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Abstr ct 

In this study c pper-silver (CuAg) all y structures with varying Ag c ntent were 

fabricated using Selective Laser Melting (SLM), Laser P wder Bed Fusi n (L-PBF) 

Additive Manufacturing (AM). P wder m rph l gy, distributi n and elemental 

analysis were c nducted using Scanning Electr n Micr sc py (SEM) and dynamic 

imaging f r CuAg10, CuAg20 and CuAg30 at mised p wder. The resultant p re 

defect m rph l gy and distributi n f r each as built and annealed CuAg all y 

structure was investigated and rep rted using X-ray C mputed T m graphy (XCT) 

and 3D visualisati n. The at mic crystal structure f r each as built and annealed 

CuAg all y is rep rted thr ugh X-Ray Diffracti n (XRD) analysis. Yield strength, 

Y ung’s M dulus, failure strain and Ultimate Tensile Strength (UTS)  f as built 

and annealed AM CuAg structures are rep rted and sample fracture surfaces are 

analysed using SEM and Energy Dispersive X-Ray (EDX) techniques. Increased Ag 

c ntent fr m CuAg10% t CuAg30% is sh wn t decrease the number  f p re defects 

by 87% and 83% f r as built and annealed samples with average p re size decreasing 

by 40% and 9.5%. H wever, the annealing pr cess was f und t increase the p r sity 

by up t  164%. Furtherm re, the annealing pr cess resulted in at mic lattice 

c ntracti ns resulting in increased yield strength, Y ungs M dulus and Ultimate 

Tensile Strength (UTS) f r CuAg30%. 
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1. Introduction 

Silver (Ag) and c pper (Cu) are highly reflective materials with desirable antimicr bial, thermal 

and electrical c nductive pr perties [1–5]. As such these materials are  f interest f r a wide range 

 f applicati ns such as renewable energy, bi medical, electr nics and thermal management 

[3,4,6–8]. Ag is usually utilised as an all ying element [9–11], h wever, research has sh wn that 

increasing Ag additi n by as little as 2 and 3% can increase thermal c nductivity and diffusivity 

as well as hardness and c mpressive strength  f aluminium-c pper-silver (AlCuAg) all ys [12]. 

A 10% increase  f Ag in titanium-silver (TiAg) all y l wered the c mpressive stress by 80% and 

hardness by 30% [7]. Ag additi n between 0.5% - 2% in m lybdenum-c pper-silver (M CuAg) 

all ys increased electrical and thermal c nductivity with negligible effect  n the C efficient  f 

Thermal Expansi n (CTE) [8]. 

Alth ugh the studies menti ned highlight the p tential benefits  f CuAg all ys, the p wder 

metallurgy ass ciated with manufacturing techniques utilised f r all y fabricati n are limited 

with little research  n advanced manufacturing techn l gies such as Additive Manufacturing 

(AM). Cu and its all ys are gaining p pularity due t  l wer material c st and as such are 

underg ing research utilising AM techniques such as Selective Laser Melting (SLM) [13–17]. 

During the SLM pr cess 3D c mp nents are fabricated by laser melting a 2D layer  n preceding 

layer. SLM is capable  f creating c mplex 3D ge metries unfeasible with c nventi nal 

manufacturing techniques [18–20] and theref re the creati n  f c mplex metallic all ys and metal 

matrix c mp site materials and structures are being increasingly rep rted [19,21]. H wever, the 

SLM pr cess has  ver 130 variables including the feedst ck and pr cess [22] and these include 

material abs rptivity and reflectivity, laser diffusi n and scattering, heat transfer and material 

phase transf rmati n [23]. Furtherm re, SLM material feedst ck pr perties such as apparent 

density, particle distributi n and p wder fl wability can have a significant effect  n p wder layer 

delivery and theref re the creati n  f p r sity defects. In additi n the laser and material 

interacti n and selected pr cess parameters and scanning strategy can result in lack  f fusi n, 

keyh le and bl wh le defects [24]. Previ us studies  n the SLM  f pure silver have sh wn 

material failure at lack  f fusi n p r sity sites with the unm lten p wder particles visible at 

fracture sites [25]. 

Theref re, the SLM pr cessing  f reflective and thermally c nductive materials such as Ag and 

Cu can be difficult [2,26,27] with s me studies rep rting maximum pure Cu densities  f 85.8% 

utilising SLM [2]. Subsequently Ag and Cu are usually utilised as all ying elements t expl it 

their desired pr perties [28,29]. The SLM pr cess is kn wn t cause cracking and p re defects in 

fabricated c mp nents [22,24,30,31], which subsequently lead t  material failure [32,33]. 

Theref re, AM p re defects have seen significant investigati n [24,31,34] regarding the creati n 

mechanisms and p r sity types which are generally well underst  d. C nsequently, p re defects 

are usually categ rised t  be keyh le, bl wh le  r lack  f fusi n defects [24]. These p r sity 
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defects as a result  f manufacturing are sh wn t have a negative effect  n the pr perties  f the 

AM fabricated c mp nents [31,35,36] and theref re understanding the c rrelati n between SLM 

pr cess, material and p re defect m rph l gy and distributi n is critical. While the SLM  f Ag 

and Cu as all ying and base elements is underg ing increasing research, the m rph l gy and 

distributi n  f p r sity thr ugh ut CuAg in situ SLM fabricated structures are yet t  be 

underst  d. Understanding this aspect is critical f r the devel pment  f n vel all ys as p re 

defects have a significant effect  n the therm mechanical pr perties [35,37]  f the c mp nents. 

Theref re, understanding SLM p re defect distributi n f r CuAg in situ structures will aid in 

their  ptimum fabricati n f r a variety  f industries and applicati ns. Acc rdingly, this study 

rep rts the SLM fabricati n  f CuAg10, CuAg20 and CuAg30 in situ all ys and their resultant 

mechanical perf rmances b th as built and annealed. SLM p wder c mp siti n, m rph l gy and 

distributi n and rep rted using dynamic imaging, Scanning Electr n Micr sc py (SEM) and 

Energy Dispersive X-Ray (EDX) analysis. Fabricated p re defect m rph l gy and distributi n 

are described thr ugh X-ray C mputed T m graphy (XCT) 3D visualisati n and CuAg in situ 

crystal structure is analysed thr ugh X-Ray Diffracti n (XRD) techniques. Yield strength, 

Y ung’s M dulus, failure strain and Ultimate Tensile Strength (UTS)  f as built and annealed 

CuAg structures are rep rted and sample fracture surfaces are analysed using SEM and Energy 

Dispersive X-Ray (EDX). This research  ffers an insight int the mechanical pr perties and p re 

defect m rph l gy and distributi n in SLM highly reflective and thermally c nductive CuAg in 

situ all y structures with varying Ag c ntent. 

2. M teri l  nd methods 

The SLM L-PBF investigati ns presented in this study were carried  ut  n an EOS M290 

industrial grade AM system using CuAg10%, CuAg20% and CuAg30% p wders c mprising  f 

at mised pure Cu and Ag p wders. The L-PBF system featured a 400W laser with 100µm sp t 

size and all builds were c mpleted in an arg n atm sphere with  xygen c ntent in the pr cess 

chamber bel w 0.1%. The pr cess was carried  ut  n substrates heated t  35°C. F ll wing 

fabricati n all samples were rem ved fr m the build platf rm using n ne c ntact Electrical 

Discharge Machining (EDM) techniques. Half  f the as built samples were p st heat treated with 

a CuAg annealing pr cess and subsequent mechanical testing was c nducted using a Zwick R ell 

1474 material test system with 100 kN maximum l ad capacity. A Bruker Skyscan 2211 X-ray 

nan t m graph was used t  analyse sample p re defect distributi n and m rph l gy while 

fracture surfaces were analysed using Scanning Electr n Micr sc py (SEM). At mic lattice 

structure analysis was c nducted using Panalytical Empyrean, c pper an de X-Ray Diffracti n 

system  perating at 40 KV and 40 mA. 
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2.1. Pow er Characterisation 

