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a b s t r a c t 

Printing gold alloys parts is a challenge due to the high reflectivity and thermal conductivity of these 

materials. Recent studies show an improvement in printing gold using the Laser Powder Bed Fusion (L- 

PBF) process; however, the impact of the A1 → L1 0 phase transformation on printed red-gold alloy has not 

been studied. In this work, 3D printed red-gold samples with different post-processing conditions have 

been heat-treated at 250 °C to investigate the effect of the sample stress states on variant selection, by 

Electron Backscatter Diffraction. Synchrotron X-ray diffraction experiments reveal the presence of a non- 

negligible amount of tetragonal phase in the as-build red-gold samples. The use of an intermediate heat 

treatment at 600 °C to eliminate small domains of tetragonal phase formed during the manufacturing 

process demonstrates that the crystallographic textures following heat treatment are highly dependent 

on the stress-state during the early stage of the phase transformation. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Among different additive manufacturing (AM) techniques, the 

aser Powder Bed Fusion (L-PBF) has received the most focus. A 

esult of the deposition of liquid material on a solid substrate with 

ower temperature or previous solidified layers, is the existence 

f high temperature gradients and generation of residual stresses 

1] . Spatial thermal gradients due to localized heating and cooling, 

nd associated thermal expansion and contraction, including those 

oming from phase transformations (solid-liquid, or solid-solid), 

xplain the generation of residual stresses in L-PBF. Restricted ther- 

al shrinkage is the main reason for the presence of high tensile 

esidual stresses in regions near the upper surface of the part un- 

er construction. After printing, tensile stresses on the top of the 

art are compensated by compressive stresses underneath, such as 

o satisfy stress equilibrium [2] . Laser Shock Peening (LSP) has re- 

ently been used in AM to transform the tensile residual stresses 

nto compressive ones, in the near surface region [3–5] , which per- 

its to improve the mechanical properties of the piece [6] . 

Due to the high thermal gradients during the printing and the 

trong residual stresses remaining in the final piece, the processing 

s even more challenging when performed on a material undergo- 

ng a phase transformation. It is particularly the case for red-gold 
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lloys close to the equiatomic AuCu composition, undergoing an 

rder-disorder phase transformation A1 → L1 0 around 400 °C [ 7,27 ]. 

t high temperature, the stable phase is a disordered f.c.c. (face 

entered cubic) lattice A1 with the gold and copper atoms ran- 

omly distributed on the lattice sites. Under the transformation 

emperature, the stable phase is a f.c.t. (face centered tetragonal) 

hase named AuCuI. This L1 0 superlattice results from the tetrago- 

al distortion of the f.c.c. lattice associated with the ordering of the 

old and copper atoms on alternate (002) planes. As local diffusion 

s needed for the atomic ordering, a high cooling rate can prevent 

he phase transformation, and the f.c.c. phase can be maintained 

n a metastable state at room temperature. However, the kinetics 

f the phase transformation highly depends on the temperature of 

he previous annealing treatment [ 8,28 ]. 

The f.c.t. phase can be obtained from retained f.c.c by a sub- 

equent heat treatment under 400 °C often called hardening heat 

reatment. The f.c.t. phase is beneficial for the mechanical prop- 

rties of the material and is often used in industry for increasing 

he hardness and yield stress [ 9,25 ] . However, the phase transfor- 

ation is also known for inducing strong macroscopic distortion 

n the material, that can even lead to cracking [9–12] . In a recent

tudy [13] , we have shown that a red gold bar in cubic (f.c.c) state

hat is slightly bent elastically continues to bend during the cubic 

o tetragonal (f.c.t) transformation, even when stress is no longer 
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Table 1 

L-PBF process parameters and post treatments for bronze and red-gold samples. 

Power(W) Speed(mm/s) Hatching distance(μm) Layer thickness(μm) Laser beam diameter (μm) 

Bronze 200 275 100 40 65 

Red-gold 320 200 100 40 65 

Table 2 

Different post processing treatments applied on as-built L-PBF red-gold samples. The treatments are 

applied sequentially from left to right, for each sample. 

