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A B S T R A C T

This study investigates the cracking mechanism in additive manufacturing of Ni-Cu multi-material combinations 
using operando X-ray diffraction and imaging experiments during laser powder-bed fusion (L-PBF) of CuCrZr and 
IN625. It is shown that liquid immiscibility between the two alloy systems stems from the interaction between Cu 
and the alloying elements in IN625, causing both Cu-rich and Ni-rich liquids to form with different freezing 
ranges. Consequently, solidification cracking takes place due to the large solidification range where the Ni-rich 
solid and Cu-rich liquid co-exist. Guided by thermodynamic calculations, it was identified that the highest crack 
susceptibility occurs between 20 and 40 wt% CuCrZr-IN625, which was further validated by printing mixtures of 
the two alloys in different ratios. Operando X-ray imaging and scanning electron microscopy characterization 
revealed that the cracking occurred during the terminal stage of solidification. It was observed that the columnar 
grains of the Ni-rich primary solid separate into cracks, where Cu-rich liquid regions persist over a wide tem
perature range as the solidification of these regions begin significantly later. It was concluded that the mecha
nism of cracking explained in this study could be extended to other Cu-Ni alloy combinations containing 
elements that induce immiscibility when mixed with Cu during fusion-based processing methods.

1. Introduction

Copper and copper alloys are key materials for technological devel
opment due to their excellent thermal and electrical conductivity. They 
are used in a wide range of applications, including electronics, heat 
exchangers, medical devices, and marine impellers. Similarly, nickel- 
based alloys are important materials for technological development 
and are used in industries such as aerospace, energy, marine, and 
automotive where high-temperature strength and corrosion resistance 
are crucial. Manufacturing multi-material parts using copper and nickel- 
based alloys is therefore an attractive option for applications that 
require both properties such as heat exchangers and liquid-propellant 
rocket engines [1–3].

To produce parts with intricate shapes and material transitions, ad
ditive manufacturing (AM) methods, especially laser powder-bed fusion 
(L-PBF) and laser directed energy deposition (L-DED), provide unique 
capabilities. These techniques enable precise control over both the 
material feedstock and process conditions, capabilities that are generally 
limited in conventional manufacturing methods. However, the print
ability of a given multi-alloy combination using AM depends on a set of 
challenges dictated by the metallurgical behavior of the alloy systems 
and the processing conditions. Therefore, in addition to having been 
investigated via conventional methods such as casting [4–6], welding 
[7] and brazing [8] in the past, copper-nickel alloy combinations have 
recently been of interest for AM applications.

Table 1 provides a summary on the processing Cu and Ni alloy 
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systems via fusion-based methods with a focus on AM processes. Several 
studies have reported successful multi-material manufacturing of pure 
Cu and Ni using L-DED [9] and L-PBF [10,11] across the whole 
composition range. Moreover, defect-free samples were reported when 
processing Ni alloy (IN625) on pure Cu via L-DED, resulting in the 
presence of two distinct face-centered cubic (FCC) phases [12]. Simi
larly, a sound interface was established between pure Cu and 
Ni-2.5Si-1.4B (Delero-22) alloy by L-DED [13].

However, during the printing of various Cu- and Ni-based alloys, 
extensive cracking was reported. In two similar studies, El Hassanin 
et al. investigated the processing of 5–20 wt% and 40 wt% Cu-IN718 
powder blend parts manufactured via L-PBF [14,15]. They found that 
at higher Cu contents, heterogeneous microstructures consisting of Cu 
and Ni-rich regions, with cracks spanning through the melt pool centers 
and boundaries were present. From this, the authors hypothesized that 
the cracks occur as a result of increased heat dissipation due to the Cu 
addition and high shrinkage of copper. Similarly, a heterogeneous 
microstructure together with cracks lying along the build direction were 
reported for L-PBF of CuSn10-IN718, where the cracks were attributed 
to the differences between the thermophysical properties of the two 
alloys [16]. Zou et al. produced functionally graded parts using CuSn10 
and IN718 powder mixtures with 20 vol% composition increments using 
L-PBF [17]. There, they reported extensive grain boundary cracking in 
20, 40, and 60 vol% CuSn10-IN718 compositions and related cracking to 
the stresses generated due to the differential thermal expansion caused 
by the addition of copper [17]. In another study, Cu-rich and Ni-rich 
phase separation, hot and cold cracking were reported during electron 
beam freeform fabrication (EB-FFF) of Cu8Cr4Nb (GRCop84)-IN625 
structures [18]. There, it was proposed that the crack initiation occurred 
through hot tearing at the Cu-rich zones, whereas crack propagation was 
due to the local mismatch in yield strength caused by the brittle phases 
at the interface such as Laves and Cr2Nb. Another study observed 
cracking in L-DED of CuSn10-IN718 in addition to secondary phase 
formation between Cr, Mo, and Nb elements, which showed segregation 
at the interface [19]. A similar study reported extensive cracking at the 
grain boundaries along with a heterogeneous microstructure during 
L-DED of CuSn10-IN718, where the researchers related cracking to 
insufficient melt pool overlaps and differential thermal expansion and 
contraction rates of the two materials [20]. Two mechanisms related to 
liquid state immiscibility were proposed for cracking of Cu4Cr2Nb 
(GRCop42)-IN625 via metallurgical analyses after arc melting the two 
alloys [21]. It was stated that solidification cracking occurs for compo
sitions between 30 and 50 wt% Cu4Cr2Nb, whereas cracking due to 

brittle phases occurs for compositions between 60 and 95 wt%. In 
another study by the same group, Cu4Cr2Nb-IN625 parts were manu
factured in two different depositional sequences [22]. No cracking was 
observed when IN625 was deposited onto Cu4Cr2Nb. However, 
cracking did take place when Cu4Cr2Nb was deposited onto IN625 with 
low power, whereas it was avoided when high power was used. It was 
shown that different amounts of brittle intermetallics form depending on 
the attained composition during the liquid phase separation, which was 
dictated by the heat-input-driven mixing at the interface. As a result, it 
was proposed that the brittle intermetallics formed in the Cu-deprived 
liquid led to cold cracking when low heat input is used [22].