P wder m rph l gy and particle distributi n can affect the packing density and fl wability  f 

AM p wders [38] and theref re dictate the therm mechanical behavi ur during the AM pr cess 

[38]. At mised CuAg p wder c mbinati ns utilised in this study were created using pure Cu and 

Ag p wders pr ven t be suitable f r SLM pr cessing in previ us studies [25]. Pure Ag p wder 

displayed a larger distributi n  f p wder particles bel w 20 µm with visible satellite particles 

while pure Cu p wder particles displayed a larger distributi n ab ve 20 µm with fine particles 

als  visible. H wever, b th pure Cu and Ag displayed an evenly distributed particle size and 

relatively spherical p wder m rph l gy which is desired f r the PBF pr cess t enhance b th 

the packing density and the fl wability  f the p wder [38]. Pure Ag was sh wn t have a PVD 

 f D10  f 20.3 µm, D50  f 30.2 µm and D90  f 41.4 µm while pure Cu featured a PVD  f D10  f 

44.0 µm, D50  f 52.1 µm and D90  f 58.2 µm. As a D90  f 10 µm can result in unusable p wder 

f r PBF pr cessing [39], the pure Cu and Ag are suitable f r PBF AM. Energy Dispersive X-

Ray Spectr sc py (EDX) analysis was c mpleted using a Zeiss EVO50 SEM t  c nfirm the 

elemental c ntent  f pure Cu and pure Ag p wders bef re mixing. Pure Cu and Ag p wders 

were sh wn t be 99.08% (Cu) and 99.73% (Ag) respectively with balance  xygen. T c nfirm 

h m gen us distributi n the element c ntent, m rph l gy and Particle Size Distributi n (PSD) 

 f the CuAg p wders were characterised using SEM and digital particle analysis techniques. A 

Retsch Techn l gy Camsizer x2 was used t  analyse particle distributi n. The resulting SEM 

data f r CuAg p wders are sh wn in Fig 1. CuAg p wder particles can be seen t be spherical 

in shape, h wever, the m rph l gy and Particle Size Distributi n (PSD) varies with Ag c ntent 

due t the differences in Cu and Ag m rph l gy. Cu particles are generally larger with a mix  f 

smaller Cu and Ag p wder particles within the p wder samples. 

(b) (c) 

Fig 1. Scanning Electr n Micr sc py (SEM) images f r CuAg p wders sh wing (a) CuAg10, (b) CuAg20 and (c) 

CuAg30. 

T c nfirm the element c ntent  f the p wders, Energy Dispersive X-Ray (EDX) analysis was 

c nducted using a Zeiss EVO50 SEM. Fig 2 sh ws the EDX spectra data with table 1 sh wing 
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M  teri l  Element   Weight (%) 

 CuAg10 
 Cu 

 Ag 

 92.51 

 07.49 

 CuAg20 
 Cu 

 Ag 

 72.50 

 27.50 

 CuAg30 
 Cu 

 Ag 

 64.20 

 35.80 

the elemental c mp siti n f r each  f the CuAg p wder mixes highlighting that the respective  

increase in Ag c ntent as expected with the respective 10, 20 and 30% additi n.   

Fig  2.  Energy Dispersive X-Ray (EDX) element spectra f r (a) CuAg10, (b) CuAg20 and (c) CuAg30.  

T ble  1. Elemental weight c mp siti n  f the different CuAg mixtures as inf rmed by the EDX spectrum.  

Alth ugh the c ntent  f Ag increases as anticipated with expected elemental c mp siti ns, the  

actual  weight  %  f r  each  CuAg  p wder  mix  varies.  This  c uld  be  due  t   n n-h m gen us  

distributi n within the p wder mix  r variati ns in the EDX results due t  p wders n nunif rm  

m rph l gy. T  establish excessively high  r l w particle distributi n that can affect the p wders  

pr cessability f r SLM AM the CuAg p wders D10, D50, and D90  v lume fracti ns were identified.  

Particle  V lume Distributi n  (PVD)  and  c rresp nding  D10, D50, and  D90  f r  each  CuAg  all y  
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are sh wn in Fig 3. D10 v lume decreases as Ag c ntent increases due t pure Ag l wer PSD. D50 

and D90 v lume remain relatively unchanged f r all CuAg p wder mixes. A D90  f 10 µm can 

result in unusable p wder f r PBF pr cessing [39] and theref re the PVD values sh wn in Fig 3 

suggest that the CuAg p wders measured in this study are suitable f r PBF AM. 

Parti le Size (µm) 

V
o
lu
m
e
(%

) 

Fig 3. Particle Volume Distribution (PVD) for CuAg10, CuAg20 an  CuAg30 pow ers. 

2.2. Annealing Process 

SLM CuAg all ys have seen limited investigati ns, in any case c mp siti ns with a relatively 

high Ag c ntent all ys  f 10%, 20% and 30% have n t been investigated t date. H wever, cast 

CuAg all ys with high c mp siti ns have been investigated. Shann n et al. [40] studied ing t 

cast CuAg all ys at c mp siti ns including CuAg30, CuAg20 and CuAg5 and rep rted the 

recrystallisati n and  ptimum annealing pr cess. F r cast and w rk hardened CuAg all ys the 

investigati ns determined the recrystallisati n temperature f r CuAg30 t  be 500ºC f r a 30 

minute anneal time. During annealing the internal residual stresses intr duced by the w rk 

hardening were sh wn t be relieved with ut change in strength  r hardness [40]. Alth ugh n t 

w rk hardened, the SLM pr cess is kn wn t  create internal stresses within fabricated 

c mp nents due t the rapid heating and c  ling cycles ass ciated with the laser melting pr cess 

[41,42]. Acc rdingly, t investigate p st heat treatment and recrystallisati n f r SLM CuAg in 

situ all ys, 50%  f the as built samples were annealed at 500 ºC f r a 30 minute peri d and left 

t  c  l. At mic lattice structure variati ns were then investigated using X-Ray Diffracti n 

(XRD) and the results rep rted al ngside the resultant effects  n mechanical perf rmance and 

p re defect distributi n. 
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3. Results  nd discussion 

3.1. A  itively manufacture  test coupons 

SLM pr cess parameters devel ped in previ us studies were used f r initial CuAg sample 

fabricati n and are displayed in Table 2 while as built CuAg10, CuAg20 and CuAg30 samples 

are sh wn in Fig 4. Alth ugh all CuAg samples were fabricated with the same parameters and 

had visibly similar surface finish there was a clear c l ur variati n thr ugh ut due t  the 

increased Ag c ntent, particularly with the higher Ag 30% c ntent. 

(a) (b) (c) 

Fig 4. As built CuAg in situ all y samples  n build substrates sh wing (a) CuAg10, (b) CuAg20 and (c) CuAg30 

T ble 2. SLM pr cess parameters used f r CuAg all y fabricati n. 

P r mete Laser P wer Scan Speed Hatch Distance Layer Thickness 

r (W) (mm/s) (mm) (µm) 

V lues 370 400 0.14 30 

3.2. Density an  pore  efect analysis 

Understanding SLM p r sity m rph l gy and distributi n is crucial f r understanding the effects 

 f SLM pr cessing and material failure. While industrial grinding and p lishing techniques 

c mbined with SEM imaging can supply an indicati n  f fabricated c mp nent density and 

defect c ntent, they  ffer limited inf rmati n  n distributi n thr ugh ut the sample due t  nly 

supplying a as a result  f the 2D data. Acc rdingly, X-Ray C mputed T m graphy (XCT) 

analysis was c nducted t ascertain a 3D visualisati n  f p r sity m rph l gy and distributi n 

and t investigate any resultant p re defect variati ns ass ciated with increased Ag additi n. 

XCT is a n ndestructive analysis technique, which can be used f r AM p re defect analysis 

[35,43]. Inc rrect p wder feedst ck pr perties such as PVD and p  r fl wability can lead t  

n nunif rm p wder layer delivery and p r sity defects. H wever p re defects can als  result 
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fr m laser and material interacti n and pr cess and scanning strategy parameters [24]. XCT 

analysis f r this study was c nducted utilising a Bruker Skyscan 2211 X-ray nan t m graph. 