Annealing at 600 °C for 1 h LSP Hardening heat treatment at 250 °C for 3 h 

Sample 1 × × √ 

Sample 2 × √ √ 

Sample 3 
√ √ √ 

a

t

e

t

F

l

o

t

d

p

m

t

e

g

i

a

p

d

s

f

[

p

i

t

t

m

t

s

p

t

l

p

s

t

b

a

t

l

i

o

t

c

i

t  

E

G

s

S

s

a

a

s

c

a

X

s

f

m

L

p  

m

S

t

s  

F

p

y  

p

d

t

a

p

t

t

g  

(

c

d

f

i  

s

t

z

o

l

t

t

e

t

pplied. This macroscopic distortion was shown to be initiated at 

he early stages of the transformation, even under small stress lev- 

ls. This singular behavior was named Thermally Activated Distor- 

ion with Amplification (TADA) effect. It is explained as follows. 

irst, the stress is released by classical stress-induced variant se- 

ection, and second, the amplification is caused by the persistence 

f the initial variant selection during the continuation of the phase 

ransformation. This variant selection has been proved to persist 

uring further heat treatment, even under opposite loading [14] . 

Due to the strong residual stresses in final printed parts, an im- 

ortant variant selection is expected during a hardening heat treat- 

ent on nearly 100% f.c.c. as-built pieces. In this study, we quan- 

ify residual stresses effects on the preferential crystallographic ori- 

ntations of the grains (crystallographic texture) of 3D printed red- 

old after hardening treatment. In particular, we show that surpris- 

ngly, the strong compressive stress induced by the LSP treatment 

fter L-PBF printing has no impact on the final texture of the f.c.t. 

hase. This behavior is explained by the formation of small f.c.t. 

omains with tensile variant selection during printing, which per- 

ist despite the subsequent LSP induced compressive stress. 

L-PBF experiments of bronze and red-gold samples were per- 

ormed with an in-house machine developed for research activities 

15] and designed for operating with only a few dozen grams of 

owder. The use of bronze samples in this study aims at measur- 

ng the residual stress in the as-built and LSP treated states, using 

he hole drilling method, assuming these are close to the ones ob- 

ained in red-gold (See Supplementary Section S1 for more infor- 

ation). Table 1 summarizes the process parameters used to print 

he samples. 

The laser parameters optimization process via experiments and 

imulations can be found in [16–18] . Table 2 summarizes the post- 

rocessing treatments applied on 3 different red-gold samples. 

While still being attached to the baseplate, some samples were 

reated with laser shock peening (LSP) using a Nd:YAG SAGA HP 

aser from Thales company. The LSP parameters are listed in Sup- 

lementary Section S1. The LSP treatment introduces a compres- 

ive stress state in the x-y plane, in the near top surface region of 

he sample. The same treatment was done on both red-gold and 

ronze samples. 

In order to check for the presence of the ordered phase in the 

s-built red-gold samples after printing, synchrotron X-ray diffrac- 

ion experiments were performed at the Materials Science beam- 

ine of the Swiss Light Source [19] . The experiments are performed 

n reflection mode with an 11.5 keV X-ray beam, focused to a size 

f 0.3 × 0.3 mm (For more information please check Supplemen- 

ary Section S2). 

For the final microscopic observations, the red-gold samples are 

ut in half along the building direction. The cross section surface 

s then manually grinded, polished down to 1 μm and finally elec- 
2 
ropolished in a solution given in [20] , during 20 s at 27 V. The

BSD maps are acquired across the surface of the sample with a 

emini 450 (Zeiss) field emission gun scanning electron micro- 

cope, operating at 30 kV. The acquisition is performed with a 

ymmetry camera and the Aztec acquisition software (Oxford In- 

truments). The step size is chosen around 1 μm in order to scan 

 zone large enough to quantify variant selection in a reasonable 

mount of time. The inverse pole figures have been calculated on 

ubsets at the top parts of the EBSD maps where the grains have a 

olumnar structure. 

After printing, the as–built red-gold sample 1 was heat-treated 

t 250 °C for 3 h, in order to induce the phase transformation. 

