
�����������������
��	
��
�����	�

���'��
����	�

��������
	�

�����
	�
�
�
�����
�����
��	���������������	�
9�������������


�.���
��	�
���	�
�	���������@��
�	����	
�����������
	�������	������	�
�������

,���
��(��
����	

���������5657�'8�	�.�
����
����
	�

�����	�
�
�
����.
������������
P8666� Ω� �,<� 
���	� ���� ���9� ��� �@��
�	��� 
����
����� ���� �����	�
��		�
����	�
�
�
�����������
�����.����,
���
���	���
����,��
����	��
�.�	�����������	�����������
	�

�����	�
�
�
�����������	��
	������/0����
1��� ��������	���� ���������
� 
�����5657�'8��
�����
��	������� ��� ����
���
��
�����		�
�������
.���	��������
����,��
�����	������
�
��������
���
���������
	�����
�
������������������	
�������
�
�
�,
H�	�	�����

�-0- ����!��

�	
�	�
���
���	�
��
�

�	����
���	/�	
�����

�	����
��	
�	
�-) �	&���	

�����,��
� ��� ����	��
	��� ���/0���1��� ��� 

�)��+�� $�� 
��� ���
���������
�
������������5657�'8����	���,,�	
������>���
�����6�/ ��
$
�����	�0? ���'���.
��
����������
��
�����		�
����	�
���
���
�����
	��
�����	���,��	��	
��
� �
9��� 
�� ���� 
��� �����,
���"�
����
� 
	�� �	��

���������+����8��

'�����		�
����	�
���
�����

�)��+����/0���1����

���
	
���	�
���

�
���������
��
������������	����
	������
����
��

������'��	��
	����
�
���
����
���
��
�����		�
�����	���,��
�����


���
���������	�����
�
�H
��������
����>�

��	�
�
����������

���'��
�����
��
���	�����
������

��������2���
4�
��	�� ���� ��9�� ��	��,��	����
�� �	�����
� 
����� ���� ��	����	�� ��� ���� ���
��

���
	�����
�– ������
��
���	�����
���@���������

��

�
�������+����8
��
�����.���
� ��
	
���	�
���� ��� ���� ��		�
������
�	.���� �
� ��
�� ���
��
���
��		�
�����

�����


���
�����������������	�������
������������

��������
,
���	�����
������
�����������

��	�,
��������
���������'������
��
���
��

���������������.���
�����,���
�2
����

�����	���4��������������,���@�
>�

��	�
�
����������

��������	�>��	����	���	�
�
��
�
�������"	,��'���
�	���
��,���
��
,�	��
	������������
��

����������		�
����
�H
�����������

��

��	�,
��
���9������J���
�� ���
���	9��

���"����.����
���������
�����,��
�� ��� �
� 9����� ��
�� ���� ���
���#� ��
�� 
	�
�
� 
�	�

����
�����

�	�
��
���	������		�
���������
��
������.��.������		�
����,�	���������
+�	� �@
,����� ��� ����

�� 2	���� ��� ��� 
��� ��4� �����
� ��� ��

��.���
���	�

�������
���#���������������

��,
���


�.
���
�������
�9
�������
��

��.�� ����,
�	�@�� '��
������� ��� 
� ���
,��� ������������ 	��
	�
� ���
��		�
���� ,�	�������� 2���� 
������� ��	���4�� '��� �����
�� ��������� ���
���
���	�����

��

��
.����
�I�
������’ �
��	������.�����������������������
�
����,
��
�
�����
�	�
�������
����
,����#��	�.����	���

�����
�������
��
��
�	.
�������
���
������

���������
���������
���	,����������,���������
�����
	��
���	��>�
���
��.���� �
	��	� ��
�� �������
� ��	,���������� ����
,���� ����� ��	��� ����� �����	����
� ��� �������� ���
.���	� 
	�� �
�

����
��		��
�����������,��	�
�	����	
��.
	�
�����
�	�

�����
����,�����������
��
���������
�-���������

���
� �
	��	��������,��������������
	��
������
��,�
	����������,�����������	��– 
������,��������>������)��+��	��
��

�����

���
�	�������������	�.���
�
�������������
�	���
�	.
������������
,�����������	����	���	����"	,����������
��
�����

����������������,
�	�@�

�H
��������
�>�

��	�
�
����������

��2+����8
’4��

(�������

��)��+����/0���1����������$����������������
��
�����		��

�����

�	��
������������
���	
F�2�4�����
��	�,������������
��
�����

��
���������
���
�����	����
	������
����
������
���2��4�������

���������������<�
��

���#����,
���"�
�����,��	��	
��
�

�
��������+����8�’ 	�.�
�
�
��
��
�
�����������<���

���������

'������
��
�����		�
����	�
���
��������/0���1����������
	��"��
����

����2��4������������

�
�,��
	����)��+����/0���1�����������
��	
����

����2$�4�����������2+����8����’4A�����
������
��������

���
	�����
�������
������������	����
	
�	������������<0 ��
�����
��/76���

(�� 	�
���
�� ��� �,,�	
���� ��	�0? �� ���6�/ ��$
���� ���������,
	9�
�	��������5657�'8�
����,���	�.�
�������������
���@�����������
��
���
��

�������� ��� ����� ,
�	�@�� (�� ���� �

�� ��� ��5657�'8�� ���� ���
��
���
��		�
�����
������
����


���
�����������
	
�����
���������
	�����
�

�
����
��� +���� 8��� ���
�
����� ����� ��������� ����,������ �	�.���
� 	���	�
� ���
���
��
��� ��		�
���� ��� ��5657�'8�� +���� 8�� 
�
�� 	�.�
���� ��
�� ��� ����
����
������ ���
�������� �
	�����
�� 
� �	���	����
�� ��

�������� ��� ��� 
���
�������	
����
.����
������	������	�,�
����'��
��������
��	
�
	��9�����

������� *>��.
�������	����
��
�����	�"����������*(���
�
��	�,�
�.�	
���,,�	
������,�
����2
4����/0���1������

�)��+�
������������������	�
����,,�	
������,�
�
�������
/0���1������$��������������	�866 
��/ ��
���/8? ���2�4����/0���1������$��������������	�<0 �����C8 ���2�4����5657�– '8���	�866 
�
���2�4����5657�– '8���	�<0 �����
/8? ���2$�F�766 ◦��G�0 ��+<7 ◦��G�<0 ��
�����F�766 ◦��G�0 ��+/76 ◦��G�<0 �4��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

�

��� ���	�

�� ���� 9������
� ��� ���� �@����� 	��������� 	�
������ ������ ���
��	��	
��
�������		�
�����	���	���
�;1C=�������
�	���
�	.
�����2+����8�’4�

�
��	�.�
���� ���� �	�����
� ��
��
	�� ��	,���
�����������	����	�����
��
������+�2���4����
���������
	�������

�-2- ����!��
��	���	
����	
�	�
���
���	�
��
�

�	���
!��	5!��
	
�#�
�!	