While XCT sample analysis is a valuable t  l f r n ndestructive p re defect analysis, the results 

achieved are dependent  n the scanning and thresh ld parameters set by the  perat r. Theref re, 

XCT techniques are better utilised f r c mparative rather than abs lute analysis. C mparative 

analysis ensures XCT scanning and thresh ld parameters are kept c nstant and theref re any 

variati ns in density and p r sity defects can be attributed t AM feedst ck material, pr cess 

parameters used f r manufacturing  r p st pr cessing techniques such as annealing. F r this 

reas n, all samples were scanned with the same XCT scanning, thresh ld and rec nstructi n 

parameters t ensure any n table changes in p r sity can be attributed t either the difference 

 f Ag in the AM material feedst ck  r the annealing pr cess. 

XCT p r sity data f r SLM CuAg in situ all ys at Ag 10%, 20% and 30% are sh wn in Fig 5. 

The number  f p res and average p re size were f und t decrease as Ag c ntent increases f r 

b th CuAg as built and annealed samples. Overall, the quantity  f p res decreased by 87% and 

83% while average p re size decreased by 40% and 9.5% f r as built and annealed samples 

respectively. 
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Fig 5. XCT p re defect data f r SLM CuAg all ys as built and annealed sh wing (a) number  f cl sed p re defects 

and (b) average cl sed p re size 

The annealed samples display a larger pr p rti n  f p res and larger average p re size clearly 

sh wing the annealing pr cess increases p res c ntent, particularly at l wer (10%) Ag c ntent, 

which sh wed a 164% increase between as built CuAg10 as built sample t annealed CuAg10 

sample. Furtherm re, the annealing pr cess can be seen t  increase p re defect c ntent with 
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c rresp nding samples displaying either similar  r higher number  f p res and average p re sizes 

in 11  ut  f the 12 cases. 

X-ray abs rpti n rates varied f r b th as built and annealed CuAg samples as sh wn in Fig. 6a-

c and Fig. 7a-c respectively. High X-ray abs rpti n signifies a relatively dense material as 

identified by 1 (blue),  n the c ntrary 0 (black) represents areas  f l west X-Ray abs rpti n and 

theref re p tential v ids (absence  f material). T  analyse the p re defect m rph l gy and 

distributi n thr ugh ut the samples the internal cl sed p re p r sity v ids were is lated f r as 

built and annealed samples as sh wn in Fig. 6c and 7c respectively. Higher Ag c ntent was f und 

t  c rresp nd with less p re defects f r b th as built (Fig. 6) and annealed (Fig. 7) samples, 

h wever as built samples displayed significantly l wer p re defects (Fig. 6) in c mparis n t  

annealed samples (Fig. 7). The XCT data and 3D visualisati ns seen in Figs. 6 and 7 sh w clear 

variati n in the number  f p res and average p re size as Ag c ntent increases. The additi n  f 

Ag reduces p re c ntent and average p re size significantly while annealing increased p re 

c ntent and p re size f r all CuAg c mp siti ns. CuAg30 with the largest Ag c ntent was f und 

t have the l west p re defect c ntent f r b th as built (Fig. 6) and annealed (Fig. 7) samples. 

(b) (a) (c) 

(b) (a) (c) 

(b) (a) (c) 

CuAg10 

CuAg20 

CuAg30 
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Fig 6. X-ray c mputed t m graphy scans  f as build CuAg samples under different c mp siti ns as identified 

sh wing (a) the full scan  f the specimen, (b) highlighted p r sity within the structure and (c) internal cl sed p res 

is lated f r clarity. 

(a2) 

(b2) 

(c2) 

(a1) (a3) 

(b1) (b3) 

(c1) (c3) 

Fig 7. XCT 3D visualisation of  ensity an  porosity content an   istribution for anneale  samples for (a) CuAg10 

(b) CuAg20 an  (c) CuAg30. 

P re defects have been sh wn t negatively affect a materials mechanical perf rmance [25,34,44] 

and theref re the larger c ntent  f these defects seen in the annealed and l wer Ag c ntent 

samples w uld expect t exhibit l wer mechanical strength. Reduced p r sity due t increased 

Ag c ntent c uld be due t l wer p wder PVD resulting in impr ved packing density and layer 

delivery  r at mic b nding in the CuAg all y system. Acc rdingly, at mic lattice structure was 

investigated utilsing X-Ray Diffracti n (XRD) techniques. 

3.3. Influence  n crystal structure 

Pure Cu and Ag with face centered cubic (fcc) at mic lattice structures [3,45] but varying at mic 

size differences result in relatively large lattice mismatches in the CuAg all y system [3,46]. 

H wever, at α⁓12% the CuAg system still c nf rms t the Hume–R thery criteria f r fcc metals, 

with at mic size differences within 15% [45,46]. Theref re, the CuAg system is  f significant 

interest and as such has seen investigati ns relating t all ying behavi r, at mic vacancy effects, 

miscibility, phase stability and recrystallisati n [40,46–48] utilising at mistic and m lecular 

dynamic simulati ns, electr dep siting, casting and XRD [3,40,45,47,49]. Despite this SLM 

CuAg all y crystal lattice structures at relatively high Ag c ntent (Ag10%, Ag20% and Ag30%) 
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have n t seen investigati n. Acc rdingly, SLM CuAg all y lattice structures and at mic d-

spacing were investigated using a Panalytical Empyrean, c pper an de X-Ray Diffracti n system 

 perating at 40 KV and 40 mA. 

The XRD cluster analysis as sh wn in Fig. 8 was carried  ut t identify any variati ns between 

CuAg structures at an at mic level with SLM pure Cu used as a reference sample. Using the 

eigenvect r mathematical pr cedure, a smaller data set is created, and data variables are c llated 

int c rresp nding gr ups  r principal c mp nents. Alth ugh using a reduced data set, cluster 

analysis all ws f r XRD data visualisati n highlighting data variances and similarities [50] and 

displaying them in within related c l ured spheres. Fig 8 clearly dem nstrates separati n and 

variati n in at mic structure f r SLM pure Cu and as built and annealed CuAg all y samples. 

Alth ugh all CuAg samples (b th as built and annealed) were sh wn t  have the same cubic 

crystal structure, the additi n  f Ag and the annealing pr cess have  bvi us effects at the at mic 

level. The annealing pr cess can be seen t create a similar at mic structure f r annealed samples 

due t recrystallisati n with all annealed samples clustered in pr ximity. As built samples als  

display similar at mic structure t  each  ther h wever cluster analysis sh ws there is m re 

variance. 

Fig 8. X-Ray Diffracti n (XRD) cluster analysis f r SLM pure Cu and as built and annealed CuAg in situ all ys. 

The cluster analysis displays clear variati ns in at mic lattice structure between annealed 

samples and as built (n ne heat-treated) samples and theref re XRD data f r pure Cu and all 

CuAg samples was investigated further t  investigate at mic lattice variati ns. SLM pure Cu 
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was used as reference sample and the XRD spectrum data was  btained f r pure Cu as sh wn 

in Fig 9. Pure Cu peaks appeared at 2 Theta = 43.2º, 50.3º and 74.2º respectively, which is 

c nsistent with fcc Cu JCPDS (J int C mmittee  n P wder Diffracti n Standard) cards. 

Cu 

Cu 

Cu 

C
ou

nt
s 

Position (º2Theta) 

22500 

Fig 9. XRD spectra  ata for SLM pure Cu 

XRD spectrum data f r CuAg in situ all ys as built and annealed can be seen in Figs 10, 11 and 

12. New Ag peaks are present, which increased in c unt and height as Ag c mp siti n c ntent 

increased fr m 10% t  20% and 30%. This c nfirmed the h m gen us distributi n  f Ag 

thr ugh ut all CuAg in situ samples which all als  displayed cubic at mic structures. 