-ray diffraction and hardness analyses confirm that the as-built 

ample is almost 100% f.c.c just after printing, and it is almost 

ully transformed to the f.c.t phase after the hardening heat treat- 

ent (see Supplementary Section S3). It is known that as-built 

-PBF samples display tensile stress on the top surface and com- 

ressive ones in the region below [ 6 , 21 , 22 ]. Hole drilling measure-

ents performed on the bronze samples (Supplementary Section 

4) confirm that the stress in the x-y plane is indeed tensile on 

op of the sample, with the chosen scanning strategy. 

A large EBSD map measured on the x-z cross section of the 

ample is shown in Fig. 1 , according to the scheme of Fig. 1 a.

ig. 1 -b indicates the inverse pole figure IPZz calculated on top half 

art of the map of the f.c.t. domains represented in the IPFx and 

 maps in Fig. 1 -c and 1 -d, respectively. The top half of the sam-

le is mainly blue and green and the very bottom shows some red 

omains. The blue and green domains correspond to the variants 

hat have their extension axes in the x-y plane (extension vari- 

nts), while the red domains have their contraction axis in the x-y 

lane (contraction variants). Most of the variants have their con- 

raction axis perpendicular to the x-y plane, i.e. their c-axis tends 

o be along the building direction z. The axial f.c.t. texture intensity 

iven by the multiple of uniform density (MUD) in Fig. 1 -b is high

MUD = 30). Such a strong texture of the f.c.t. grains is possible be- 

ause of the strong axial texture of the parent f.c.c. grains formed 

uring L-PBF. Fig. 1 -e shows the f.c.c. parent grains reconstructed 

rom the EBSD data with the Mtex toolbox from Matlab accord- 

ng to a simple method explained in Ref. [24] . Fig. 1 -e show a

trong initial texture with all grains in reddish color, which means 

hat {001}f.c.c planes are perpendicular to the building discretion 

. This initial parent texture is taken into account in the calculation 

f the degree of variant selection. 

In order to quantitatively analyze the variant selection, the Mat- 

ab routine detailed in [23] is adapted to a biaxial stress distribu- 

ion. The variant selection analysis is based on the calculation of 

he mechanical work of formation of one variant W. This work is 

xpressed as the Frobenius product of σ , the macroscopic stress 

ensor, by ε l , the lattice strain tensor, i.e. W = σ : ε l . 
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Fig. 1. (a) Schematic representation of the samples and location of the EBSD map and (b) Inverse pole figure of the f.c.t. domains of the EBSD map of sample 1represented 

in (c) IPFx and (d) IPFy color codes. The x-direction is horizontal, the z (building) direction is vertical, and the y-direction is perpendicular to the page. (e) Reconstructed 

parent f.c.c. grains in IPFz color code. (f) Evolution of the average lattice strain along the three sample directions with the depth z (0 is the bottom and 1200 μm is the top 

of the sample) and (g) corresponding degree of variant selection (For interpretation of the references to color in this figure, the reader is referred to the web version of this 

article.). 
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The crosshatch L-PBF scanning strategy results in an approxi- 

ately symmetric residual stress distribution along x and y (see 

upplementary Section S4). In addition, the profile of average lat- 

ice strain ε̄ l ( Fig. 1 -f) is very similar in the x and y directions,

hich indicates a symmetric distribution of the variant selection 

n the x and y directions. This is consistent with the symmetric 

esidual stresses. 

For the above reasons, we make the assumption that the stress 

tate is equibiaxial, as expressed by the relation (1). In addition, 
hear stresses and the normal stress in the z-direction are set to 0 s

3 
ince they would have no impact on the analysis. 