As evidenced by the literature review compiled in Table 1, it is 
apparent that cracking is a common problem when combining Cu alloys 
and Ni alloys rather than their pure forms. Although the majority of 
studies presented an explanation for cracking, to the authors’ best 
knowledge, a general framework that combines observations in multiple 
studies has yet to be established.

One reason for the existence of competing mechanisms describing 
cracking in Cu- and Ni-based alloy combinations is the fact that they rely 
on ex situ and post-mortem characterization of microstructure and 
cracking. Therefore, the hypotheses vary depending on the character
ization methods and their interpretation regarding the events that occur 
during printing. In this regard, in situ and operando synchrotron X-ray 
based experiments during AM have become important tools to under
stand phenomena that occur during processing [23]. These techniques 
allow, among others, investigating pore and defect formation [24–28], 
crack formation and propagation [29–32], phase formation [33,34], 
thermal history evolution [35–38], and algorithm training and model 
validation [39–41]. These studies have enabled researchers to better 
understand underlying mechanisms and competing hypotheses as they 
yield insight into real-time events.

The current study investigates the cracking behavior of the CuCrZr- 
IN625 multi-material alloy system during L-PBF. Operando X-ray 
diffraction and imaging experiments were utilized to understand both 
microstructure and crack formation during processing. Post-processing 
characterization techniques such as scanning electron microscopy 
(SEM), energy-dispersive X-ray spectroscopy (EDS) and electron back- 
scatter diffraction (EBSD) coupled with theoretical and thermody
namic calculations were used to complement the in situ experiments. 
From this analysis, the most crack susceptible range for CuCrZr-IN625 
combination was determined theoretically and further validated by 
printing mixtures of the two alloys. This combined with the operando X- 
ray data helped us formulate a cracking mechanism for this multi- 

Table 1 
Summary of multi-material manufacturing of Ni-Cu alloy combinations and reported results.

Material 
Combination

Process Issues Proposed Mechanism Ref.

Cu – Ni L-DED - - [9]
Cu – Ni L-PBF - - [10, 

11]
Cu – IN625 L-DED - - [12]
Cu – Ni− 2.5Si− 1.4B L-DED - - [13]
Cu – IN718 L-PBF Heterogeneous microstructure and cracking Rapid heat dissipation and high shrinkage of copper [14, 

15]
CuSn10 – IN718 L-PBF Heterogeneous microstructure and cracks lying in the 

build direction
Difference in thermophysical properties of the two alloys [16]

CuSn10 – IN718 L-PBF Extensive grain boundary cracking in 20, 40 and 60 vol% 
CuSn10-IN718 mixtures

Differential thermal expansion caused by the addition of copper [17]

Cu8Cr4Nb - IN625 EB-FFF Cu-rich segregation, hot and cold cracking Solidification cracking due to melting point depression and local 
mismatch in yield strength

[18]

CuSn10 – IN718 L-DED Cracking along build direction Possible secondary phase formation between Cr, Mo, and Nb [19]
CuSn10 – IN718 L-DED Heterogeneous microstructure and cracking at the grain 

boundaries
Insufficient melt pool overlaps and differential thermal 
expansion and contraction rates

[20]

Cu4Cr2Nb – IN625 General – Arc 
Melting

Cracking in both lower and upper mixing range of the two 
alloys

Solidification cracking and brittle intermetallic formation due to 
liquid immiscibility

[21]

Cu4Cr2Nb – IN625 L-DED Cracking when Cu4Cr2Nb was deposited onto IN625 with 
low power

Brittle intermetallic formation in the Cu-deprived liquid due to 
immiscibility

[22]
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material combination during AM. These findings provide important 
insight into multi-material 3D printing, especially in the case of pro
cessability Cu-Ni alloy combinations.

2. Experimental details

2.1. Powder feedstock

Gas-atomized CuCrZr, IN625, and pure Ni (pNi) powders (99.5 wt% 
pure) in 15–63 µm size range were used in the study. IN625 and pNi 
powders supplied by GoodFellow Cambridge Ltd. (Huntingdon, En
gland) were used for operando X-ray diffraction experiments and ex situ 
prints, respectively. For all other experiments, CuCrZr and IN625 pow
ders supplied by m4p Material Solutions GmbH (Magdeburg, Germany) 
were used. Table 2 shows the chemical compositions of the powders.

2.2. L-PBF equipment and parameter space

Operando X-ray diffraction and imaging experiments were conducted 
using the miniature L-PBF equipment (MiniSLM) developed at Paul 
Scherrer Institute (PSI), Switzerland. It can be employed at synchrotrons 
for in situ and operando studies of L-PBF. It has been used for both X-ray 
diffraction and imaging experiments previously [30,35]. The necessary 
technical details regarding the MiniSLM can be found in [42].