Furtherm re, all samples saw 2º Theta values decrease (Fig 13a) with increased Ag c ntent 

suggesting an increase in d-spacing (Fig 13b) which is explained by the presence  f the relatively 

larger silver at ms within the CuAg at mic lattice structures. 

Cu 
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Cu 

Ag Ag Ag 
Ag C
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Position (º2Theta) Position (º2Theta) 

22500 
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(a) (b) 

Fig 10. XRD spectra data f r (a) CuAg10 as built and (b) CuAg10 annealed 
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Fig 11. XRD spectra data f r (a) CuAg20 as built and (b) CuAg20 annealed 
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Fig 12. XRD spectra data f r (a) CuAg30 as built and (b) CuAg30 annealed, 

H wever, f ll wing the annealing pr cess d-spacing saw significant reducti ns in relati n t as 

built samples (Fig 13b) due t the recrystallisati n and c ntracti n  f at mic lattice structures. 

This at mic lattice c ntracti n theref re explains the increase in p re defects seen in XCT 3D 

visualisati n (Fig 6 and 7). As at mic lattice c ntracti ns  ccur, number  f p res and the average 

size increase where v ids are present thr ugh ut the CuAg samples. D-spacing reduced by 0.29%, 

1.29% and 2.26% respectively f r CuAg10, CuAg20 and CuAg30 f ll wing the annealing pr cess. 

As built d-spacing displayed a 1.93% increase with increased Ag c ntent fr m CuAg10 t  

CuAg30 while annealed samples saw a maximum 0.2% change in d-spacing f r all three samples. 

Furtherm re, annealed samples exhibited d-spacing values bel w that  f as built SLM pure Cu. 
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Fig 13. XRD data f r CuAg in situ all ys sh wing (a) peak p siti n and (b) at mic d-spacing 

3.4. Mechanical Performance 

The additi n  f Ag t  Cu has seen significant research [4,51] and has been sh wn t  have 

strengthening effects due t  fine dendrites and an increase in CuAg phase b undaries, which 

have a str ng binding effect. Furtherm re, Cu matrix and CuAg interfaces were sh wn t hinder 

disl cati n m vements [52]. Investigati ns regarding the interacti n between Cu and Ag at an 

at mic level f r SLM CuAg in situ all ys has n t been investigated. Acc rdingly, Fig 14 presents 

the stress-strain (� � �) curve f r AM CuAg10, CuAg20 and CuAg30 in situ all ys with the 

c rresp nding perf rmance parameters such as the Yield strength (��), Y ungs M dulus (E), 

failure strain (��) and Ultimate Tensile Strength (UTS) values sh wn in Fig 15. 

(a) (b) 

Fig 14. Engineering Stress-strain curves f r SLM CuAg all y samples f r (a) as built and (b) annealed. 

Page 14 of 24 



    
 

 

                  

              

                     

                 

                  

                 

                

                  

                   

               

              

               

               

                 

         

  

  

(a) (b) 

(c) (d) 

Fig. 15. Influence  f Ag c ntent and annealing  n the mechanical perf rmance  f SLM CuAg all ys sh wing (a) 

yield strength, (b) Y ung’s M dulus, (c) failure strain and (d) ultimate tensile strength 

The � – � data clearly displays an increase in E (Fig 15b), �� (Fig 15a) and UTS (Fig 15d) with 

increased Ag additi n f r b th as built and annealed samples with the highest E, �� and UTS 

displayed with Ag 30% f r all samples. As built samples sh wed an increase in ��  f 23% and 

48% as Ag c ntent increased fr m 10% t 20% and 30% while annealed samples saw �� increase 

by 36% and 87% respectively (Fig 16a). Similarly, UTS as built samples saw increases  f 22% 

and 37% while UTS annealed samples increased by 31% and 68% (Fig 16 b). With �� and UTS 

increases  f 87% and 68% f r Ag additi n at 30% it is clear the annealing pr cess has a m re 

pr f und effect  n material strength with higher Ag additi n ab ve 20%. While as built CuAg10 

samples display higher E, �� and UTS than the equivalent CuAg10 annealed samples. The 

CuAg20 samples whether as built  r annealed have c mparable �� and UTS values. The results 

c nfirm that the Ag additi n d es create an increase in mechanical pr perties within SLM CuAg 

in situ all ys. Furtherm re, Ag additi n increased E which saw increases  f 23% and 15% f r as 

built samples and 15% and 36% f r annealed samples. 
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Fig. 16. Influence  f Ag c ntent and annealing pr cess  n the mechanical perf rmance  f SLM CuAg all ys 

sh wing (a) yield strength and (b) ultimate tensile strength 

Effects  f Ag additi n  n �� was less  bvi us with CuAg20 displaying the largest �� values f r 

b th as built and annealed samples. H wever, �� was seen t reduce f r all samples (Fig 15c and 

17a) f ll wing annealing due t  recrystallisati n and at mic lattice c ntracti n resulting in 

str nger binding effect  n CuAg interfaces reducing disl cati n m vements which als increasing 

E (Fig 17b). 
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Fig. 17. Influence  f Ag c ntent and annealing pr cess  n the mechanical perf rmance  f SLM CuAg all ys 

sh wing (a) failure strain and, (b) Y ung’s m dulus 
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3.5. Fractography 

SEM data f r SLM CuAg fracture surfaces are sh wn in Fig 18, 19 and 20. Alth ugh n ne  f 

the CuAg fracture surfaces exhibited unm lten p wder particles expected at lack  f fusi n p re 

sites s me p r sity v ids are clearly visible as c nfirmed by the XCT data. 

(a) (b) 

Fig 18. Scanning Electr n Micr sc py (SEM) data f r CuAg all y fracture surfaces sh wing (a) as built CuAg10 

and (b) CuAg10 Annealed 

(a) (b) 

Fig 19. Scanning Electr n Micr sc py (SEM) images f r CuAg all y fracture surfaces sh wing (a) as built CuAg20 

(b) CuAg20 Annealed 
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  (a) (b) 

Fig 20. Scanning Electr n Micr sc py (SEM) images f r CuAg all y fracture surfaces sh wing (a) as built CuAg30 

(b) CuAg30 annealed 

T  ascertain p re defect c ntent at each CuAg fracture surface Olympus Stream Essentials 

s ftware was utilised f r c mparative p r sity analysis. Results (Fig 21) c ncluded p re c ntent 

at the fracture site decreases with Ag additi n f r b th as built and annealed samples while 

p r sity c ntent values were higher f r all annealed samples in c mparis n t as built structures 

c nfirming the XCT data results (Fig5a and 5b). 
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Fig. 21. Influence  f Ag additi n  n fracture surface p r sity c ntent  f SLM CuAg in situ all ys 

T  c nfirm h m gen us element distributi n thr ugh ut the CuAg structures, EDX analysis 

was c nducted  n each fracture surface and c mpared with EDX elemental c ntent  f the CuAg 

p wder. Spectrum analysis (Fig 22) c nfirms increase in Ag c ntent at the sample fracture 

surface. While CuAg10 Ag fracture c ntent differed fr m CuAg10 Ag p wder c ntent b th 

CuAg20 and CuAg30 Ag c ntent f r p wder and fracture surfaces was sh wn t be c mparable. 

Alth ugh EDX analysis highlights s me variati ns the Ag c ntent thr ugh ut all fabricated 
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CuAg structures was relatively cl se t  the initial Ag p wder c mp siti n c nfirming a 

h m gene us distributi n thr ugh ut p wder and fabricated structures. 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Ag 

Ag 

Ag 

(a) 

(b) 

(c) 

Fig 22. Energy Dispersive X-Ray (EDX) element analysis f r CuAg fracture surfaces (a) CuAg10, (b) CuAg20 and 

(c) CuAg30. 