= 

( 

σx 0 0 

0 σx 0 

0 0 0 

) 

(1) 

The mechanical work associated to the transformation can then 

e expressed as W = σx ( ̄ε l x + ε̄ l y ) . The degree of variant selec- 

ion ( τ ) is the average work deviation from the equi-repartition 

 Eq. (2) ). Thus, τ is 0 when all the variants are present with the

ame proportion and 1 if only the maximal work variant is formed 
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Fig. 2. EBSD map of sample 2 after ordering heat treatment with the f.c.t. domains in (a) IPFx coloring and (b) IPFy coloring. The x-direction is horizontal, the z (building) 

direction is vertical, and the y-direction is perpendicular to the page. (c) Inverse pole figure IPFz of the EBSD map along z direction. (d) Evolution of the average lattice strain 

along z for three sample directions and (e) corresponding degree of variant selection. 
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ithin each grain [23] . The average work value W̄ is compared to 

he hypothetical equi-repartition of the three variants within each 

rain ( W̄ equi ), and also to the case where only the maximal work 

ariant is present in each grain ( W̄ max ). It can be simplified and 

xpressed in terms of lattice strains in Eq. (2) . 

= 

W̄ − W̄ equi 

W̄ max − W̄ equi 

= 

(
ε̄ l x + ε̄ l y 

)
−

(
ε̄ l x + ε̄ l y 

)
equi (

ε̄ l x + ε̄ l y 

)
max 

−
(
ε̄ l x + ε̄ l y 

)
equi 

(2) 

Fig. 1 -g shows the evolution of the degree of variant selection 

across the thickness of sample 1. It confirms that extension vari- 

nts are selected on top of the sample. In addition, a small com- 

ressive lattice strain is observed close to the bottom of the sam- 

le. The variant selection on top of the sample is almost maximal 

close to 1), which has not been observed so far in conventional 

amples [ 13 , 23 ]. In addition, the average lattice strain on the top

urface is very close to the one derived from the change of the 

rystallographic unit cell, i.e. 1.5% in extension and −3.9% in com- 

ression. This result is explained by the strong initial texture of 

he sample. For comparison, the strain in a non-textured polycrys- 

al was computed in [13] as 1.12% in extension and −2.24% in con- 

raction. 

In order to study the influence of a compressive stress on the 

nal texture, the LSP treatment is performed on another as-built 
4 
ed-gold sample 2, in its f.c.c. phase. The LSP treatment induces 

ompressive stress in the region near the top surface [3] . Sample 2 

s then heat-treated at 250 °C for 3 h, to induce the phase trans- 

ormation. It is expected that the compressive stress near the top 

urface leads to variant selection with the contraction axis of the 

.c.t. lattice in the x-y plane (contraction variants). 

The EBSD map of the cross section of sample 2 is presented 

n Fig. 2 . Fig. 2 a–c, show the same texture as in sample 1. This re-

ult is confirmed by the evolution of the degree of variant selection 

ith z, given in Fig. 2 -d, again similar to that of sample 1 ( Fig. 1 ).

his distribution of variant selection is not consistent with the LSP 

nduced compressive stress in the sample before the phase trans- 

ormation. Yet, the presence of high compressive stresses on the 

op part of the sample has been confirmed by hold drilling mea- 

urements on the equivalent bronze sample (Supplementary Sec- 

ion S4). 

As a comparison, another red-gold sample 3 has been heat 

reated at 600 °C for 45 min after printing, in order to re-initialize 

he thermo-mechanical history of the material [26] . The sample is 

hen water quenched to prevent the f.c.c. → f.c.t. transformation. 

imilarly to sample 2, the LSP treatment is conducted to introduce 

ompressive stresses near the top surface of the sample, and this 

peration is followed by a heat treatment at 250 °C for 3 h to in-

uce the phase transformation. This time, and unlike sample 2, the 
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Fig. 3. EBSD map of sample 3 after ordering heat treatment with the f.c.t. domains in (a) IPFx coloring and (b) IPFy coloring. The x-direction is horizontal, the z (building) 

direction is vertical, and the y-direction is perpendicular to the page. (c) and (d) indicate the inverse pole figure of the EBSD map along z and y, respectively. (e) Evolution 

with z of the average lattice strain along the three sample directions and (f) corresponding degree of variant selection. 