To understand the effect of composition on cracking behavior, 
powders of CuCrZr and IN625 were mechanically mixed in ratios 
ranging between 10 and 90 wt% CuCrZr – balance IN625 in 10 wt% 
increments (Table 3). Since the MiniSLM requires a small amount of 
powder for each trial (30–50 g), mixing was done by putting the two 
powders in a container and shaking manually. This simple approach was 
sufficient to obtain a uniform distribution of powder, as validated by the 
SEM/EDS investigation shown in Supplementary Figure S1 for the 50 wt 
% CuCrZr-IN625 mixture. For each powder mixture, two parameter sets 
with low (L) and high (H) power, respectively, were used to study the 
effect of energy input on cracking. As CuCrZr and IN625 have vastly 
different thermophysical properties, it is difficult to obtain the same 
thermal history for different mixture ratios. Material properties such as 
absorptivity [43,44] and thermal conductivity [45] are a nonlinear 
function of the mixture. Therefore, first, the low-energy parameters 
were developed for each combination to obtain dense specimens. As it is 
known that solidification cracking is favored by higher energy inputs 
[46,47], the high-energy parameter sets were then defined by positive 
power offsets between 40 and 50 W, depending on the CuCrZr content. 
In this work, the laser power was used as the variable parameter, since 
the effective absorptivity of CuCrZr powder increases with increasing 
laser power [48]. Therefore, laser power has a greater influence on the 
heat input when processing reflective materials such as CuCrZr.

To isolate the effect of alloying elements, the same experiments were 
repeated using mixtures of CuCrZr-pNi powders instead of IN625. In 
addition, 20 layers of CuCrZr were printed on top of a pNi part, later to 
be compared to the CuCrZr-IN625 part in the operando XRD experiment. 
The parameters used for the ex situ prints are shown in Table 3.

2.3. Operando X-ray characterization

2.3.1. Diffraction experiments
X-ray diffraction experiments were conducted at P21.2 beamline at 

PETRA III, Deutsches Elektronen-Synchrotron (DESY) in Hamburg, 
Germany. The X-ray energy and beam size were set to 52 keV and 
50 × 30 µm2 (x × z), respectively. The X-ray beam was positioned at the 
last printed layer just below the powder layer where the diffraction 
patterns of both the powder and the part were visible. The diffraction 
patterns were collected with a frequency of 1 kHz and an exposure time 
of 1 ms using an Eiger4M (DECTRIS, Switzerland) detector. The exper
iments were conducted in transmission mode, where the MiniSLM was 
tilted at 5◦ around the x-axis (see Fig. 1a).

Prior to the operando experiment, a rectangular IN625 part with a 
cross-section (x × y) of 4 × 1 mm2 and height (z) of 2 mm was printed 
on a pNi baseplate. Then, powder was changed to CuCrZr and additional 
layers were printed. A bidirectional hatching strategy along the short 
edge (y) was used for printing CuCrZr. The parameters listed for IN625 
and CuCrZr in Table 3 were used for both materials.

The collected 2D diffraction patterns were azimuthally integrated 
using the pyFAI Python library [49] to obtain 1D XRD profiles. LaB6 
powder was used as standard to calibrate detector position and tilts. 
Background subtraction was applied to 1D XRD profiles by subtracting a 
9th degree polynomial that was fit to the smallest value of every Δ2θ 
= 0.8◦.

Table 2 
Chemical composition of the powders used in the study, as supplied by the manufacturers.

Material Supplier Elemental Composition (wt%)

Pure Ni GoodFellow Co Cu Fe C O Ni ​
< 0.50 < 0.09 < 0.15 < 0.06 < 0.16 Bal. ​

IN625 GoodFellow Cr Mo Fe Nb C O Ni
20.80 8.90 4.00 3.70 0.02 0.02 Bal.

m4p Cr Mo Fe Nb C O Ni
21.30 8.30 3.80 3.30 0.01 0.02 Bal.

CuCrZr m4p Cr Zr O Cu ​ ​ ​
0.90 0.07 0.04 Bal. ​ ​ ​

Table 3 
Process parameters used for the prints. Mixture naming indicates the weight 
percentage of CuCrZr and IN625 or pNi (e.g., 10Cu90In indicates 10 wt% CuCrZr 
- 90 wt% IN625). L and H indicate low and high energy parameter sets for the 
mixtures, respectively.

Alloy / 
Mixture

Laser 
Power (W) 
L / H

Scan Speed 
(mm/s)

Hatch 
Distance (µm)

Layer 
Thickness 
(µm)

CuCrZr 350 600 70 30
IN625 140 250 50 30
Pure Ni 160 250 50 30
10Cu90In/ 

pNi
140 / 180 250 50 30

20Cu80In/ 
pNi

150 / 190 250 50 30

30Cu70In/ 
pNi

160 / 200 250 50 30

40Cu60In/ 
pNi

180 / 225 250 50 30

50Cu50In/ 
pNi

200 / 250 250 50 30

60Cu40In/ 
pNi

225 / 275 250 50 30

70Cu30In/ 
pNi

250 / 300 250 50 30

80Cu20In/ 
pNi

275 / 325 250 50 30

90Cu10In/ 
pNi

300 / 350 250 50 30
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2.3.2. Imaging experiments
X-ray imaging (radiography) experiments were conducted at ID19 

beamline at the European Synchrotron Radiation Facility (ESRF) in 
Grenoble, France. A polychromatic X-ray beam with a peak energy of 
45 keV was used. A CMOS-based camera (Photron, type: SAZ, Japan) 
lens-coupled (10x magnification, 0.28 numerical aperture, Mitutoyo, 
Japan) to a 250 µm thick LuAG:Ce crystal scintillator was used for image 
acquisition. Sample and optical setup allowed the use of a 40000 im
ages/s acquisition rate to collect X-ray radiographs with a resolution of 
2.2 µm/pixel during the manufacturing process. Contrast was boosted 
by propagation-based phase contrast thanks to the partially coherent 
illumination at beamline ID19.