EDX Element An lysis for CuAg Fr cture Surf ces 

Material Element Weight (%) 

(a) CuAg10 

(b) CuAg20 

(c) CuAg30 

Ag 

Ag 

Ag 

16.41 

29.00 

35.42 

Fig 23. Energy Dispersive X-Ray (EDX) element analysis f r CuAg fracture surfaces (a) CuAg10, (b) CuAg20 and 

(c) CuAg30. 

4. Conclusions 

The study presents CuAg in situ structures with varying Ag c ntent fabricated using the 

Selective Laser Melting (SLM) pr cess. The resultant p re defect distributi n, at mic lattice 

structures and mechanical perf rmance are rep rted f r b th as built and annealed c nditi ns. 

The XCT analysis sh wed that as Ag c ntent increased b th the number  f p res and average 

p re size decrease f r b th as built and annealed samples. Increasing Ag c ntent fr m 10% t  

30% saw the number  f p res decrease by 87% and 83% f r as built and annealed samples with 
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average p re size decreasing by 40% and 9.5% respectively. H wever, the annealing pr cess 

increased p re c ntent significantly with CuAg10 all y experiencing a 164% increase between as 

built and annealed c nditi ns. The subsequent XRD analysis sh wed that the AM CuAg samples 

c nfirmed the presence  f a cubic at mic structure where the increase in Ag c ntent increased 

the at mic d-spacing. This is explained by the inclusi n  f the relatively large silver at ms within 

the CuAg at mic lattice structures. H wever, f ll wing the annealing pr cess at mic d-spacing 

reduced due t  at mic lattice c ntracti ns. D-spacing reduced by 0.29 %, 1.29 % and 2.26 % 

respectively f r CuAg10, CuAg20 and CuAg30 f ll wing the annealing pr cess. As built d-

spacing displayed a 1.93% increase with increased Ag c ntent fr m CuAg10 t  CuAg30 while 

annealed samples saw a maximum 0.2% change in d-spacing f r all three samples. It was als  

f und that the at mic lattice c ntracti n c mbined with recrystallisati n had a significant effect 

 n mechanical perf rmance due t  str nger binding effects at the CuAg interfaces reducing 

disl cati n m vements. While CuAg10 samples displayed higher yield and ultimate strength 

than the equivalent annealed samples, CuAg20 sh wed c mparable yield and ultimate strength 

values f r b th as built and annealed cases. Nevertheless, as built samples saw an increase in 

yield strength  f 23% and 48% as Ag c ntent increased fr m 10% t  20% and 20% t  30%. 

Annealed samples saw yield strength increase by 36% and 87% respectively. Similarly, UTS  f 

as built samples saw increases  f 22% and 37% while annealed samples increased by 31% and 

68%. With increases  f 87% (yield strength) and 68% (UTS) f r Ag additi n at 30%, it is clear 

the annealing pr cess has a pr f und effect  n material strength f r Ag additi n  f ab ve 20%. 

When it c mes t Y ungs m dulus Ag increase fr m CuAg10 t CuAg30 resulted in a 23% and 

15% increase f r as built samples and 15% and 36% f r annealed samples. 

Evaluating the fracture surfaces revealed that the Ag c ntent was like the p wder feedst ck 

c nfirming a h m gene us distributi n thr ugh ut the SLM build and sample fabricati n. 

Alth ugh, the SEM analysis  f the fracture surfaces sh wed n visible lack  f fusi n p r sities 

and unm lten p wder s me p r sity v ids were visible. Overall, the SEM data sh wed that the 

fracture surface p re c ntent decreased with increase in Ag c ntent. 
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	1. Introduction 
	1. Introduction 
	Silver(Ag)andcopper(Cu)arehighlyreflectivematerialswithdesirableantimicrobial,thermal andelectricalconductiveproperties[1–5].Assuchthesematerialsareofinterestforawiderange of applications such as renewable energy, biomedical, electronics and thermal management [3,4,6–8].Agisusuallyutilisedasanalloyingelement[9–11],however,researchhasshownthat increasingAgadditionbyaslittleas2and3%canincreasethermalconductivityanddiffusivity aswellashardnessandcompressivestrengthofaluminium-copper-silver(AlCuAg)alloys[12]. A
	Although the studies mentioned highlight the potential benefits of CuAg alloys, the powder metallurgy associated with manufacturing techniques utilised for alloy fabrication are limited with little research on advanced manufacturing technologies such as Additive Manufacturing (AM). Cu and its alloys are gaining popularity due to lower material cost and as such are undergoing research utilising AM techniques such as Selective Laser Melting (SLM) [13–17]. DuringtheSLMprocess3Dcomponentsarefabricatedbylasermel
	Therefore,theSLMprocessingofreflectiveandthermallyconductivematerialssuchasAgand Cucanbedifficult[2,26,27]withsomestudiesreportingmaximumpureCudensitiesof85.8% utilisingSLM[2].SubsequentlyAgandCuareusuallyutilisedasalloyingelementstoexploit theirdesiredproperties[28,29].TheSLMprocessisknowntocausecrackingandporedefectsin fabricated components [22,24,30,31], which subsequently lead to material failure [32,33]. Therefore,AMporedefectshaveseensignificantinvestigation[24,31,34]regardingthecreation mechanismsand
	Therefore,theSLMprocessingofreflectiveandthermallyconductivematerialssuchasAgand Cucanbedifficult[2,26,27]withsomestudiesreportingmaximumpureCudensitiesof85.8% utilisingSLM[2].SubsequentlyAgandCuareusuallyutilisedasalloyingelementstoexploit theirdesiredproperties[28,29].TheSLMprocessisknowntocausecrackingandporedefectsin fabricated components [22,24,30,31], which subsequently lead to material failure [32,33]. Therefore,AMporedefectshaveseensignificantinvestigation[24,31,34]regardingthecreation mechanismsand
	defectsasaresultofmanufacturingareshowntohaveanegativeeffectonthepropertiesofthe AMfabricatedcomponents[31,35,36]andthereforeunderstandingthecorrelationbetweenSLM process,materialandporedefectmorphologyanddistribution iscritical.WhiletheSLMofAg and Cu as alloying and base elements is undergoing increasing research, the morphology and distribution of porosity throughout CuAg in situ SLM fabricated structures are yet to be understood. Understanding this aspect is critical for the development of novel alloys a


	2. M teri l  nd methods 
	2. M teri l  nd methods 
	The SLM L-PBF investigations presented in this study were carried out on an EOS M290 industrialgradeAMsystemusingCuAg10%,CuAg20%andCuAg30%powderscomprisingof atomisedpureCuandAgpowders.TheL-PBFsystemfeatureda400Wlaserwith100µmspot sizeandallbuildswerecompletedinanargonatmospherewithoxygencontentintheprocess chamber below 0.1%. The process was carried out on substrates heated to 35°C. Following fabrication all samples were removed from the build platform using none contact Electrical DischargeMachining(EDM)t
	2.1. Pow er Characterisation 
	2.1. Pow er Characterisation 
	Powdermorphologyandparticledistributioncanaffectthepackingdensityandflowabilityof AMpowders[38]andthereforedictatethethermomechanicalbehaviourduringtheAMprocess [38].AtomisedCuAgpowdercombinationsutilisedinthisstudywerecreatedusingpureCuand AgpowdersproventobesuitableforSLMprocessinginpreviousstudies[25].PureAgpowder displayed alarger distribution of powder particles below20 µm withvisiblesatelliteparticles whilepureCupowderparticlesdisplayedalargerdistributionabove20µmwithfineparticles also visible. Howeve
	ofD
	44.0µm,D

	(a) 
	(b) 
	(c) 
	Fig 1. ScanningElectronMicroscopy(SEM)imagesforCuAgpowdersshowing(a)CuAg10,(b)CuAg20and(c) CuAg30. 
	Toconfirmtheelementcontentofthepowders,EnergyDispersiveX-Ray(EDX)analysiswas conductedusingaZeissEVO50SEM.Fig2showstheEDXspectradatawithtable1showing 
	Cu Cu Cu Ag (b) Cu Cu Cu Ag 
	theelementalcompositionforeachoftheCuAgpowdermixeshighlightingthattherespective increaseinAgcontentasexpectedwiththerespective10,20and30%addition. 
	Cu Cu Cu Ag 
	(a) 
	(a) 


	(c) 
	Fig 2. EnergyDispersiveX-Ray(EDX)elementspectrafor(a)CuAg10,(b)CuAg20and(c)CuAg30. 
	T ble 1.ElementalweightcompositionofthedifferentCuAgmixturesasinformedbytheEDXspectrum. 