�����

�	����
��	
�	�-) �	&���	

'������	
�
�������,�	����������������
	����������������������
������
����	
�
��� ������
��� ��� ���
��
��� ��		�
����� �����*��,��	��	
��
����
����	��
	��� ���/0���1��� ��� 

�)��+�� $�� 
��� ��� ���������
� ��	��

������������,�
	�
����������5657�'8�����	��
���
���	��,,�	
�������
����
����,��
����>���
�����6�/ ��$
�����	�7�
���/6 �����>�

�����
������9��
�,,�	
�����

��
		�����������	�������,,�	
�����

���	��	,����@�
����
���� ���� 

,�� 	������ �

� 
�
��
��� 
���	� �����	���� �,,�	
���� ��,�
��
��	�����
,���

�>�

�� ���
�����,,�	
�����'���
�����
	�������	���,��
�	��	
��
��������	��
	������/0���1������

�)��+��$��
������������
������
�����5657�'8�����	��
���
���	�>�

�� ���
���� �,,�	
����
	��

�

��������+����5�2
–�4��	�
�����.�����

'�����*�
����*�,��	��	
��
��������
	�

����
�����	��,,�	
����
	��

�������	�

�)��+����/0���1���2+����5
���4��)��+����/0���1������$��
2+����5����4��)��+����/0���1���������2+����5���H4�
����	��������5657�– 
'8�2+����5,���4��	�
�����.�����'�����*�,��	��	
��
����

�)��+����/0����
1������������
�����,��������������
	������	
�������������

���
	�����
�
���	�

���5657�'8�	�.�
�
�
��������+�2���4����
���������
	�������'���

��������

���
	�����
�
�����
��	
��������
	����	�����
�����	����/0����
����������$��
���������������
��

+���������7 ���,,�	
�������>���
�����6�/ ��$
�������
��
�����

��
�������
�H
��������
��������

���
	�����
��

��.�������������)��+�����
/0���1����������$������������2+����5�4�
��������5657�'8�2+����5�4��
'��
��
���
�I��������’ ��	���	������������,,�	
������	�/6 ��2+����5��
���
�4�� (�� ����	

��� ���� 

�)��+� ���/0���1��� 	�.�
���� 
�
����� ��� �����
���
��
������	�������
,
������
��������
�-��	
���
����
���,��	�����	����

��
���

�
'�

���

��

	�

���


��
��


���
���

	�
,�

���
�"�

���
���

��*
(��

�

�
�

�	�
,�



�
)�

�+
��

��/
0�

��1
��

��)
��

+��
��/

0�
��1

��
+

$�
��)

��
+��

��/
0�

��1
��

+
��

�
�
���

��
56

57
�'8

���

�

	
,

���
	
�

�

�)�

�+
��

��/
0�

��1
��

�
)�

�+
��

��/
0�

��1
��

���
�$

��
)�

�+
��

��/
0�

��1
��

���
��

��
��

�56
57

�– 
'8

�
86

6

�

<0
��

0?
��

C8
��

/8
?�

�
86

6

�

<0
��

0?
��

C8
��

/8
?�

�
86

6

�

<0
��

0?
��

C8
��

/8
?�

�
86

6

�

<0
��

0?
��

C8
��

/8
?�

�
&


�2Ω
4�

1C
�

1C
�

08
�

0<
�

0/
�

5<
�

58
�

57
�

17
�

?1
�

56
�

88
�

//
6�

//
0�

/6
?�

17
�

18
�

18
�

76
�

7<
�

K �
��2μ

+��
,−

<�

2�

�/
4 4�

//
�

<7
�

<0
�

<7
�

<8
�

C�/
�

/7
�?�

/0
�<�

<7
�5�

<<
�5�

?�0
�

</
�7�

<0
�0�

<5
�6�

<?
�6�

C�5
�

10
�

01
�

77
�

88
�

� �
��

6�C
1�

6�?
C�

6�?
5�

6�?
?�

6�?
5�

6�C
0�

6�C
/�

6�C
1�

6�?
7�

6�?
C�

6�C
8�

6�C
0�

6�C
<�

6�C
/�

6�C
/�

6�C
7�

6�C
0�

6�C
1�

6�C
<�

6�C
/�

& �
��2

Ω 
�,

< 4�
/<

0<
�

//
�C0

1�
/8

�<5
1�

/8
�88

1�
/0

�<<
7�

1/
C<

�
/<

�<?
?�

//
�8?

5�
/?

�<1
6�

55
77

�
17

/5
�

1C
51

�
?1

?6
�

C5
87

�
C7

68
�

08
60

�
0?

8/
�

7<
11

�
78

0<
�

86
1C

�
K �

�2,
+��

,−
<�

2�

�/
4 4�

6�5
7�

6�<
?�

6�6
?�

6�/
5�

6�/
?�

6�7
�

– 
– 

– 
6�6

5�
6�1

8�
6�1

6�
/�7

<�
6�0

/�
6�?

1�
6�<

�
– 

– 
– 

– 
� ��

6�C
?�

6�?
�

6�0
7�

6�5
�

/�
/�

– 
– 

– 
/�

/�
6�7

�
/�

6�C
8�

/�
6�?

1�
– 

– 
– 

– 
& ��

2Ω
 �,

< 4�
<5

66
�

/0
�06

6�
16

�85
1�

?6
5C

�
58

/?
�

<1
08

�
– 

– 
– 

10
�

<8
00

�
/8

1<
�

/?
?6

�
/<

�/8
1�

/<
66

�
5?

?0
�

– 
– 

– 
– 

)�2
#�

�,
−
< 4�

– 
– 

– 
– 

– 
– 

<1
�C<

C�
/<

0�1
8?

�
/?

C�<
87

�
– 

– 
– 

– 
– 

– 
/8

�//
0�

– 
– 

– 
– 

& )
�2Ω

 �,
< 4�

– 
– 

– 
– 

– 
– 

/1
�06

7�
/C

�7?
6�

CC
C6

�
– 

– 
– 

– 
– 

– 
17

?1
�

– 
– 

– 
– 

J
�2Ω

 
2
−
/G

<4
4�

– 
– 

– 
– 

– 
– 

– 
– 

– 
– 

– 
– 

– 
– 

– 
– 

/5
58

�
<6

<C
�

1/
8?

�
<C

/5
��

������� *(������	,��������
	�

�����	�
�
�
�������

�)��+����/0���1����)��+�
���/0���1�� + $���)��+����/0���1�� + ���
������5657�– '8�����������0? ��
�,,�	
�������>���
�����6�/ ��$
����2$�F�766 ◦��G�0 ��+<7 ◦��G�<0 ��
�����F�
766 ◦��G�0 ��+/76 ◦��G�<0 �4��

��������
���
	�

�����	�
�
�
�����
����
�����	�,�����"�����*(���
�
����

�)��+����/0����
1����)��+����/0���1�� + $���)��+����/0���1�� + ���
������5657�– '8���

�����,���
���
	�

�����	�
�
�
�����&��2Ω� �,<4�
866 
� <0 �� 0? �� C8 �� /8? ��

�
��)��+����/0���1��� 1C0<� <8�101� 08�C08� <0�50<� </�?01�
)��+����/0���1�� + $�� 771?� 80//� 51/?� 8071� 55?C�
)��+����/0���1�� + ��� 8/8/� 7867� /6�<86� </�C<?� /6�568�
���5657�'8� <5?0� 0?8/� 7<11� 780<� 861C��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

�

�	�
�����'��
����
.���	�
������
��
������,��	�
�������
�"���– 
���"���
�	
��� �� ,��	�
�	����	�� ��� ��,������ ���
��
��� ��

��������� (�� �

� 
�
��
�������� ��
�� ������,��	�������
� ��� 

�)��+����/0���1���
���	�7 �����
�,,�	
���� �

� P76� ���	�

� 
���	� /6 ��� ���� ���� ��,��	� ���������
#���.�	������
�-������������
�	�,
������������
���,��	���	
���������
"	,������������	���		�
����	
��
��������	��
	������/0���1��������
��,�
	��� ��� ���� ��5657�'8�� 

� .
���
���� ��	����� �����	����,��
��

�����
�����������������	�
���,�	������	�,����
���	9���
���
��������.���
����
�����
����
��������������	���
�����������
������
����

���	���������


������

���������������<���

��2
����

�������

�����������
���	�
����
)��+� ���/0���1��� ��	���4�� �
� ������
���� 	
����� �

��� ��� 	�
���
� ���
+��
��8�
���5������,
�	�@�����������	���
�������
��������
�
�����	�������
��������


	�����
�
����	
����
������

���������������<����	�

�����	�����
���
��
������

����
���
������2
����	4��
�������9������
����)��+����/0����
1���	�
���� ���
��
������������
����
���
�������166 ,L���

���������
��
��5657�'8�� ��� 
���� �������
�
�� ���� �	�.���� ��	��� ��	� 	
���� ����<�
��

���������
���,���
�����(���
����������

��������	
����������<����)��+�
���/0���1���,
���.�������
��,
����������P/66���,�
�
����	���
�����

������� ������
	�������	���,��	��	
��
��������
��������,
���"�
�����2
��
’4�

�)��+����/0���1����2����’4�)��+����/0���1�� + $���2����’4�)��+����/0���1�� + ���

���2����’4����5657�– '8�����������0? ���,,�	
�������>���
�����6�/ ��$
����2$�F�766 ◦��G�0 ��+<7 ◦��G�<0 ��
�����F�766 ◦��G�0 ��+/76 ◦��G�<0 �4��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

��

���������
�������������
�
������5657�'8��

������������
	
���	�
���
����
����<�

�	���	�������;<5=�������
������
���#����	�

��
���	�

��������
����<���

���������.�����	���	�;06=��'��
����
	
���	�
���
�,
��������
������
�����
�
������	
�
��
�������������
.���	��������

���
����������
��
������	�>��	����	���	���	9��

�-(- $
�	������
�	!�
��	
��
���	��
1�
�����	

'���.
��
������������	����
��������
�-���,�	��������
�����
�	��������
������
�������
���	�"��,��	���

������
����+����?�
���
����������
���	��
"��,��	�� 
�
��
�
� ��� ���� ��		����� 
�	�
��
� 
���	� 0? �� �,,�	
���� ���
6�/ ��$
����������	��
	������/���1������

�)��+��$��
������������
������ 
��� ��5657�'8�� 	�
�����.����� '��
�� ��	��� ��,��
���
�� �����
��
�	�"��,��	�� �,
��
���,��
�	
�������.
	�
����������,��	�������
�
���
����	���		�
��������
�-��	
���
���.�	�
��
	�
����/8�μ,<��'���
�
��
���
	�
���
� ��� ���� �����
�� �	�"��,��	�� �,
��
� �.�	� 
� P/<66 μ,<� 
	�
�
�����������������9�����		�
�����
	
,���	
�
	���
���
�������'
����7��

'���,
@�,�,����� ������ ������/0���1��� ��� 

�)��+��$�� 
������
�����������
�����5657�'8��

�
��	�@�,
�����/�/ μ,��0�5 μ,��1�/ μ,�

��� 5�1 μ,�� 	�
�����.����� +	�,� '
���� 7�� ��� �
� 
�
�� �������� ��
�� ����

��,��	�������
� ���

�)��+����/0���1�����	��
�,�
��16���,�
������	�
��
��������,��	�������
������5657�'8��������
����

���
��56����
��.�	�
�
P/<66 μ,<� 
	�
�� '��
� �����,����� ��� 
,
��� 
�-�� 
��� ����� ��,��	�
���
����������
����

�)��+����/0���1�����	���	�.
���
��
�������B���������

�	�"����,��	�
�	����	��
���
�
�����������
���������
	�����
����,����
,�
��������	
��������		�
������
���������<��	������
��
���
��
	����	,���

���	���
���	�
�,����
	����
	
�	����
�-����
����������

���
	�����
������

.�	
������� 
�-�
� �������	��
	������/0���1��� �	�,�

�)��+� �����
��
�	�
���� 2$�� 
��� ��4� ���������
� ���	�

��� �	�,� 
��	�@�,
�����
066 μ,–576 μ,��	�
�����.�����

�-6- "#���	��
�
������
�	������
��
��	3"$�4	
�	�!�����	1���	

'������
	�

�����	�
�
�
�������

�)��+����/0���1����

���
������.��
�����	�
����������5657�'8�
�����
���	�
�������/0���1���

,���
�2���
���
���$�����������
4��(��
�������������������	

�����,��	�
�	����	���
������ ��	������ 
���	
� ���� ��		�
���� 	
��
�� ���� �����	����� ��� ��		�
����
���
.���	��

�
�
�������.���������
��	��������������.
	�
��������
�	�
���
"�,���,��
������
�������9��

� ����������	������ �������
���		�
�������
	�
�
����������@��
�����	�
�������������,��
��;<C=������	��,,�	
��������

����� � �
�9
�
���	��������	���2��*4�
���
�����
	�������	���2�*4�,��	��	
��
�
���	��,,�	
�������>���
�����6�/ ��$
�����	�.
	���
��,,�	
������,�
�2

���
�����������
��		�
��������"��	�
4����

�)��+����/0���1����2
�������
����4��)��+����/0���1�� + $���2��������
����4��)��+����/0���1�� + ���2���H��9�
����4�
������5657�'8�2,�����
��
����4��2$�F�766 ◦��G�0 ��+<7 ◦��G�<0 ��
�����F�766 ◦��G�0 ��+/76 ◦��G�<0 �4��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

��


����,��
� ��� 6�/ ��$
��� ��	� 0? ��� :�	
�� ����������	��� 
����	�
�����
2:��4��

������
������
�
��
���������,��
����,��
�������������
�	�
���
"�,��������	��
	������/0���1������

�)��+��$��
�������������������
��,�
	�
����������5657�'8�

��
���
�������'
����8��

'��� 	�
���
� ��� ���,��
�� ��,��
������ ��	� ��5657�'8� 
��� ����
�	��
	��� 

,���
� ��
��
���� 
�,��
	� 	�
���
�� '��� ,
��� ��,������
�
��
�	.���
	���������<�����/
����/
�
������<����	�
�������

,���
������	�
>�
������
� ��� ��� <��� ��� <��� +�� <������/
��$�/
� 
��� ��� <����	�� 
�
��
�����������
�9������
��,����,�	�
�������	,
�
��	������.���@����"�,�
��
	��,���,��	
��	�������������	,
����
����.�	
�����
	���,����>�
�����
;0/=��+	�,�'
����8������
��.��������
��
�������

,���
��
.����.�������

����
�
�	�
����
��	���
���

�	����������
������'��������	�
�����������<��

�
�����
������	�

,���
��@�����
�
�
��������
9�
��
	�����50�< �L�������
���"	,
� ���� �	�
����� ��� �@���
��� 
��,����,� 
�����
� 

� ����
��� ���
,��
��� '��� 
����,��� 
�	�
��� 
�
�� 	�.�
���� ���� �	�
����� ��� 
�,��


�.��������
��
	���������������9�����	�,�������.�	��,�����
'�������� 	�
���������@����� 
����	
���	�������.������� ����� ��	���

��
9
�
��P716�0 �L��P71/�5 �L�
���P711�1 �L�����
��,
��������@�����
��� 
��,����,� �@���� 2�<−4�� 
�	�
��� ���	�@���
� 2�#−4� 
��� �	�
����

�
�	�
��
� 2#<�G��1<�4� ��	� 
��� ���� 

,���
�� 	�
�����.���� 

� 
����� ���
+����C��'��������
�������������
9
�
���
���
��
��,����,����	�@�����
�����
,
�������	�����������������	,
��������
�
�	�
���"�,��������
����
�	���
,����������	�.���
���	���	����.
���
�;0<=��(���
��
�
�������
��	������
��
����	
����������	�@������
9���������@������
9������5657�'8��

�)��+�
���/0���1����)��+����/0���1������$��
���������������
�
	��/�7��/�?��
/�5�
���/�C��	�
�����.�����'��
��,����
���
�������@�����
��	��
�,�	�����
�	
�����������	��
	������/0���1����������,�
	������������5657�'8��

�����!� �����
���	�"��,��	��	�.�
���������������
�����
�	��������������
���F�2
4�)��+����/0���1����2�4�)��+����/0���1�� + $���2�4�)��+����/0���1�� + ���
���2�4�
���5657�– '8��
���	�0? ���,,�	
�������>���
�����6�/ ��$
����'���"�������.�����

�,
���
�����
��166 μ, @ <<? μ,��;$�F�766 ◦��G�0 ��+<7 ◦��G�<0 ��
�����F�766 ◦��
G�0 ��+/76 ◦��G�<0 �=��

��������
M�����		�
�����
	
,���	
����
������	�,����������
���	�"��,��	������
�)��+�����
/0���1����)��+����/0���1�� + $���)��+����/0���1�� + ���
������5657�– 
'8�����������0? ���,,�	
�������>���
�����6�/ ��$
����'������
����,��	�������
��

.�	
�������
�-��
���
�	�
���	������

���	���
����
�����	�,�17 μ, @ 17 μ,�"����
���.�����2$�F�766 ◦��G�0 ��+<7 ◦��G�<0 ��
�����F�766 ◦��G�0 ��+/76 ◦��G�<0 �4���
�
,���� '��
����,��	�������
��.�	�

P/<66 μ,<�
	�
�
�.�	
�������

�-��2�,4�

��	�
���
	������

�2�,4�

�
�)��+�����
/0���1���

/C15� 157 ± <5� <C/�

)��+����/0����
1�� + $��

015� 87C ± 0?� <?0�

)��+����/0����
1�� + ���

1C8� 558 ± 77� <81�

���5657�– '8� 8?� //70 ± 8<� <<<��

��������
:����
�
������5657�– '8��

�)��+����/0���1�������/0���1������$��
������
����������
������������
����
�������,��
����,��
�������������
�	�
���"�,���

*��,����
���,�����	�����234�
���/0���1���2

��
)��+4�

���/0���1���
2$�4�

���/0���1���
2��4�

��5657��
'8�

��<�� <0�/� <6�/� /5�0� <<�C�
�#− 18�1� 17�/� 17�8� 17�/�
�<− <6�<� <6�<� /?�8� <1�<�
#<�G�
��1<−

1�/� <�7� 6�5� /�<�

�/ 
� /8�5� <<�<� <8�7� /?�6�
��<�� <�/� /�?� <�?� /�C�
��<�� 6�8� 6�7� 6�5� 6�7�
��<�� 6�1� 6�<� 6�/� 6�8�
+�<�� 6�1� 6�0� – 6�0�
��/ 
� 6�<� 6�/� 6�1� 6�<�
$/ 
� 6�7� 6�0� 6�8� 6�1�
��<�� 6�<� 6�/� 6�0� 6�8��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

��

�
� ���� �@���� �
��	� ��� ����	��
	��� ���/0���1��� �
�� 
� 
�,��
	�
��,��
�������������5657�'8��
���
��,
��������������,�
	
��.������9�
��

���������@�����
��	��

����,����,��	�
�������	��	����

��	�
���
���
�����	����
���
��	�
�����	�,������
	��������	��������
�������,��
�����
�
�������� ���/0���1��� 
��� ��5657�'8�� '��	���	��� ������ �	�"�����
��	����� :�	
�� ����������	��� 
����	�
����� 2:��4��

� �
		���� ���� ��	�
��	������������
�
���	��,,�	
�������6�/ ��$
�����	�0? ����
,��������

��
)��+����/0���1����)��+����/0���1�������������������
�����,�
	���
�������5657�'8�

�
��������+����/6��'����������	
���������@�����	��
����
� ����� ���	�

���� 
�����	���� ���������	�

� ���� 
��,����,� ����
����	
��������	�

�
�– 
�������
�������
�������@����"�,��
�������	�,�.���


� 
�����	���� ���
	�
� ���� ���9�,
��	�
�� �	��	�

�
�� '��
� .
	�
����� ���
�������	
����������	�
������������
�����	�����������
������
�������
���
,
�������9��

��������
�	�
����@����"�,�;01=���
����������������	���
����
,��
������������
������
	��������.�	�����
��������������������	���
����
����	���		�
���������@���
�����,��
��
�
���
�
��
�
��
��������"������
����
��������������	�����
9
�
�����
����
	��	����,��
��
����
�
	����
�	.������
��������	�
����	
��'��	���	�������
�����	�����	��	�

���	���������
�	�
�
���"�,�����������9�,
��	�
���

���	���	����"	,�����	�������
�	.
�����
��� ���� ��
���� ��� ��� )�<����� )�<� 
������M)/� 

� ����,
��	�
���

�
	�,�.�������������
���
	
���������
������,��
�������
9
�
��������	
��
��
	�������������@������
9
���	�
�����	������,���
�
�

����������	�

�
��'���

�	�
����@����"�,�����9��

��

��
��,
������	���5657�'8�

�016 �,��


�)��+� ���/0���1��� 

� //66 �,� 
��� ��	� )��+����/0���1��� ��� ���
���������� 

� 586 �,�� '��	���	��� ��� �
� ������
�.�� ��
�� ����	��
	���
���/0���1��� ��	,
� 
� ����9�	� �@���� 
�� 
�,��
	� �����	����,��
�� ������
����
��������,�
	��������5657�'8��

�-�- 7������	�
��!��

�	

'���	�
���
���	����	�.�
����9��������	����
��������,��	�
�	����	��
���
��
�������
�������������	����,��
�����
.���	����)��+����/0���1���

�
�
�������������	���

�����
����������	

�������5657�'8�

�
������,
	9��

J���
�� ��5657–'8� 
�>��	�
� ��
� �	���	���
� �	�,� 
� ����	������
�
,��	�
�	����	�� ��	����� 
�������� 
��� ��
�� �	�
�,���� ;<�1C=�� 
��������
��
�
���������	�
����������
����������
���������
	�����
�2+����/�4��+	�,�
�
��		�
���� ��	
�����.��� 
���� ���
�������� �
	�����
� 	�
���� ��� ���
��
���
��		�
���� 2+���� 8��� �’4� ;<5=�� (�� ����	

��� ���� �	�
����� ��� 
� 	�"����
,��	�
�	����	�� ��	����� "��� ����

�� �
	�����
� 
��� 
�
����� ��� ��
	
��
���
���������
	�����
�2+����/
4��������

�)��+����/0���1����	�.�
����
�
���
	�

����� 	�
�
�
���� .
���� ��� P<<�666� Ω� �,<� ����� ��,�
	��� ���
��5657�'8������
����
	�

�����	�
�
�
�������P8666�Ω� �,<��(�����������
�

�
������
��.��������
��
���
�����I�
��������
	�����
’ 
����	��
��	���
����
�@�����	����������
�
����

���������������
�H
�����,
��	�
���#���.�	��
����	
,�"�
�������������	�
��������"�������

���
	�����
��������

�)��+�
���/0���1����	�
���������
�	��������	�.
�����������		�
�������	������
����
�-�
���	�����
���	
����
,
���

�
�������+����8
’��

'��
������
������,��������
��	��	�
���
������������	�
���
���	�����
�

���,
���� ��� ���� ��		�
���� ��� 

�)��+� ���/0���1��� ��� ����	

�� ���
��5657�'8��
�������������+����//��

'���,��	�
�	����	
�� �����	����
� ���������� ���� ����	

����� 
�-�� 
���
��
�	���������������
��������

���
	�����
�2+����//4A�����
������
�	�
���
,�	�������� �����
��
� ���� �	�
����� ��� ��
	
�� ���
�������� �
	�����
�
2P/−/7 μ,4������5657�'8��
���
���2
�	����������4��
	�����
����

�)��+�
���/0���1���������< / μ,��'����	�

�
������
��,�	�����������������
�

�����"� E����.����������������	�
���������/ 
�
����	�,���	�2
4�)��+����/0���1����2�4�)��+����/0���1�� + $���2�4�)��+����/0���1�� + ���
���2�4����5657�– '8�

������� �������	�@���� ����@���� 	
����

�/�7��/�?��/�5�
���/�C� 	�
�����.�����'���	
���
�
�
�����.������
	�������	����
���� ��	������������
������������
� ����
��
	�
�����.�����

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

��

�����
������������	����
������		�
����,�	����������
���@�
������	��,�	��

����"�
������������
�
	����	,�����������	�
�����������
���������
	�����
�
2��5657�'84�� ���.�	
����� 
�.�	
�� ���
� 
	�� ��	,��� ��� ���� 

�)��+�����
/0���1������	�� �������� 
�-�
�
	��P����	� ��,�
�
,
���	� ��
�� �������
�
��
�	.��������5657�'8��(���

�	�.�
������	�����	�,�:���
�
��
�
���
��
����
�	�
���"�,������

�)��+����/0���1���2P//66 �,4��

�,�	����
��
������

�����9�

�����
�	�
���"�,���	,����������5657�'8�2P016 �,4��
J���
������
�������	����	
�
�
�
���,��	����>��
����
���
��
	������������
������
�
��	���� ������	��
����� ����
����� ���	�.�
�� ������		�
�������
�
��,�
	
��.���� 2.�	�4� ����� 
������ ��������� 
����� ��,��
�	
���� ��
��
���	���

� ���� 
� �
�

�	������ ���	�

�� ��� ��		�
���� 	
��
� �	�,�����	��

���������������(���
��������"�����
�	�.�
����������
����
����	��������
��		�
�������
.���	� �������	��
	�������� 
���������������
����
� 
	��
�,�	�.���	��
��.������	
������
���	�����������
�	���������������
����
�
��	�����	�

��
�
��	�,�����������	����– ��������	���
	�����

�
�	�
�������
���	�

����
�������9������
���������

�����)��+��	��
	������/0���1����
'���
�������	�����

�	
�
�������>��
����
���
��	�,
��������
���
	������
�

�
���	�����	����	9��'���"	
���
������	���
�������	����,��
����������������
����

��������
���

���
��������

���������	���������
�"���
�-���
�����	,
�
�	�,�	
���� 
�����"�
����� 2
��� �
� ���
��,��

�
���� ��� ���� 
��
�� ��
�� ���
�
���������	�������
��
�
��4��+�	���	���	9������
�������
���
�
���>�

���
���
����,�����
�;<?�00=���
�����,�
�
������
	��������	����– ������
�������	�
�
�������	��
��.���������
�����,
�	�@�– �����������

���'���
�������
����
����	
�
��������	����
������������9�	�
�	�
���"�,��
��������
���
�


����

���������
������	,���

�������������,�������
���
������.�������	�,�
�*��
�
��
�
��'���"�����
���	���������.�	��	�.�
�� ������

�������� ���
�@���	�� 

����
� ��� ���
����� ��		�
���� ��
�� �
.�� ���� ����� �	�.���
���
�@���	���� +�	� �@
,����� ���� 	���� ��� �@���� ����9��

�� ������ ��	�� �

�

	�.�
���� ��� ��� 
����"�
����� �����	���� �������� �������� 
����
�� 
���
��5657�'8A�����.�	����	������

�
�
����������
���@����"�,���,��
��
����
�	�,
�������

����
����
�,��
	��'���
�,��
	��@����"�,���,��
�����
�
��������
����
����.

���������	������,��
�������

���
������
����
���
,�	��
�����	����	9��,�
����9�����,��������,�����������
�
����

����
��
��,��
�	
�������!�
	���
��������	9�	
�;/7=���
��
������

����	�����	�

�
���������
��
�����		�
��������	���������
����
�����
�������
������
�����
�
���
���	��
���

����
������.�	���	���������������	9�����
���
�������
��
��	���������)��+��	���

�
����
�	��
���������������
�������,��
�����
��
��	���	�����,��
����������,���
��
����

����
�������
�������		�
����
���
��
�����	������
�������
������
����
����

�� #��
�	�����

'�����		�
�������)��+��	��
	������/0���1���2����34��

�
����������
����

�)��+���
��	
����
����2$�4�
���
	��"��
����
����2��4����������
��
���
�	������
�,,
	���������"�����
�
	��
�,,
	�
��������F��

/� '��� 

�)��+� ���/0���1��� 	�.�
���� 
� ��
������.�� ,��	�
�	����	��
�����
���������>�

��	�
�
����������

���
	�����
���������	����
�-�
�

���,�	���������'����	�
��������
�	�"����,��	�
�	����	��
�������

������
����������
	
�����
���������
	�����
��������	
����
�����"�
�����
	�
�������������	���		�
����	
��
����

�)��+����/0���1����'���
�����
��	���������
�������
�������	�
��������
������
��������������2���
���
��"�
������4��
��������	�,���
�������		�
����������
����
���	�,
��
�����
'���
�����
�
��	�.�
������
�����/0���1����
��
�
����"�
���������	�
��		�
�����������
����
����5657�'8��
��	������������

�+��
������	����
���
���������
	�����
�
�������
�
��������
�	�������
��
����
�����
����

������$� :����������	�"��
�
�������	�.�
���������
�	�
���"�,����,�
�	��
�������9��

����2
4�)��+����/0���1����2�4�)��+����/0���1�� + ����2�4����5657�– '8���

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

��

���� 
����� ,��	�
�	����	��� '��
� ����	� �������
�� ��� ���/0���1���
2�		�
�����.�������
���	�
�,���4�
�
��,�
�����
��9������
�����
	�����
�
	����������
�������

�	�
�	��������

<� *����	����,��
�� �,���
���� 
����	�
����� ���������� ���� ���9� ���
>���
�����6�/ ��$
���	�.�
������
������

�)��+����/0���1����
������
�����
�����
	�

�����	�
�
�
�������P�<<�666�Ω��,<������������������
������������������
�.
�������P//�666�Ω� �,<��'������/0���1������

����$�������������
��
���,�
	
��.��������	����
	�

�����	�
�
�
����
��� 5?66� Ω� �,<� 
,���� ���� ����	��
	��� 

,���
�� ����.�	�� ���
�
.
�����

������	���
���������
	�

�����	�
�
�
���������5657�'8��

1 (,,�	
������
��������>���
�����6�/ ��$
���	�.�
������
���������
��
�
��� ��		�
���� ��� ����	��
	��� ���/0���1��� �

� �	���,��
�����



���
���� ����� ��
�	���� 
��� ���������	,��� ��
�	������� ���
��
���
��		�
����
�H
��������
��������

���
	�����
��'������
������

�)��+�

�������� �����,�������������		�
����
���
�	�
���"�,���	,
�������	�2����4���5657�'8�
����2	����4�)��+��	���

������/0���1�����

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��



&RUURVLRQ 6FLHQFH ��� ������ ������

��

���/0���1�����	��
,
���	���
�����
���������$��
��������
���	�
����
���������
������
�����������
�������	���
��,����������
��
�����		�
����
	�,
��
�����	���	���	���.�
���
������'���
.�	
�������
�-����	�

�)��+�
���/0���1����

�P157 �,����	�

� ���� ��5657� – '8� ����
�����

.�	
�������
�-�
����P/�/7 μ,���

0� '����	�
��������
�����9�	��@����"�,������������	��
	������/0����
1����������

�)��+�
���������������������

�
������	�,�:���������
�	�"����A� 	�.�
����� 
� 
�	�
��� "�,� ����9��

� ��� P//66 �,� 
���
P586 �,�� 	�
�����.����� '����	�
�������� 
� ����9�	� �@����"�,�,
��
��B��������		�
�������
.���	������


�

���	��
��.�������5657�'8�
����� 
� 
�	�
��� "�,� ����9��

� ��� P016 �,A� ����.�	� ���� ���9�
��,��
������ 2
���	

��	
����� ��� ��4� 
��� ���� 
�
����� ��� ��
	
��
����	,��
������
	�����
�
	��9����
���	
��

%�����&���������'�

'����
�
���
��
����	������"�����
�������
�
�����
	��
.
��
�����	�,�����
��		�
��������
����	�������	�

��
����	�>��
���

#�������	���������
������	���������������

(�)��*��	+���������
��-
�������������������(�.�
���
������J	��������
�	����
���	
����J	��������	�.���������������,��#��	����'+�(�.�
���
������
-�#�� .��/0��+� (�.�
���
������ (�� 1	���+� ����	.�
����� 2�� *�������+�
��������
��-
����������	.�
�����+�������
�>��
�������J	��������	�.������
���������

%�
����������/�#������������������

'���
����	
�	���	���������
	
����
��������	�
���

(
3��4�����������

'���
����	
��	
��������
�9����������������

������	����	�*����	���
���	�
�����2��*�4�
������

��:�	
����
���	,�2�:�4��'��
���	9��

�

����	��������������

��!	
��
���&�
�
	��������
	
�����

��/����
���
;/= *������
	9��� �'����
�����������
������������	�����,����,������
������	�	
����

J�����
�������
�����)�,������<6/6������
FGG�����	�G/6�/711G�
C5?6?756C6<78�1�505��

;<= (� �����,�
	��E���� ����� ��+��$�������K�
���)����������
F����
���	����������)�����
���
�
��<6/5��

;1= �������
	,
����+���,
��
���'� ��*�������
�
������
�	����	������	������
�	
��
��	,��������
�	������������������
����
�����
��
��	��71�2<6674�<C/C–<C<0��
����
FGG�����	�G/6�/6/8GH�
��
,
��<667�61�665��

;0= #��)���+���
������!����N�� �
��E����
�������)�������J
���������������� �������*�����
����
���
���������,��	�
�	����	�
�
����	���	���
����
�	
������
�����������������

����
�� �������
���,����5/C�2<6/54�?C–C8������
FGG�����	�G/6�/6/8GH��
H
����,�<6/5�67�/6/��

;7= (��!��
����E��&�
�����������9�	��������.���
���
���	����'����������
F�1E��	��������
&
�����	�����������
���E�	����E����
���
���
���	�����
�����������������	����	��
$���N�	9��<6/7������
FGG�����	�G/6�/665GC5?�/�0C1C�<//1�1��

;8= E��#�	-����L������
��*��J���
9�����*,,��,
����������.��,
���
���	�������,��
�
��
���
��
��	��//5�2<6/84�15/–1C<������
FGG�����	�G/6�/6/8GH�
��
,
��<6/8�65�6/C��

;5= J�*��+	
-��	�����
��
�����.��,
���
���	���F�
�	�.����� ���
��	��*������	��	,��<1�
2<6/04�/C/5–/C<?������
FGG�����	�G/6�/665G
//887�6/0�6C7?�-��

;?= $�'�������9�
�	��$����*.�	�����(���
��	��������'��9��&����������	�
�����������/6���
�
	�
��	���

������
������.���

�	�,����������������
�����/�2<6/04�55–?8������
FGG�
�����	�G/6�/6/8GH�
��,
�<6/0�6?�66/��

;C= $�'�������9�
�	��(���

9�	������'��9��(���
��	�����$����*.�	�����'���,��	�
�	����	��

���,���
���
���	���	���
����
������.�����

�	�,����������/6��F���������������
�
���.������
��'8���9����
���	�
�,������
��	�������*������885�2<6/84�/1C–/08��
����
FGG�����	�G/6�/6/8GH�,
�
�<6/8�60�6C<��

;/6=  ��J���:�K��J
����J��J
������������
��
�����#��)�	���������	�
�	����	��
���

�	���������
������.�����

�	�,����������/6�������
��
��	��//5�2<6/84�1//–1<6��
����
FGG�����	�G/6�/6/8GH�
��
,
��<6/8�65�6/<��

;//= *������
9
�,����������.���

�	�
����	���G,�������2�)�G�)�4������	�������������
���
�����������	
F������������	���

�������������
�
��������	��	���	���
�� ���
��	��
�	���

��'��������</1�2<6/14�/1?5–/067������
FGG�����	�G/6�/6/8GH��
H,
��	�����<6/1�61�66C��

;/<=  ����	�
�
�
����M�!���	

�
����������������� ��*�9�	�������	
9

���O��&
,
,�	����
��,���
����
����
���,���
����
�	������
����������

����
�����/<���
�����


�����
�-����
����
������.���

�	�,�����������
��
��	��//7�2<6/84�<?7–<C0��
����
FGG�����	�G/6�/6/8GH�
��
,
��<6/8�68�66C��

;/1= $��)������#�
����!����
����&��K����J��)����#��:������!������� ����
�9��	����	��	�

����

�����.��,
���
���	�����������,
��	�
�
F�
�	�.����� ���
��	�������'��������17�
2<6/C4�<0<–<8C������
FGG�����	�G/6�/6/8GH�H,
��<6/?�6C�66<��

;/0= ����.�	

��!���
	���
�������
���	���*���


�����E���
��	����������
,�����E��O���
��
���+��������)�,�
	����$���
��,���,�
����
�
����"�
������
��������	��

�	������	�
������
���F�
�	�.������
��	�
�
�2�

��4�/<�2<6/C4������
FGG�����	�G/6�11C6G�
,
/<65/665��

;/7= ���!�
	����E�� �
����E�&��+���
�	
����M��M
�	���N��J�����&��#������
����$����	����
��
���������		�
�������
�����.����,
���
���	���
��,����,�
�������<6<0��	��
	������

������.���

�	�,����������		�
�������/01�2<6/?4�C1–/68������
FGG�����	�G/6�/6/8GH��
��	
���<6/?�6?�6/C��

;/8= ���!�
	�������M�,
	�M
�	�����&��E��)�,
��E�� �
���� ��$��9�
�
��$����	����
��
���	�
�	����	��
�����		�
�����.�����������
�����.����,
���
���	���
��,����,�

�������5657�

�
�������������
�������$�H��
��	��E��	
���1�2<6/C4������
FGG�����
�	�G/6�/61?G
0/7<C�6/C�6/6/�8��

;/5= ��������Q�
	,
9��L����N
	�������������� ��)������
������
����
�����.��,
���
���	����
��������
�	������
��,����,�
����
�
�����		������.����,���
�������	���
�����.��
,
���
���	�����(���� ��)�������
��	���
�����0�2<6</4�<08–<8/������
FGG�����	�G�
/6�/6/8GH��H�,,�<6<6�/<�660��

;/?= ���)
��
�
���������.��,
���
���	�������
��,����,��

���
����
�
�����,��
���
��
+���
,�����,�����
�����*�
�.��	��<6/?������05–C<������
FGG�����	�G/6�/6/8G�C5?��
6�6?�/6<681�6�6666<�1��

;/C= ���J
����#����)���M�!���	

�
����� ��*�9�	����������������������.���

�	�,����������
�����������F���
���	�
�,�����,��	�
�	����	��
���,���
���
���	���	���
�� �������
�
��,����565�2<6/54�<?5–<C6������
FGG�����	�G/6�/6/8GH�H
����,�<6/8�//�</6��

;<6= ��M��M
�	������!�
	���� ��$��9�
�
��E�� �
������&��#������
����$����	����
���������
��
	
���	�-
��������
������	�����	���	�������

���	
��>�

��	�
�
����

�����

�����.����,
���
���	���
��,���,�
�������5657�����
�����
��	��'	
�
�������
��
���
�����
��	�������76�2<6/C4�7<C–711������
FGG�����	�G/6�/665G
//88/�6/?��
76<7�/��

;</= $��M
��,
�������(,	
���'����J�
���	��������*,,��,
������������>����+��J
����	��
(�B����������	���

��
	
,���	
��������>�
��������
��,����,�
���������J�5657�
�
�����������.��)

�	���������2�)�4�����
���	�����
��*�
�.��	���L���<6/8��
����C/?–C<8������
FGG�����	�G/6�/6/8GH����	��<6/8�6?�6C8��

;<<= ��)�������	����
��
�
��&����	���
�����L	
��9����:��J
�������L
��#��	�����	�� ��
���M	����� ��L
��#�,����9����
����������
�������,��
�����������5657���	������	�
�	���


����������
������.���

�	�,�������� ���
��	���	���

��'��������<1?�2<6/84�
015–007������
FGG�����	�G/6�/6/8GH�H,
��	�����<6/8�6?�661��

;<1=  �#���
	�������E��N
�
�
�� ����#�������� �����
��	��'�������
����	��'����������9��
1E��	���������������
�	������
��,����,�
����
��$
��	��70C�2<6/54�187–18C��
����
FGG�����	�G/6�/61?G�
��	�<1?C0��

;<0= ���������	���
��M��E
�
�������E�,��	

��9����-��������
�
���	��M��J�����	��
���	�
�	����	����
	
���	�-
���������)���	���

�������������	�
��������������
��
�	�
����
���#(�����������������������
�����<6�2<6/?4�/51–/?/������
FGG�����	�G�
/6�/6/8GH�
��,
�<6/5�/<�6//��

;<7= K�� �
�����&�,��
��������
���M����
����:��J���'��
	�
�
������
�	������
��,����,�

�������.����,����,�������������	�
������.���

�	�,���������
��	��E�
��/50�
2<6/C4������
FGG�����	�G/6�/6/8GH�,
���
�<6/C�/65557��

;<8= ������
������M��M
�	������#�
����$����	����
��)

�	������	�������
������������
������
���������
����
�F��	���

�������
	
���	�

�����
����	���	���
���
��	��E�
��/C8�
2<6<64�/6C/?1������
FGG�����	�G/6�/6/8GH�,
���
�<6<6�/6C/?1��

;<5= $����	����
��&�!������������*����	����,��
����
	
���	�
���
��������	,��
�������

�
����

��,���,�
����
F�
���@��	�,���
��
�	.���
�����
��

����� ��*����	����,�������/7<�
2<6674������
FGG�����	�G/6�//0CG/�/?8CC?0��

;<?= ��M��M
�	������'�	9��$����	����
��������9���	��'���	�������,��	�
�	����	��
���
,��	����,�
�	���������	�	
���
	���		�
�������
��,����,�
�������56?7�'507<��
��		�
�������/01�2<6/?4�0/0–0<5������
FGG�����	�G/6�/6/8GH���	
���<6/?�6?�611��

;<C= �����M�������M��������$� �#��#��	�����$����	����
�������&�,��
�����������������
&��!�
�
,��������)��������,��������
����
�������,��
���������
�	�

���		�
����
�	
�9�������������������
����
����		�
�������C?�2<6/74�76–8<������
FGG�����	�G�
/6�/6/8GH���	
���<6/7�67�6/8��

;16= :����
����N��).�����'
������E�����:�����������	�
�	����	��
�����		�
�������
.���	�
�����	��
	��
�����.��,
���
���	�����<6<0�
�����������
���
�	����	�����		�
�������
/?8�2<6</4�/6C071������
FGG�����	�G/6�/6/8GH���	
���<6</�/6C071��

;1/= ������
�������#�
����$����	����
�����������
���	�
�,����
���,���
���
���	���	���
�
���
������
���������– ���– ���
������	���

�����	������

�	������	�������
����
�	���

���
��	�������*�������?65�2<6</4�/06?75������
FGG�����	�G/6�/6/8GH��
,
�
�<6</�/06?75��

;1<= ���!�	

������#������
�������!����́��&���
��	H����������.��,
���
���	�������,��
�
F�

��	����	�.�������������
	
���	�
����,��	�
�	����	�
�
����	���	���
����
����
��'��8����
0L�
�����������	����
����
�������'����������.���
��	��/?�2<6/54�7?0–8/6������
FGG�
�����	�G/6�/6?6G/08?8CC8�<6/5�/18/167��

;11= )�+��)������+��������������������������
�– ��&�.�����������)���	
��	���&�
��E�.��
�����	��&�.�	
���������	


�(�����/C85��

;10= $����	����
����M���
.
�
�����&�!������������*����	����,��
�����
.��	�
������
��-���
��		�
����


���
�����������5��<+���
	�����
����
��,���,�
�����5657�'87/��
��		�
�������0?�2<6684�0<6<–0</7������
FGG�����	�G/6�/6/8G ��
��&��(�<668�6<�665��

;17= ���*
,
����������������$����	�
-
.������!�����������������
	���'��E�		
��+��������
+��E’*��
������R���	�����'��,

�����#�
����������
��	������M�����$����	����
��
�����
�����,��	�
�	����	
��
�����		�
����
�
��
�
����,
���
��,�
�����J*01�
,
���
���	������
������.���

�	�,����������������
�����17�2<6<64�/–10������
FGG�
�����	�G/6�/6/8GH�
��,
�<6<6�/6/1</��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��

https://doi.org/10.1533/9780857090256.3.747
https://doi.org/10.1533/9780857090256.3.747
http://refhub.elsevier.com/S0010-938X(21)00392-9/sbref0010
http://refhub.elsevier.com/S0010-938X(21)00392-9/sbref0010
https://doi.org/10.1016/j.actamat.2005.03.007
https://doi.org/10.1016/j.jallcom.2017.05.101
https://doi.org/10.1016/j.jallcom.2017.05.101
https://doi.org/10.1007/978-1-4939-2113-3
https://doi.org/10.1016/j.actamat.2016.07.019
https://doi.org/10.1007/s11665-014-0958-z
https://doi.org/10.1016/j.addma.2014.08.001
https://doi.org/10.1016/j.addma.2014.08.001
https://doi.org/10.1016/j.msea.2016.04.092
https://doi.org/10.1016/j.actamat.2016.07.012
https://doi.org/10.1016/j.jmatprotec.2013.03.009
https://doi.org/10.1016/j.jmatprotec.2013.03.009
https://doi.org/10.1016/j.actamat.2016.06.009
https://doi.org/10.1016/j.jmst.2018.09.002
https://doi.org/10.3390/ma12071007
https://doi.org/10.3390/ma12071007
https://doi.org/10.1016/j.corsci.2018.08.019
https://doi.org/10.1016/j.corsci.2018.08.019
https://doi.org/10.1038/s41529-019-0101-6
https://doi.org/10.1038/s41529-019-0101-6
https://doi.org/10.1016/j.ijlmm.2020.12.004
https://doi.org/10.1016/j.ijlmm.2020.12.004
https://doi.org/10.1016/b978-0-08-102063-0.00002-3
https://doi.org/10.1016/b978-0-08-102063-0.00002-3
https://doi.org/10.1016/j.jallcom.2016.11.210
https://doi.org/10.1007/s11661-018-5025-1
https://doi.org/10.1007/s11661-018-5025-1
https://doi.org/10.1016/j.phpro.2016.08.096
https://doi.org/10.1016/j.jmatprotec.2016.08.003
https://doi.org/10.1038/nature23894
https://doi.org/10.1016/j.addma.2017.12.011
https://doi.org/10.1016/j.addma.2017.12.011
https://doi.org/10.1016/j.matdes.2019.107775
https://doi.org/10.1016/j.matdes.2020.109183
https://doi.org/10.1149/1.1869984
https://doi.org/10.1016/j.corsci.2018.08.033
https://doi.org/10.1016/j.corsci.2015.05.016
https://doi.org/10.1016/j.corsci.2015.05.016
https://doi.org/10.1016/j.corsci.2021.109453
https://doi.org/10.1016/j.msea.2021.140857
https://doi.org/10.1016/j.msea.2021.140857
https://doi.org/10.1080/14686996.2017.1361305
https://doi.org/10.1080/14686996.2017.1361305
http://refhub.elsevier.com/S0010-938X(21)00392-9/sbref0165
http://refhub.elsevier.com/S0010-938X(21)00392-9/sbref0165
https://doi.org/10.1016/J.CORSCI.2006.02.007
https://doi.org/10.1016/J.CORSCI.2006.02.007
https://doi.org/10.1016/j.addma.2020.101321
https://doi.org/10.1016/j.addma.2020.101321