First, a rectangular IN625 part with dimensions of 9 × 1 × 3 mm3 

(x × y × z) was built on a pure nickel baseplate. Then, both sides of the 
wall were ground down to 0.3 mm thickness with P1200 sandpaper. 
Finally, CuCrZr powder was deposited onto the IN625 part using the 
recoater of the MiniSLM to control the layer height. To have sufficient X- 
ray transmission and be able to acquire images, the powder surrounding 
the part was removed. CuCrZr powder was melted using the same pa
rameters as in the diffraction experiments. The imaging setup is sche
matically shown in Fig. 1b. FIJI (ImageJ) [50] software was used to 
process images with flat field correction, sharpening filter and bright
ness/contrast adjustments.

2.4. Thermodynamics calculations

To understand phase formation and solidification behavior of the 
combined alloys, ThermoCalc® [51] with TCHEA5 database was used to 
calculate the IN625-Cu material-material isopleth, determine one-axis 
phase plots, and perform Scheil-Gulliver calculations. For simplicity, 
only Cu, Ni, Cr, Mo, Fe, and Nb elements were considered where CuCrZr 
was assumed to be pure Cu. In addition, only FCC and liquid phases were 
considered as no other phase was experimentally detected in any of the 
samples.

First, IN625-Cu material-material isopleth was calculated to under
stand the metastable equilibrium behavior with respect to the temper
ature and amount of mixing between the two alloys. Then, to investigate 
cracking susceptibility, Scheil-Gulliver calculations were performed 
considering the same mixing ratios as in the ex situ prints presented in 
Table 3.

The Kou model [52] was used to assess solidification cracking sus
ceptibility of different mixing ratios. During the solidification of alloys 
in processes such as casting, welding and additive manufacturing, 
directional solidification of cellular or columnar dendritic grains is often 
observed. Since alloys generally solidify over a temperature range, there 
exists a mushy zone involving liquid and solid phases during solidifi
cation. Due to the density difference between solid and liquid as well as 
the stresses generated due to inhomogeneous thermal contraction of the 
solid during solidification, the mushy zone, which has little strength, 
separates into cracks at the grain boundaries. Based on these, the Kou 

model predicts the cracking susceptibility of an alloy using: 

CSI =

⃒
⃒
⃒
⃒
⃒

dT
d(fs)

1/2

⃒
⃒
⃒
⃒
⃒
max

(1) 

where CSI is the cracking susceptibility index, T is the temperature, and 
fs is the solid fraction. The model states that the maximum slope of the T 
versus fs1/2 graph (close to complete solidification) is a measure for 
cracking susceptibility.

In the original article, the CSI is calculated by taking the average 
slope in an arbitrarily selected fs range close to complete solidification 
[52]. However, subsequent articles have adapted to calculate CSI using 
the maximum slope before complete solidification [53–55], where 
extensive bridging between the dendrites was assumed to occur at fs 
= 0.99. The latter approach was adopted in this study as it offers more 
objective calculations.

2.5. Post-mortem characterization

All samples were cut from the baseplate using a wire saw and hot 
mounted in resin on their side (x-z plane in Fig. 1). They were ground 
using sandpapers with grits down to P4000 and finally down to 1 µm 
finish using diamond suspension.

Optical microscopy (Keyence, VHX-5000, Japan) was used to 
investigate cracks after further polishing using 0.25 µm oxide polishing 
suspension. FIJI (ImageJ) [50] software was used to measure crack 
density of the parts using user-defined grayscale thresholding and 
analyze particles routine where segmented objects with a circularity 
above 0.35 were ignored. To obtain better statistics, the measurements 
were repeated three times on repolished sections. Crack number density 
was adopted as the closest measure of the potential of forming cracks 
that can be compared to the calculated CSI values.

To investigate microstructure and composition using SEM, the 
sample from the XRD experiment was polished using an Ar-ion polisher 
(Hitachi, IM4000, Japan) for 5 min at an accelerating voltage of 6 kV 
and a tilt angle of 5◦. An SEM (Zeiss, ULTRA 55, Germany) equipped 
with both in-lens and external (Everhart-Thornley, ETD) detectors, an 
EBSD detector (EDAX, Hikari, Japan), and an EDS (Oxford, ULTIM 
EXTREME, United Kingdom) detector was used. For SEM/EDS analysis, 
accelerating voltages of 10 and 20 kV were used. Due to the fine scale of 
the observed microstructures, EDS maps of the polished cross-sections 
were collected at 10 kV to reduce the electron beam interaction vol
ume and minimize signal interferences. On the other hand, 20 kV was 
used for the EDS maps of the powder mixtures given in Supplementary 
Figure S1 to obtain better statistics. EBSD analyses were conducted at 
20 kV accelerating voltage and 0.1–0.2 µm step size. 90 % of the 
collected data points had a confidence index (CI) greater than 0.1. EBSD 
data were cleaned by neighboring CI correlation using TSL OIM Analysis 
8.1.0, where no more than 10 % of the points were changed following 
ASTM E2627 [56].

Fig. 1. Schematic representations of the operando X-ray a) diffraction and b) imaging setups. White arrows show scanning vectors.