Fig. 4. X-ray diffractogram of the as-built red-gold sample with the main peaks labelled with a L10 tetragonal phase. 
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exture in sample 3 is consistent with the presence of compressive 

tresses on top of the sample ( Fig. 3 ). The red IPFx and IPFy col-

ring of the f.c.t. variants in Fig. 3 -a and b indicates the presence

f contraction variants on top of the sample. The inverse pole fig- 

res IPFz and IPFy of the EBSD map ( Fig. 3 -c,d) confirm the change

n variant selection from axial texture (c//z in sample 1 and 2) to 

adial texture (c in the x-y plane in sample 3). The texture den- 

ity (MUD = 9) is lower than in sample 1 and 2 mainly because
5 
f this change of the axial to radial texture. The lattice distortion 

volution with z plotted in Fig. 3 -e confirms a contraction along 

he x and y directions, and an extension along the z direction near 

he top surface. The lattice distortion is slightly different in the x 

nd y directions, but the tendency is similar. The variant selec- 

ion as a function of z confirms the over-representation of con- 

raction variants in the top half of the sample and extension vari- 

nts in the bottom part ( Fig. 3 -f). This profile is in good agreement
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Fig. 5. Tetragonality of the L1 0 phase deduced from the peak shapes. (a, b) The peak are symmetric only for {111} and {222}, and (c, d, e) asymmetric for the other peaks. 
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ith the expected stress profile induced by the LSP treatment 

3] . 

The discrepancy between the textures of sample 2 and sample 3 

s of interest as the two samples have undergone the same LSP and 

ardening treatments. The only difference between the two sam- 

les is the intermediate heat treatment at 600 °C, before LSP. The 

ariant selection profile in sample 3 indicates that the LSP treat- 

ent has the expected effect on the material. The compressive 

tress on top of the sample (confirmed by the hole drilling mea- 

urements) induced contraction variant selection. The fact there is 

o effect of the LSP treatment on sample 2 demonstrates a mech- 

nism preventing the expected variant selection. This effect is re- 

oved by the intermediate annealing at 600 °C. 

Although normal lab-XRD measurements show no presence of 

he f.c.t. phase after printing (Supplementary Section S3, as-built 

ample), small nuclei of ordered f.c.t. phase are likely to be formed 

ue to the non-negligible heating of the samples during L-PBF 

rocessing. Finite element simulations confirm that the tempera- 

ure increases sufficiently high for the ordering phase transforma- 

ion to take place during the deposition of new layers [ 16 , 26 ] (see

lso Supplementary Section S5). The presence of a non-negligible 

mount of tetragonal phase was confirmed by Synchrotron X- 

ay diffraction. The full diffractogram is shown in Fig. 4 . The 
6 
eaks could be satisfactorily simulated by a L1 0 tetragonal phase 

ith lattice parameters close to a ∼ 3.87 Å and c ∼ 3.85 Å 

c/a ∼ 0.995). 

The c/a ratio of the L1 0 phase was deduced from the broad- 

ning and asymmetry of the peaks observed for all the reflections 

xcept {111} and their multiple, as shown in Fig. 5 . The c/a value

s approximate, but cannot be lower than 0.990. 

The strong asymmetry of the peaks in Fig. 5 c,d,e also shows 

hat the density of the tetragonal phase is significant. However, this 

etragonal phase is not fully ordered. If it were the case, some ex- 

ra reflections with Miller h, k, l indices that are null for the cubic 

hase should be visible, such as (001), (110), (210), (201), (102), 

211), (112). Some of them are labelled in Fig. 4 . However, their in-

ensity is very low, and only broad bumps are visible for some fre- 

uencies between the (200) and (220) peaks (see Supplementary 

ection S6). This is explained by the low degree of ordering of the 

1 0 phase. Different tetragonal phases were created with various 

egrees of occupancy of the Cu and Au atoms in the two types of 

ites of the L1 0 structure (noted A for Cu sites and B for Au sites),

nd the intensity of the extra reflections were compared with the 

xperiments. We determined that the degree of order cannot ex- 

eed 10%, meaning that the Cu atoms have 10% more probability 

o occupy A sites than B sites. 
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[  
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[  