&RUURVLRQ 6FLHQFH ��� ������ ������

��

;18= ���M���
,�����M���-��#��'
9��������E������
��	��E���������*@����
�������		�
�������

��,����,�
����
��@
,�������������	�����,���
�����*����	����,�����
�0<�2/CC54�
?5–C5������
FGG�����	�G/6�/6/8G66/1�08?82C8466/56�1��

;15=  ��#�
����E����
�����,���
������������	�
���.��,
��	�
�
�������	�������
�������
�
���
��	��
������	���
F��
	��	���,���
����
�����������*����	����,�����
�<?/�2<6/?4�
/56–/??������
FGG�����	�G/6�/6/8GH������
��
�<6/?�67�/18��

;1?= L������	
����
	
���J
	��	���,���
�������

��
�	�.�
�������������		�
����������
�
�
��	��00�2/CC54�<8–<C������
FGG�����	�G/6�//6?G666177CC5/6/751?5��

;1C=  �&��E
.��
����		�
����������,���,�
������,���,������
��/CCC������
FGG�����	�G�
/6�/18/G�


/CCC�6<7��

;06= $����	����
��&�!������������(�.�
���
�����
�����
��

���������
	
���	�
���
���	�
����	,��
�������

�
���,,������
��,���,�
����
�

�
�������������
���������#��
 ��*����	����,�������/77�2<66?4��//5������
FGG�����	�G/6�//0CG/�<?<C?C5��

;0/= +����+�����	���� ��!	
�
,��'�����@����"�,���	,
��������,��
�
����		�
��������
'���	���	
��������	�������<6//������</5–<10������
FGG�����	�G/6�/<6/G�//6<6�7��

;0<= �������	������ ���	�
��́�
���&��+����	�
��!�����
���������́	�-�����:���
������������
��B������������	������,��
��
�������������


�.���
��	
���.���������������	����
��,��	
������5657�
��,���,�
��������	���(���	�
�����
���0<�2<6/64�7C<–7C8��
����
FGG�����	�G/6�/66<G
�
�10C?��

;01=  ���������9	�
��N��M
����'����	������.�������
��,���,�
�����
�
����
�������	
�
������
,��
�
�� ����������
���*����	����,��/�2/CC54�/5–17������
FGG�����	�G/6�/665G�

/666?66766/C��

;00= ��M��M
�	��������&�,��
������#� ��E
.��
��$����	����
��������������	����,��
��
���
>�

�����
������		�
����	�
���
���������K���

��2��@�����-���4�����	,��
�����
�
	���������8@@@�
�	��
�
��,���,�
����
����		�
����51�2<6/54�?5–CC������
FGG�����
�	�G/6�7668G<<0C��

 -$-	.�/!	��	��-																																																																																																																																																																																																																																	

��

https://doi.org/10.1016/0013-4686(96)00170-3
https://doi.org/10.1016/j.electacta.2018.05.136
https://doi.org/10.1108/00035599710157387
https://doi.org/10.1361/caaa1999p025
https://doi.org/10.1361/caaa1999p025
https://doi.org/10.1149/1.2829897
https://doi.org/10.1201/b11020-5
https://doi.org/10.1002/sia.3498
https://doi.org/10.1007/s100080050019
https://doi.org/10.1007/s100080050019
https://doi.org/10.5006/2249
https://doi.org/10.5006/2249


7 
 

Effect of second phase particles on 
mechanical properties of a high 

solute Al-Zn-Mg alloy 
 

  

��



Chapter 7 

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 ZLWK� WKH� WLWOH�� ³Influence 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 Ș¶ DQG�Ș (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 Ș¶ DQG� Ș (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 (> ����� RI� Ș� DQG� Ș¶� �0J=Q2) 

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 µm sieve where the powder size distribution was maintained between 16 ± 63 µm. 

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 µm, laser spot size of 50 µm, 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 G2 T20 and FEI® 

Tecnai G2 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 µm 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 5qC/min was used to heat the sample up to 400qC and 

XRD data was collected from 5q to 105q with a step size of 0.05q. 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 MOBAL4 databases. The kinetic and strength simulations utilised the Morral-Purdy and 

Zander model (Zander pre-factor, Kp = 6.2 x 10-6), 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 WR�a�����ZKHQ�VROXWLRQLVLQJ�DW����ႏ / 

4h. Following solutionising, the peak aged Al-14Zn-3Mg microstructure was populated with a 

KLJK�QXPEHU�GHQVLW\�RI�Ș��Ș¶�± 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 

7R� XQGHUVWDQG� WKH� VKDUS� IDOO� LQ� HORQJDWLRQ�ZKHQ� KHDW� WUHDWLQJ� WR� ���ႏ / 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.  

 

 

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.   

 

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 ���ႏ� WKH�RQVHW� RI� GLVVROXWLRQ�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 3i) 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.  

 

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

when heat treating  as-LPBF Al-14Zn-3Mg to ���ႏ 

To confirm the formation of T-phase in high solute Al-14Zn-3Mg, in-situ XRD was performed 

DW� ���ႏ�ZLWK� WKH� FRUUHVSRQGLQJ�SHDNV� DV� VKRZQ� LQ�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 Å [20,21]. 

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.  
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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 

 
 
 
 
7.5.4. 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 Ș�� Ș¶-MgZn2 precipitates through precipitation hardening with the following 

transformation scheme, namely, solid solution(ჴ) ĺ GP-zones ĺ�Ș¶ĺ�Ș-MgZn2 [25±27]. In 

the case of LPBF prepared Al-14Zn-3Mg, the precipitation heat treatment at ���ႏ following 

solutionising resulted in the UDSLG�SUHFLSLWDWLRQ�RI�Ș��Ș¶-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 

5a. 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, 

Mg32(Zn, Al)49 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 

HV1, 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-

14Zn-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) ZHUH�FRQILUPHG�DV�WKH�VWUHQJWKHQLQJ�Șƍ�SUHFLSLWDWHV, 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%. 

8.1.3 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 µcathodic¶ to the ჴ-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 ~ 

�������ȍ�FP2, 7800 ȍ�FP2 and 11,000 ȍ�FP2, 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 µm  

� 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: 

i. 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.  

ii. 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.  

iii. 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.   

iv. 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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v. 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 (i) 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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