A. Özsoy et al.                                                                                                                                                                                                                                   Additive Manufacturing 110 (2025) 104950 

4 



3. Results

3.1. Calculated phase evolution

Fig. 2 shows the metastable isopleth of Cu-IN625 material-material 
system calculated using ThermoCalc. The isopleth shows a single liquid 
phase above 1980 ◦C. However, at lower temperatures, for compositions 
ranging between 12 and 98 wt% Cu, the liquid separates into two parts 
consisting of Cu rich (LCu) and Ni rich (LNi) regions. This behavior stems 
from the large positive enthalpy of mixing between Cu and the alloying 
elements (Cr, Fe and Mo) in IN625 [57]. Figs. 3a and 3b show, respec
tively, the calculated volume percentage of phases and corresponding 
composition profiles with respect to temperature under metastable 
equilibrium for a 50 wt% Cu-IN625 mixture. These demonstrate that 
upon further cooling, LCu is depleted of the mentioned alloying ele
ments. These then migrate into LNi, with approximately 20 wt% Ni 
remaining in LCu.

A monotectic reaction is observed in Fig. 2 at 1300 ◦C and 18 wt% 
Cu, where the liquid (Ni-rich) transforms into γ-Ni (FCC) + LCu. Between 
12 and 95 wt% Cu in Fig. 2, LCu, LNi and γ-Ni coexist between the 
monotectic reaction boundary and the phase boundary below, which 
extends down to 1120 ◦C at 92 wt% Cu. In the same composition range, 
γ-Ni forms from LNi below this boundary (LCu + γ-Ni region), and the 
remaining LCu subsequently transforms to α-Cu upon further cooling. 
Between 88 and 96 wt% Cu, LNi, LCu, γ-Ni and α-Cu coexist at 1100 ◦C, 
below which LCu forms α-Cu, and LNi that is enriched in Cr and Mo forms 
the last γ-Ni solid. For compositions above 98 wt% Cu, a single α-Cu 
(FCC) phase forms from LCu. Similarly, for compositions lower than 
12 wt% Cu, LNi transforms into a single solid (γ-Ni). For the same 
composition range, a Cu-rich FCC phase is expected to form in solid 
state. However, a two-phase microstructure with distinct compositions 
was not readily observable in the EDS maps of the 10 wt% CuCrZr-IN625 
mixtures as shown in Supplementary Figure S2. This could be attributed 
to the high cooling rates experienced during L-PBF.

It is important to note that when the BCC phase is included in the 
calculations, the Cr- and Mo-enriched LNi would start solidifying into a 
BCC phase at a much higher temperature than the formation of α-Cu (see 
Supplementary Figure S3). However, as no BCC phase was detected in 
any of the characterized samples during X-ray diffraction measurements, 
it was decided to not include it in the main calculations. Therefore, the 
assumption of considering only liquid and FCC phases is kept for the 

main discussion of this study. In addition, the discussion focuses on the 
composition range where the BCC is not expected to form 
(Supplementary Figure S3).

3.2. Operando X-ray diffraction, phase formation and cracks at the 
interface

Fig. 4a shows the cross-section of the sample produced during Fig. 2. Metastable isopleth of IN625 – Cu pseudo binary system.

Fig. 3. Calculated a) volume percentage of phases and b) corresponding 
composition profiles with respect to temperature under metastable equilibrium 
for 50 wt% Cu-IN625 mixture. Left scale in b) denotes the amount of Ni and Cu 
whereas the right scale denotes Cr, Fe, Nb, and Mo in weight percent.
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operando XRD experiments as well as the approximate X-ray beam po
sition. In a close-up to the interface, Fig. 4b shows spherical gray 
droplets in and around the copper-colored melt pools, where the color 
contrast reveals the phase separation between the Cu-rich and Ni-rich 
regions. In this image, there are three cracks observed at the tip of 
three melt pools, where the Cu concentration appears lower based on the 
color contrast. This has been further evidenced by the EDS maps taken 
from the region right above the cracks as shown in Supplementary 
Figure S4.

Waterfall plots in Fig. 4c depict the phase evolution during laser 
melting and solidification at the position of the X-ray spot shown in 
Fig. 4a, while the corresponding layer was being built. The process starts 
with two side-by-side peaks that belong to CuCrZr powder and the 
IN625 part. Upon heating by the laser, position of the peaks shifts to 
lower angles due to lattice expansion, then disappears for about 20 ms 
due to melting. During subsequent cooling, two FCC phases appear and 
rise in intensity due to solid formation. At the end of cooling, two FCC 
phases remain with similar peak positions as the initial Cu and IN625 
powder lines.

The crack at the center in Fig. 4b was observed under SEM as shown 
in Fig. 5a. The crack appears to have initiated from the center of the melt 
pool. Following the EBSD inverse pole figure (IPF) + image quality (IQ) 
map in Fig. 5b, it can be seen that there are regions of small and equi
axed grains with random orientation distributed within large grains. 
Lower magnification EBSD IPF + IQ map of this region and the corre
sponding orientation distributions are given in Supplementary 
Figures S5a and 5b, respectively. As seen in the figure, large columnar 
grains show a strong texture along the build direction, confirming 
literature outcomes for nickel-based alloys [59]. Accordingly, Supple
mentary Figure S6a and b show two SEM images taken from the surface 
of the sample from the operando X-ray imaging experiment, where the 

substructure of the columnar grains consists of mainly cellular grains 
with some dendritic side branches occasionally visible.