[  

[
[

[  
The very high density of partially ordered L1 0 phase with a c/a 

atio very close to 1 confirms that the cubic to tetragonal transfor- 

ation is spatially quite homogeneous. As the transformation pro- 

eeds, the average degree of ordering increases, while the average 

/a ratio decreases [ 29 –31]. The spatial homogeneity of the trans- 

ormation can explain the origin of TADA effect [13] . The variant 

election is determined by the stress state at the very beginning of 

he phase transformation. When the stress is removed after these 

arly stages, the variant selection keeps proceeding the same way, 

s the phase transformation continues. In a companion paper [14] , 

t is proved that the persistence of the variant selection can even 

ccur under opposite loading. The phenomenon of persistence of 

ariant selection is at the origin of the surprising absence of LSP 

reatment effect on the variant selection and final texture in sam- 

le 2. 

In conclusion, variant selection along the cross section of ad- 

itively manufactured red-gold samples has been quantified by 

BSD, using the maximal work criterion. Despite the change of 

tress state induced by a LSP treatment before the hardening heat 

reatment, the variant selection in sample 2 and the as-built L-PBF 

ample 1 is the same. This result is explained by the persistence of 

ariant selection, whereby the formation of small f.c.t. domains in 

he printed sample occurs in the near surface region under tensile 

tress conditions. The extension variant selection initiated during 

-PBF does not change and the f.c.t. domains will continue to grow 

ccordingly, even if the stress state is subsequently changed by 

SP. This has been confirmed by conducting an intermediate heat 

reatment at 600 °C before LSP to remove the primary ordered do- 

ains formed during the manufacturing process. As a result, after 

SP and heat treatment, the variant selection profile in sample 3 

atches the profile expected by the compressive stress induced by 

SP. 
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[3] N. Kalentics , E. Boillat , P. Peyre , S. Ćiri ́c-Kosti ́c , N. Bogojevi ́c , R.E. Logé, Addit.
Manuf. 16 (2017) 90–97 . 

[4] N. Kalentics , A. Burn , M. Cloots , R.E. Logé, Int. J. Adv. Manuf. Technol. 101
(2019) 1247–1254 . 

[5] N. Kalentics , N. Sohrabi , H.G. Tabasi , S. Griffiths , J. Jhabvala , C. Leinenbach ,

A. Burn , R.E. Logé, Addit. Manuf. 30 (2019) 100881 . 
[6] N. Kalentics , M.O.V. de Seijas , S. Griffiths , C. Leinenbach , R.E. Logé, Addit.

Manuf. 33 (2020) 101112 . 
[7] H. Okamoto , D.J. Chakrabarti , D.E. Laughlin , T.B. Massalski , J. Phase Equilib. 8

(1987) 454–474 . 
[8] G.C. Kuczynski , R.F. Hochman , M. Doyama , J. Appl. Phys. 26 (1955) 871–878 . 

[9] M. Garcia-Gonzalez , S. Van Petegem , N. Baluc , S. Hocine , M. Dupraz , F. Lalire ,

H. Van Swygenhoven , Scr. Mater. 170 (2019) 129–133 . 
[10] A.Y. Volkov , V.A. Kazantsev , Phys. Metals Metallogr. 113 (2012) 62–71 . 

[11] M. Ohta , T. Shiraishi , R. Ouchida , M. Nakagawa , S. Matsuya , J. Alloy. Compd.
265 (1998) 240–248 . 

12] S. Kohara , G.C. Kuczynski , Acta Metall. 4 (1956) 221–222 . 
[13] M.N.D. Larcher , C. Cayron , A. Blatter , R. Soulignac , R.E. Logé, Acta Mater. 198

(2020) 242–256 . 

[14] M.N.D. Larcher , C. Cayron , A. Blatter , R. Soulignac , R.E. Logé, Journal of Alloys
and Compounds 899 (2022) 163364 . 

[15] J. Jhabvala , Study of the Consolidation Process under Macro- and Microscopic 
Thermal Effects in Selective Laser Sintering and Selective Laser Melting, EPFL 

PP, Lausanne, 2010 . 
[16] H. Ghasemi-Tabasi , J. Jhabvala , E. Boillat , T. Ivas , R. Drissi-Daoudi , R.E. Logé,

Addit. Manuf. 36 (2020) 101496 . 