	M teri l Element Weight (%) 
	M teri l Element Weight (%) 
	Cu 92.51 
	CuAg10 
	Ag 07.49 
	Cu 72.50 
	CuAg20 
	Ag 27.50 
	Cu 64.20 
	CuAg30 
	Ag 35.80 
	AlthoughthecontentofAgincreasesasanticipatedwithexpectedelementalcompositions,the actual weight % for each CuAg powder mix varies. This could be due to non-homogenous distributionwithinthepowdermixorvariationsintheEDXresultsduetopowdersnonuniform morphology.Toestablishexcessivelyhighorlowparticledistributionthatcanaffectthepowders 10,D50,andD90 volumefractionswereidentified. 10,D50,and D90 for each CuAg alloy 
	AlthoughthecontentofAgincreasesasanticipatedwithexpectedelementalcompositions,the actual weight % for each CuAg powder mix varies. This could be due to non-homogenous distributionwithinthepowdermixorvariationsintheEDXresultsduetopowdersnonuniform morphology.Toestablishexcessivelyhighorlowparticledistributionthatcanaffectthepowders 10,D50,andD90 volumefractionswereidentified. 10,D50,and D90 for each CuAg alloy 
	processabilityforSLMAMtheCuAgpowdersD
	Particle VolumeDistribution (PVD) and corresponding D

	areshowninFig3.D10 volumedecreasesasAgcontentincreasesduetopureAglowerPSD.D50 90 volumeremainrelativelyunchangedforallCuAgpowdermixes. AD90 of10µmcan resultinunusablepowderforPBFprocessing[39]andthereforethePVDvaluesshowninFig3 suggestthattheCuAgpowdersmeasuredinthisstudyaresuitableforPBFAM. 
	andD


	Particle Size (µm) Volume(%) 
	Fig 3. Particle Volume Distribution (PVD) for CuAg10, CuAg20 an  CuAg30 pow ers. 

	2.2. Annealing Process 
	2.2. Annealing Process 
	SLM CuAgalloys haveseenlimited investigations, inanycasecompositions with arelatively highAgcontentalloysof10%,20%and30%havenotbeeninvestigatedtodate.However,cast CuAgalloys withhighcompositions have been investigated. Shannonet al.[40]studied ingot cast CuAg alloys at compositions including CuAg30, CuAg20 and CuAg5 and reported the recrystallisationandoptimumannealingprocess.ForcastandworkhardenedCuAgalloysthe investigations determined the recrystallisation temperature for CuAg30 to be 500C for a 30 minute
	º
	º


	3. Results  nd discussion 
	3. Results  nd discussion 
	3.1. A  itively manufacture  test coupons 
	SLM process parameters developed in previous studies were used for initial CuAg sample fabricationandaredisplayedinTable2whileasbuiltCuAg10,CuAg20andCuAg30samples areshowninFig4.AlthoughallCuAgsampleswerefabricatedwiththesameparametersand had visibly similar surface finish there was a clear colour variation throughout due to the increasedAgcontent,particularlywiththehigherAg30%content. 
	Figure
	(a) 
	(b) 
	(c) 
	Fig 4. AsbuiltCuAginsitualloysamplesonbuildsubstratesshowing(a)CuAg10,(b)CuAg20and(c)CuAg30 T ble 2.SLMprocessparametersusedforCuAgalloyfabrication. 
	P r mete 
	P r mete 
	P r mete 
	LaserPower 
	ScanSpeed 
	HatchDistance 
	LayerThickness 

	r 
	r 
	(W) 
	(mm/s) 
	(mm) 
	(µm) 

	V lues 
	V lues 
	370 
	400 
	0.14 
	30 



	3.2. Density an  pore  efect analysis 
	3.2. Density an  pore  efect analysis 
	UnderstandingSLMporositymorphologyanddistributioniscrucialforunderstandingtheeffects of SLM processing and material failure. While industrial grinding and polishing techniques combined with SEM imaging can supply an indication of fabricated component density and defectcontent,theyofferlimitedinformationondistributionthroughoutthesampleduetoonly supplying a as a result of the 2D data. Accordingly, X-Ray Computed Tomography (XCT) analysiswasconductedtoascertaina3Dvisualisationofporositymorphologyanddistributi
	XCT is a nondestructive analysis technique, which can be used for AM pore defect analysis [35,43]. Incorrect powder feedstock properties such as PVD and poor flowability can lead to nonuniform powder layer delivery and porosity defects. However pore defects can also result 
	XCT is a nondestructive analysis technique, which can be used for AM pore defect analysis [35,43]. Incorrect powder feedstock properties such as PVD and poor flowability can lead to nonuniform powder layer delivery and porosity defects. However pore defects can also result 
	from laser and material interaction and process and scanning strategy parameters [24]. XCT analysis for this study was conducted utilising aBruker Skyscan2211 X-ray nanotomograph. WhileXCTsampleanalysisisavaluabletoolfornondestructiveporedefectanalysis,theresults achievedaredependentonthescanningandthresholdparameterssetbytheoperator.Therefore, XCTtechniquesarebetterutilisedforcomparativeratherthanabsoluteanalysis.Comparative analysisensuresXCTscanningandthresholdparametersarekeptconstantandthereforeany var

	XCTporositydataforSLMCuAginsitualloysatAg10%,20%and30%areshowninFig5. ThenumberofporesandaverageporesizewerefoundtodecreaseasAgcontentincreasesfor bothCuAgasbuiltandannealedsamples.Overall,thequantityofporesdecreasedby87%and 83% while average pore size decreased by 40% and 9.5% for as built and annealed samples respectively. 
	10 60 110 160 210 260 10 20 30 Number of closed pores Ag Content (%) Number of closed pore defects CuAgAs Built CuAgAnnealed 0.003 0.004 0.005 0.006 0.007 0.008 10 20 30 Average pore size (mm2 ) Ag Content (%) Average pore size CuAgAs Built CuAgAnnealed 
	(a) (b) 
	Fig 5. XCTporedefectdataforSLMCuAgalloysasbuiltandannealedshowing(a)numberofclosedporedefects and(b)averageclosedporesize 
	Theannealedsamplesdisplayalargerproportionofporesandlargeraverageporesizeclearly showingtheannealingprocessincreasesporescontent,particularlyatlower(10%)Agcontent, whichshoweda164%increasebetweenas builtCuAg10as builtsampletoannealedCuAg10 sample. Furthermore, the annealing process can be seen to increase pore defect content with 
	Theannealedsamplesdisplayalargerproportionofporesandlargeraverageporesizeclearly showingtheannealingprocessincreasesporescontent,particularlyatlower(10%)Agcontent, whichshoweda164%increasebetweenas builtCuAg10as builtsampletoannealedCuAg10 sample. Furthermore, the annealing process can be seen to increase pore defect content with 
	correspondingsamplesdisplayingeithersimilarorhighernumberofporesandaverageporesizes in11outofthe12cases. 

	c and Fig. 7a-c respectively. High X-ray absorption signifies a relatively dense material as identifiedby1(blue),onthecontrary0(black)representsareasoflowestX-Rayabsorptionand therefore potential voids (absence of material). To analyse the pore defect morphology and distributionthroughoutthesamplestheinternalclosedporeporosityvoidswereisolatedforas builtandannealedsamplesasshowninFig.6cand7crespectively.HigherAgcontentwasfound to correspond with less pore defects for both as built (Fig. 6) andannealed (Fig.
	X-rayabsorptionratesvariedforbothasbuiltandannealedCuAgsamplesasshowninFig.6a
	-