As highlighted by the EDS elemental maps shown in Fig. 5c, equiaxed 
grains and large textured grains are respectively observed in areas with 
Cu segregation and the alloying elements of IN625. Crack initiation 
point appears to be at the center of the melt pool, in the middle of a Cu- 
enriched region. Droplets of Cu-depleted regions within the Cu-rich 
areas are also visible in Fig. 5c. EDS elemental maps in Supplementary 
Figure S4c further show the elemental segregation in and around the 
melt pools as observed in Fig. 4b by the color contrast, which appear as 
dark and bright in the SEM image for Cu-rich and Ni-rich phases 
respectively. Supplementary Figure S7 shows EDS elemental maps ac
quired at the edge of one melt pool together with the positions of EDS 
point analyses from the dark- and bright-contrast regions, results of 
which are shown in Supplementary Table S1. The alloying elements are 
mostly contained within the Ni-rich (dark contrast) phase together with 
18–26 wt% Cu, whereas the Cu-rich (bright contrast) phase primarily 
consists of Cu and Ni (14–21 wt%), with 2–4 wt% Cr.

It must be noted that the limited contrast in some EDS maps (e.g., Fe, 
Ni, and Cr) in Fig. 5c and Supplementary Figure S7 is due to the use of 
10 kV accelerating voltage and Lα X-ray emission lines, which provide 
lower peak separation and signal clarity, especially for elements like Fe 
with low concentration. This acceleration voltage was selected to 
minimize the electron beam interaction volume and effectively distin
guish micron-sized droplets visible in Supplementary Figure S7. Addi
tional signal overlap arises from the fine Ni-rich droplets within Cu-rich 
regions and the partial solubility of Ni and Cr in α-Cu. While Kα lines 
offer better contrast, they require longer dwell times unsuitable for 
mapping at this accelerating voltage. Quantitative point analyses using 
full spectrum fitting in Supplementary Table S1 mitigate these limita
tions, thus, providing better precision.

Fig. 4. a) Low and b) high magnification optical micrographs of the CuCrZr-IN625 sample produced during operando XRD experiments showing cracks, previous melt 
pools, phase separation, and approximate X-ray beam position. Blue arrow indicates the build direction for both micrographs. c) XRD pattern evolution during L-PBF 
process and at the end of cooling. *Angular positions of the reflections were calculated based on the standard average composition of IN625 using Vegard law 
coefficients supplied in [58].

A. Özsoy et al.                                                                                                                                                                                                                                   Additive Manufacturing 110 (2025) 104950 

6 



3.3. Operando X-ray imaging of crack formation

Fig. 6 shows the radiographic time series during the printing of two 
tracks (laser scanning direction is in and out of the screen/page). The full 
video is available in Supplementary Video 1. Initially, for Track 3 and 
Track 5, the bump from previous tracks and CuCrZr powder particles are 
visible on the IN625 sample at t0. The keyholes created by the laser are 
visible as shown by the yellow arrows. After the laser passes, the 
boundaries of the melt pools (molten region) are visible as shown by the 
red arrows. The liquid area shrinks towards the center of the melt pool as 
solidification proceeds. Just before complete solidification, the center of 
the melt pool separates into a crack (visible as a brighter contrast) for 
both Track 3 and 5. The same behavior can be observed in multiple 
tracks in Supplementary Video 1, where adjacent tracks heal the pre
viously formed crack in some examples.

3.4. Cracking in powder blends

Fig. 7 shows the cracking behavior for 10–60 wt% CuCrZr-IN625 
powder blends processed with H parameter sets, where cracks elon
gated in the build direction are visible from 20 to 40 wt% CuCrZr. No 
cracks were observed outside this range. A similar behavior is observed 
for the L energy parameter sets. Interestingly, all CuCrZr-pNi samples 
were crack-free. Moreover, there is no visible phase separation for 
CuCrZr-pNi powder blends. The results of the full parameter space, 
including L and H parameter sets and CuCrZr-pNi mixtures, are shown in 
Supplementary Figure S8.

Quantitative measurements of crack density, i.e., number of cracks 
per unit area, for CuCrZr-IN625 powder blends are shown in Fig. 8. The 
measurements support previous qualitative observations for which 
cracks are observed solely in the range of 20–40 wt% CuCrZr. However, 

cracking peaks at different mixture ratios depending on the parameter 
set: 30 wt% and 40 wt% CuCrZr for H and L parameter sets, respectively.

4. Discussion

As presented in the introduction, to our best knowledge, cracking has 
not been reported in the literature when pure Cu and Ni are processed 
together. Similarly, considering Cu-Ni binary phase diagram [60], 
printing CuCrZr onto pNi was expected to result in formation of a single 
liquid and a single FCC phase with a composition gradient over the 
interface, considering that there is negligible alloying in the system. This 
is indicated by the lack of clear phase separation (i.e., into droplets) in 
Supplementary Figure S9. As such, no cracks were observed in this 
sample.

On the other hand, there have been numerous studies in the litera
ture that reported cracking in different Cu-Ni alloy combinations, with 
each study proposing specific mechanisms of crack formation. Although 
some of these are indeed specific to the systems studied, such as for
mation of intermetallics, the others lack a comprehensive understanding 
that can be translated to other systems. Here, based on the observations 
in the literature and this study, it is aimed to draw a comprehensive 
mechanism that can explain cracking in different Cu-Ni alloy combi
nations. In this regard, alloying elements play a primary role, where 
liquid phase separation induced by the large mixing enthalpy of Cu with 
Cr, Fe and Mo in IN625, separates the material into two species with 
vastly different melting points, leading to solidification cracking as will 
be explained in the following sections.