[17] H. Ghasemi-Tabasi, P. Trtik, J. Jhabvala, M. Meyer, C. Carminati, M. Strobl, 
R.E. Logé, Appl. Sci. 11 (2021) 1512, doi: 10.3390/app11041512 . 

[18] H. Ghasemi Tabasi , Understanding Thermomechanical Treatments Induced by 
Laser Powder Bed Fusion Process, EPFL, 2021 . 

[19] P.R. Willmott , D. Meister , S.J. Leake , M. Lange , A. Bergamaschi , M. Boge ,
M. Calvi , C. Cancellieri , N. Casati , A. Cervellino , Q. Chen , C. David , U. Flech-

sig , F. Gozzo , B. Henrich , S. Jaggi-Spielmann , B. Jakob , I. Kalichava , P. Karvi-

nen , J. Krempasky , A. Ludeke , R. Luscher , S. Maag , C. Quitmann , M.L. Rein-
le-Schmitt , T. Schmidt , B. Schmitt , A. Streun , I. Vartiainen , M. Vitins , X. Wang ,

R. Wullschleger , J. Synchrotron Radiat. 20 (2013) 667–682 . 
20] R. Wolf , Micron 8 (1977) 171–172 . 

21] J.L. Bartlett , X. Li , Addit. Manuf. 27 (2019) 131–149 . 
22] Y. Liu , Y. Yang , D. Wang , Int. J. Adv. Manuf. Technol. 87 (2016) 647–656 . 

23] M.N.D. Larcher , C. Cayron , A. Blatter , R. Soulignac , R.E. Loge , J. Appl. Crystallogr.

52 (2019) 1202–1213 . 
24] F. Bachmann , R. Hielscher , H. Schaeben , Solid State Phenom. 160 (2010) 63–68 .

25] M. Garcia-Gonzalez , S. Van Petegem , N. Baluc , M. Dupraz , V. Honkimaki ,
F. Lalire , H. Van Swygenhoven , Acta Mater. 191 (2020) 186–197 . 

26] S. Hocine , H. Van Swygenhoven , S. Van Petegem , Addit. Manuf. 37 (2021)
101747 . 

27] G. Borelius , J. Inst. Metals 74 (1948) 17–31 . 
28] J.L. O’Brien , G.C. Kuczynski , Acta Metall. 7 (1959) 803–806 . 

29] Y. Tanaka , K. Udoh , K. Hisatsune , K. Yasuda , Mater. Trans. JIM 39 (1998) 87–94 .

https://doi.org/10.1016/j.scriptamat.2021.114490
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0001
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0001
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0001
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0001
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0002
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0002
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0003
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0003
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0003
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0003
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0003
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0003
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0003
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0004
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0004
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0004
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0004
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0004
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0005
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0005
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0005
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0005
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0005
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0005
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0005
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0005
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0005
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0006
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0006
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0006
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0006
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0006
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0006
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0007
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0007
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0007
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0007
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0007
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0008
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0008
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0008
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0008
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0009
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0009
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0009
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0009
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0009
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0009
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0009
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0009
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0010
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0010
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0010
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0011
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0011
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0011
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0011
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0011
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0011
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0012
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0012
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0012
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0013
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0013
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0013
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0013
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0013
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0013
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0014
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0014
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0014
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0014
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0014
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0014
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0015
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0015
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0016
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0016
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0016
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0016
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0016
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0016
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0016
https://doi.org/10.3390/app11041512
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0018
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0018
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0019
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0020
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0020
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0021
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0021
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0021
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0022
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0022
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0022
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0022
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0023
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0023
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0023
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0023
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0023
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0023
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0024
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0024
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0024
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0024
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0025
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0025
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0025
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0025
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0025
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0025
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0025
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0025
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0026
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0026
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0026
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0026
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0027
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0027
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0028
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0028
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0028
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0029
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0029
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0029
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0029
http://refhub.elsevier.com/S1359-6462(21)00769-7/sbref0029

	Understanding variant selection and texture in additively manufactured red-gold alloys
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