	(b) (a) (c) (b) (a) (c) (b) (a) (c) CuAg10 CuAg20 CuAg30 
	Fig 6. X-raycomputedtomographyscansofasbuildCuAgsamplesunderdifferentcompositionsasidentified showing(a)thefullscanofthespecimen,(b)highlightedporositywithinthestructureand(c)internalclosedpores 
	isolatedforclarity. 
	(a2) (b2) (c2) (a1) (a3) (b1) (b3) (c1) (c3) 
	Fig 7. XCT 3D visualisation of  ensity an  porosity content an   istribution for anneale  samples for (a) CuAg10 (b) CuAg20 an  (c) CuAg30. 
	Poredefectshavebeenshowntonegativelyaffectamaterialsmechanicalperformance[25,34,44] and therefore the larger content of these defects seen in the annealed and lower Ag content sampleswouldexpecttoexhibitlowermechanicalstrength.Reducedporosityduetoincreased AgcontentcouldbeduetolowerpowderPVDresultinginimprovedpackingdensityandlayer deliveryoratomicbondingintheCuAgalloysystem.Accordingly,atomiclatticestructurewas investigatedutilsingX-RayDiffraction(XRD)techniques. 
	3.3.Influenceoncrystalstructure 
	PureCuandAgwithfacecenteredcubic(fcc)atomiclatticestructures[3,45]butvaryingatomic size differences result in relatively large lattice mismatches in the CuAg alloy system [3,46]. However,atα⁓12% theCuAgsystemstillconformstotheHume–Rotherycriteriaforfccmetals, with atomic size differences within 15% [45,46]. Therefore, the CuAg system is of significant interestandassuchhasseeninvestigationsrelatingtoalloyingbehavior,atomicvacancyeffects, miscibility, phase stability and recrystallisation [40,46–48] utilising
	PureCuandAgwithfacecenteredcubic(fcc)atomiclatticestructures[3,45]butvaryingatomic size differences result in relatively large lattice mismatches in the CuAg alloy system [3,46]. However,atα⁓12% theCuAgsystemstillconformstotheHume–Rotherycriteriaforfccmetals, with atomic size differences within 15% [45,46]. Therefore, the CuAg system is of significant interestandassuchhasseeninvestigationsrelatingtoalloyingbehavior,atomicvacancyeffects, miscibility, phase stability and recrystallisation [40,46–48] utilising
	have not seen investigation. Accordingly, SLM CuAg alloy lattice structures and atomic d-spacingwereinvestigatedusingaPanalyticalEmpyrean,copperanodeX-RayDiffractionsystem operatingat40KVand40mA. 

	TheXRDclusteranalysisasshowninFig.8wascarriedouttoidentifyanyvariationsbetween CuAgstructures at anatomic level withSLM pureCu used as areferencesample.Using the eigenvectormathematicalprocedure,asmallerdatasetiscreated,anddatavariablesarecollated intocorrespondinggroupsorprincipalcomponents.Althoughusingareduceddataset,cluster analysisallowsforXRDdatavisualisationhighlightingdatavariancesandsimilarities [50]and displayingthem inwithinrelatedcolouredspheres.Fig8clearlydemonstratesseparationand variationinat
	Figure
	Fig 8. X-RayDiffraction(XRD)clusteranalysisforSLMpureCuandasbuiltandannealedCuAginsitualloys. 
	The cluster analysis displays clear variations in atomic lattice structure between annealed samplesandasbuilt(noneheat-treated)samplesandthereforeXRDdataforpureCuandall CuAgsamples was investigated further to investigateatomiclatticevariations. SLM pureCu 
	The cluster analysis displays clear variations in atomic lattice structure between annealed samplesandasbuilt(noneheat-treated)samplesandthereforeXRDdataforpureCuandall CuAgsamples was investigated further to investigateatomiclatticevariations. SLM pureCu 
	wasusedasreferencesampleandtheXRDspectrumdatawasobtainedforpureCuasshown in Fig 9. Pure Cu peaks appeared at 2Theta =43.2º, 50.3º and 74.2º respectively, which is consistentwithfccCuJCPDS(JointCommitteeonPowderDiffractionStandard)cards. 

	Cu Cu Cu Counts Position (º2Theta) 22500 
	Fig 9. XRD spectra  ata for SLM pure Cu 
	XRDspectrumdataforCuAginsitualloysasbuiltandannealedcanbeseeninFigs10,11and 12.NewAgpeaksarepresent,whichincreasedincountandheightasAgcompositioncontent increased from 10% to 20% and 30%. This confirmed the homogenous distribution of Ag throughout all CuAg in situ samples which all also displayed cubic atomic structures. Furthermore, all samples saw 2º Theta values decrease (Fig 13a) with increased Ag content suggestinganincreaseind-spacing(Fig13b)whichisexplainedbythepresenceoftherelatively largersilverato
	Cu Cu Cu Cu Cu Cu Ag Ag Ag Ag CountsCounts Position (º2Theta) Position (º2Theta) 22500 22500 (a) (b) 
	Fig 10. XRDspectradatafor(a)CuAg10asbuiltand(b)CuAg10annealed 
	Fig 10. XRDspectradatafor(a)CuAg10asbuiltand(b)CuAg10annealed 


	Cu Cu Cu Cu Cu Ag Ag Ag Ag CountsCounts 10000 10000 
	Position (2Theta) Position (2Theta) (a) (b) 
	Cu Cu Cu Cu Ag Ag Ag Ag Ag CountsCounts Position (2Theta) Position (2Theta) 6400 10000 (a) (b) 
	Fig 11. XRDspectradatafor(a)CuAg20asbuiltand(b)CuAg20annealed 
	Fig 11. XRDspectradatafor(a)CuAg20asbuiltand(b)CuAg20annealed 


	Fig 12. XRDspectradatafor(a)CuAg30asbuiltand(b)CuAg30annealed, 
	However,followingtheannealingprocessd-spacingsawsignificantreductionsinrelationtoas builtsamples(Fig13b)duetotherecrystallisationandcontractionofatomiclatticestructures. ThisatomiclatticecontractionthereforeexplainstheincreaseinporedefectsseeninXCT3D visualisation(Fig6and7).Asatomiclatticecontractionsoccur,numberofporesandtheaverage %, 1.29%and2.26%respectivelyforCuAg10,CuAg20andCuAg30followingtheannealingprocess. As built d-spacing displayed a 1.93% increase with increased Ag content from CuAg10 to CuAg30w
	sizeincreasewherevoidsarepresentthroughouttheCuAgsamples.D-spacingreducedby0.29

	42 42.2 42.4 42.6 42.8 43 43.2 43.4 0(Pure Cu) 10 20 30 Peak position (º2 Theta) Ag Content (%) Peak position CuAgAs Built CuAgAnnealed 2.085 2.095 2.105 2.115 2.125 2.135 2.145 0(Pure Cu) 10 20 30 Atomic Spacing (Å) Ag Content (%) Atomic spacing CuAgAs Built CuAgAnnealed 
	Fig 13. XRDdataforCuAginsitualloysshowing(a)peakpositionand(b)atomicd-spacing 
	Fig 13. XRDdataforCuAginsitualloysshowing(a)peakpositionand(b)atomicd-spacing 
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	3.4. Mechanical Performance 
	3.4. Mechanical Performance 
	The addition of Ag to Cu has seen significant research [4,51] and has been shown to have strengthening effects due to fine dendrites and an increase in CuAg phase boundaries, which haveastrongbindingeffect.Furthermore,CumatrixandCuAginterfaceswereshowntohinder dislocationmovements[52].InvestigationsregardingtheinteractionbetweenCuandAgatan atomiclevelforSLMCuAginsitualloyshasnotbeeninvestigated.Accordingly,Fig14presents the stress-strain (...)curve for AM CuAg10, CuAg20 and CuAg30 in situ alloys with the co
	.