4.1. Phase formation and microstructure evolution during printing

Due to the alloying elements in the CuCrZr-IN625 system, phase 

Fig. 5. a) SEM image (ETD-detector) showing the crack in a melt pool, b) corresponding EBSD IPF+IQ map and c) EDS elemental maps from the same region. Blue 
arrow indicates the build direction. EDS maps were acquired at 10 kV and show Lα signals.

A. Özsoy et al.                                                                                                                                                                                                                                   Additive Manufacturing 110 (2025) 104950 

7 



hierarchy is driven by the mixture ratio. As introduced previously, 
assuming that the kinetics are sufficiently fast in the liquid state to 
initially form a homogeneous liquid at high temperature, any compo
sition between 12 and 95 wt% CuCrZr ends up with different fractions of 
LCu and LNi. When CuCrZr powder is deposited and melted by the laser, 
the underlying IN625 part mixes with CuCrZr in the melt pool, with 
higher amounts of CuCrZr over successive layers, creating a composition 
gradient. For most parts of the discussion, it can be reasonably assumed 
that this gradient falls within the 12–95 wt% CuCrZr range.

According to Fig. 3b, LNi should contain 10 wt% Cu and 20 wt% Cr 
before solidification begins and γ-Ni should have a maximum solubility 
of 12 wt% Cu and 23 wt% Cr. However, as seen in the point EDS analysis 
in Supplementary Table S1, Ni-rich regions of approximately 20 wt% Cu 
and 16 wt% Cr were observed. This can be explained by the mass 
transport dominated liquid phase separation before solidification. When 
liquid phase separation starts, to minimize its surface energy, LNi forms 
as spherical droplets in LCu with the initial composition shown in Fig. 3b, 
i.e., approximately 21 wt% Cu and 16 wt% Cr at 1800 ◦C. At lower 
temperatures, LNi droplets form with lower Cu and higher Cr contents as 
predicted in Fig. 3b. At the same time, the droplets of previously formed 
LNi start rejecting Cu and dissolving Cr at the LNi/LCu interface. How
ever, due to the high cooling rates, this process cannot reach completion 
before the start of solidification. As a result, some droplets retain higher 
amounts of Cu and lower amounts of Cr compared to the others after 
solidification. A similar behavior was observed in fast cooling of 
immiscible Cu-Co [61] and Cu-Fe [62] melts. After the phase separation 
in liquid state, γ-Ni starts nucleating preferentially on the columnar 
grains of previous layers, or nucleate as dispersed islands in the LCu, as 
observed in Fig. 5. Then, the competitive growth of γ-Ni starts towards 

the center of the melt pool, where the direction of maximum heat 
extraction coincides with the easy growth direction of the cells or den
drites. Although the substructure within the columnar grains are too 
small to resolve, Supplementary Video 1 shows the liquid boundary 
shrinking towards the center of the melt pool clearly. During the growth 
of γ-Ni in presence of LCu and LNi just below the monotectic temperature; 
Cr, Mo, Fe, and Nb are rejected from LCu, which were then redistributed 
among LNi and γ-Ni. In the further stages where only γ-Ni and LCu remain 
(1240–1140 ◦C), the latter is used to form more γ-Ni as LCu becomes 
purer in Cu while still maintaining some Ni (see Fig. 3b). At this stage, 
LCu is present as disconnected regions within the melt pool.

As previously mentioned, γ-Ni droplets solidify inside LCu after liquid 
phase separation. These Ni-rich droplets within the Cu-rich regions are 
visible in Fig. 5c and Supplementary Figure S7c. Solidification of α-Cu 
only becomes possible at lower temperatures (below 1140 ◦C), where 
the fine γ-Ni droplets may act as preferential nucleation sites for α-Cu 
grains, leading to the formation of fine and equiaxed grains seen in 
Fig. 5b. This hypothesis can be supported by the fact that Ni- and Cu-rich 
regions have very similar compositions as given in Supplementary 
Table S1, and they have a similar lattice parameter as apparent from 
their diffraction peaks in Fig. 4c. Lattice parameter analysis of the 
diffraction peaks of the two phases yields a lattice misfit as small as 
0.65 %. Therefore, considering that both phases have an FCC structure, 
γ-Ni droplets can be expected to act as preferential nucleation sites for 
α-Cu. As shown in the EDS maps in Supplementary Figure S7c, there are 
areas (shown by the arrows) depleted in Cu with some Ni around the 
droplets and Ni-rich peninsulas. In addition, regions in between the 
droplets are richer in Cu. Following the equilibrium composition of α-Cu 
at the beginning of solidification as shown in Fig. 3, it can be expected 

Fig. 6. X-ray radiographs showing melting, solidification, and crack formation during printing. Green arrows show the bump from previous tracks, yellow arrows 
show the keyhole induced by the laser during scanning, dashed red arrows show the melt pool boundary after the laser pass, and white arrows show the cracks. Scale 
bar is common to all images.
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that the initial α-Cu has around 18 wt% Ni. Due to the high cooling rate, 
the transformation cannot complete in the narrow temperature range 
(1140–1130 ◦C) shown in Fig. 2. According to the Scheil-Gulliver 
calculation in Supplementary Figure S10a, α-Cu formation begins at 
1140 ◦C and completes at 1070 ◦C. The solubility of Ni in α-Cu decreases 

with temperature, and α-Cu solidifies with less and less Ni as solidifi
cation extends to lower temperatures as visible in Supplementary 
Figure S10b. This behavior is visible in regions shown by the arrows in 
Supplementary Figure S7c, where there are regions with higher Ni 
content within the Cu-rich regions. Furthermore, since γ-Ni droplets can 
act as preferential nucleation sites for α-Cu, the initial α-Cu composition 
can be attained around them. Therefore, the first α-Cu with higher Ni 
content can form on these droplets. This is visible as the “halo-shaped” 
regions indicated by the arrows around some γ-Ni droplets in Supple
mentary Figure S7c, where the Ni content decreases and the Cu content 
increases moving away from these γ-Ni/α-Cu interfaces. Here, it should 
be noted that the other alloying elements are not present (in comparable 
amounts to γ-Ni regions) in these Cu-rich regions. This indicates that the 
Cu-rich regions formed from the terminal LCu that contained only Ni and 
Cu, essentially.