	Figure
	(a) 
	(b) 
	Fig 14.EngineeringStress-straincurvesforSLMCuAgalloysamplesfor(a)asbuiltand(b)annealed. 
	Fig 14.EngineeringStress-straincurvesforSLMCuAgalloysamplesfor(a)asbuiltand(b)annealed. 
	Fig. 15.InfluenceofAgcontentandannealingonthemechanicalperformanceofSLMCuAgalloysshowing(a) yieldstrength,(b)Young’sModulus,(c)failurestrainand(d)ultimatetensilestrength 

	(a) (b) (c) (d) 
	The. –. dataclearlydisplaysanincreaseinE(Fig15b),.(Fig15a)andUTS(Fig15d)with increasedAgadditionforbothasbuiltandannealedsampleswiththehighestE,.andUTS displayedwithAg30%forallsamples.Asbuiltsamplesshowedanincreasein.of23%and 48%asAgcontentincreasedfrom10%to20%and30%whileannealedsamplessaw.increase by36%and87%respectively(Fig16a).Similarly,UTSasbuiltsamplessawincreasesof22% and37%whileUTSannealedsamplesincreasedby31%and68%(Fig16b).With.andUTS increasesof87%and68%forAgadditionat30%itiscleartheannealingproces
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	Fig. 16.InfluenceofAgcontentandannealingprocessonthemechanicalperformanceofSLMCuAgalloys showing(a)yieldstrengthand(b)ultimatetensilestrength 
	EffectsofAgadditionon.waslessobviouswithCuAg20displayingthelargest.valuesfor bothasbuiltandannealedsamples.However,.. wasseentoreduceforallsamples(Fig15cand 17a) following annealing due to recrystallisation and atomic lattice contraction resulting in strongerbindingeffectonCuAginterfacesreducingdislocationmovementswhichalsoincreasing E(Fig17b). 
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	(a) (b) 
	Fig. 17.InfluenceofAgcontentandannealingprocessonthemechanicalperformanceofSLMCuAgalloys showing(a)failurestrainand,(b)Young’smodulus 

	3.5. Fractography 
	3.5. Fractography 
	SEMdataforSLMCuAgfracturesurfacesareshowninFig18,19and20.Althoughnoneof theCuAgfracturesurfacesexhibitedunmoltenpowderparticlesexpectedatlackoffusionpore sitessomeporosityvoidsareclearlyvisibleasconfirmedbytheXCTdata. 
	Partially sintered particles Peaks and dimples 
	(a) 
	(b) 
	Fig 18. ScanningElectronMicroscopy(SEM)dataforCuAgalloyfracturesurfacesshowing(a)asbuiltCuAg10 and(b)CuAg10Annealed 
	Figure
	(a) 
	(b) 
	Fig 19. ScanningElectronMicroscopy(SEM)imagesforCuAgalloyfracturesurfacesshowing(a)asbuiltCuAg20 (b)CuAg20Annealed 
	Figure
	(a) (b) 
	Fig 20. ScanningElectronMicroscopy(SEM)imagesforCuAgalloyfracturesurfacesshowing(a)asbuiltCuAg30 (b)CuAg30annealed 
	To ascertain pore defect content at each CuAg fracture surface Olympus Stream Essentials softwarewasutilisedforcomparativeporosityanalysis.Results(Fig21)concludedporecontent at the fracture site decreases with Ag addition for both as built and annealed samples while porositycontentvalueswerehigherforallannealedsamplesincomparisontoasbuiltstructures confirmingtheXCTdataresults(Fig5aand5b). 
	3 3.5 4 4.5 5 5.5 6 10 20 30 Porosity (%) Ag Content (%) Fracture surface porosity content CuAgAs Built CuAgAnnealed 
	Fig. 21.InfluenceofAgadditiononfracturesurfaceporositycontentofSLMCuAginsitualloys 
	To confirm homogenous element distribution throughout the CuAg structures, EDX analysis wasconductedoneachfracturesurfaceandcomparedwithEDXelementalcontentoftheCuAg powder. Spectrum analysis (Fig 22) confirms increase in Ag content at the sample fracture surface. While CuAg10 Ag fracture content differed from CuAg10 Ag powder content both CuAg20andCuAg30Agcontentforpowderandfracturesurfaceswasshowntobecomparable. Although EDX analysis highlights some variations the Ag content throughout all fabricated 
	To confirm homogenous element distribution throughout the CuAg structures, EDX analysis wasconductedoneachfracturesurfaceandcomparedwithEDXelementalcontentoftheCuAg powder. Spectrum analysis (Fig 22) confirms increase in Ag content at the sample fracture surface. While CuAg10 Ag fracture content differed from CuAg10 Ag powder content both CuAg20andCuAg30Agcontentforpowderandfracturesurfaceswasshowntobecomparable. Although EDX analysis highlights some variations the Ag content throughout all fabricated 
	CuAg structures was relatively close to the initial Ag powder composition confirming a homogeneousdistributionthroughoutpowderandfabricatedstructures. 

	Cu Cu Cu Cu Cu Cu Cu Cu Cu Ag Ag Ag (a) (b) (c) 
	Fig 22. EnergyDispersiveX-Ray(EDX)elementanalysisforCuAgfracturesurfaces(a)CuAg10,(b)CuAg20and (c)CuAg30. 
	Fig 22. EnergyDispersiveX-Ray(EDX)elementanalysisforCuAgfracturesurfaces(a)CuAg10,(b)CuAg20and (c)CuAg30. 
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	Material 
	Material 
	Element 
	Weight(%) 

	(a)CuAg10 (b)CuAg20 (c) CuAg30 
	(a)CuAg10 (b)CuAg20 (c) CuAg30 
	Ag Ag Ag 
	16.41 29.00 35.42 

	Fig 23. EnergyDispersiveX-Ray(EDX)elementanalysisforCuAgfracturesurfaces(a)CuAg10,(b)CuAg20and (c)CuAg30. 
	Fig 23. EnergyDispersiveX-Ray(EDX)elementanalysisforCuAgfracturesurfaces(a)CuAg10,(b)CuAg20and (c)CuAg30. 



	4. Conclusions 
	4. Conclusions 
	The study presents CuAg in situ structures with varying Ag content fabricated using the Selective Laser Melting (SLM) process. The resultant pore defect distribution, atomic lattice structuresandmechanicalperformancearereportedforbothasbuiltandannealedconditions. TheXCTanalysisshowedthatasAgcontentincreasedboththenumberofporesandaverage poresizedecreaseforbothasbuiltandannealedsamples.IncreasingAgcontentfrom10%to 30%sawthenumberofporesdecreaseby87%and83%forasbuiltandannealedsampleswith 
	The study presents CuAg in situ structures with varying Ag content fabricated using the Selective Laser Melting (SLM) process. The resultant pore defect distribution, atomic lattice structuresandmechanicalperformancearereportedforbothasbuiltandannealedconditions. TheXCTanalysisshowedthatasAgcontentincreasedboththenumberofporesandaverage poresizedecreaseforbothasbuiltandannealedsamples.IncreasingAgcontentfrom10%to 30%sawthenumberofporesdecreaseby87%and83%forasbuiltandannealedsampleswith 
	average pore size decreasing by 40% and 9.5% respectively. However, the annealing process increasedporecontentsignificantlywithCuAg10alloyexperiencinga164%increasebetweenas builtandannealedconditions.ThesubsequentXRDanalysisshowedthattheAMCuAgsamples confirmedthepresenceofacubicatomicstructurewheretheincreaseinAgcontentincreased theatomicd-spacing.Thisisexplainedbytheinclusionoftherelativelylargesilveratomswithin theCuAgatomiclatticestructures.However,followingtheannealingprocessatomicd-spacing reduced due 

	Evaluating the fracture surfaces revealed that the Ag content was like the powder feedstock confirming a homogeneous distribution throughout the SLM build and sample fabrication. Although,theSEManalysisofthefracturesurfacesshowednovisiblelackoffusionporosities andunmoltenpowdersomeporosityvoidswerevisible.Overall,theSEMdatashowedthatthe fracturesurfaceporecontentdecreasedwithincreaseinAgcontent. 
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