Consistent with the presented phase evolution, operando X-ray 
diffraction results in Fig. 4c show the formation of two distinct FCC 
phases during solidification. These phases result from the two distinct 
liquid compositions that formed due to the miscibility gap and retain 
upon cooling down to room temperature. Here, the two FCC phases 
appear to form simultaneously from the melt in Fig. 4c. However, this 
measurement cannot be relied on for assessing the phase transformation 
sequence since the volume probed through the sample thickness en
compasses regions which are at different stages in the fusion/solidifi
cation sequence, and the acquisition rate used in the study is not 
sufficient to differentiate two FCC phases with overlapping peak posi
tions. For reference, studies investigating such phase transformation 
sequences use 20–40 times higher acquisition rates [35,63].

4.2. Quantifying the cracking susceptibility

Fig. 9a and b show Scheil-Gulliver plots for 10–90 wt% CuCrZr- 
IN625 mixtures and corresponding CSI values calculated, respectively. 
Overall, a good agreement is found between the theoretical and exper
imental values, as well as with previous studies on Cu-Ni alloy mixtures 
[14,15,21]. High CSI values were calculated for the composition range 
where cracks for both L and H parameter sets were observed. Further
more, an excellent match is observed when looking at the H parameter 
subset, where the peak cracking susceptibility occurs at 30 wt% CuCrZr 
(see Fig. 8 and Fig. 9b). These results, as well as some discrepancies 
observed between the theory and experiments, are discussed in the 
following section.

Initially, the Kou model was developed for alloy systems with a 
single liquid forming a primary phase then undergoing eutectic (or 
peritectic) reaction. Therefore, it is important to discuss its applicability 
to immiscible multi-material alloy systems. In the original model, the 
maximum slope of the T versus fs1/2 graph, thus, the highest cracking 
susceptibility is observed in the last stages of solidification [52]. After 
the primary solid formation takes place, the remaining liquid fraction is 
rather small and insufficient to back-fill the forming cracks. However, in 
the case of CuCrZr-IN625, the maximum slope occurs much earlier (see 
black dashed lines in Fig. 9a), as γ-Ni almost completely solidifies before 
α-Cu even begins to solidify. Therefore, there is plenty of LCu to back-fill 
the cracks. Moreover, there are two solidification reactions with a pri
mary phase in the same solidification process, for the solidification of 
γ-Ni and α-Cu, respectively. Yet, taking the maximum slope before 
complete solidification (assumed fs1/2 = 0.99) still yields reliable results 
as presented above. This is because CSI is in essence a measure of the 
thermal and phase transformation straining that is applied on the pri
mary phase before the temperature drops sufficiently for solidification 
to complete. Therefore, the calculated slope coincides with the tem
perature range in Fig. 2 where γ-Ni formation is almost complete but LCu 
has not started solidifying (1240–1140 ◦C). In addition, although there is 
a high amount of LCu present in the cracking range, due to the extended 
channel length between the cells or dendrites, which increases as CSI 
increases [52], the forming cracks cannot be back-filled. The total length 

Fig. 7. Optical micrographs from 10 to 60 wt% CuCrZr-IN625 powder blends 
produced using high energy parameter sets, white arrows indicate cracks. The 
black arrow shows the build direction for all samples.

Fig. 8. Crack density of all powder blends processed with low and high energy 
parameter sets. Error bars represent variation between three observed sections.
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of cracks shown in Fig. 5 can be observed in Supplementary Figure S5. 
The cracks span over a length of 150 µm, pointing out the long channel 
length that had to be filled before cracking occurred.

Note that there are no cracks observed for 50 wt% CuCrZr whereas 
20 wt% CuCrZr mixture exhibits cracking, despite the fact that the 
former has higher CSI. For the phase formation in mixtures with a higher 
percentage of CuCrZr than IN625, it is irrelevant to consider the primary 
epitaxial growth of a γ-Ni phase. Since there is at least equal or greater 
amount of LCu as the main matrix, γ-Ni droplets are separated into 
islands as can be seen in Supplementary Figure S11. Therefore, one of 
the main assumptions of the Kou model, cellular or columnar dendritic 
growth of the primary solid, does not apply in this case [52]. As a result, 
there are no thermal or phase transformation stresses relevant to γ-Ni as 

a connected body that would crack at the LCu regions. Optical micro
graphs of CuCrZr-IN625 mixtures in Supplementary Figure S11 cor
roborates this statement, where the isolated Ni-rich droplets are visible 
from the color contrast for mixtures having 50 wt%CuCrZr or more, 
regardless of the heat input.

As presented in Fig. 8, peak cracking density occurs for different 
amounts of CuCrZr in the ex situ prints for low and high energy, 
respectively at 40 and 30 wt% CuCrZr. This can be explained by the 
different cooling rates and experienced undercooling due to the different 
processing conditions. As recently shown by Dasgupta and Kou [64], the 
peak cracking susceptibility shifts to higher Cu contents in Al when the 
cooling rate is higher. This is because of the greater undercooling 
experienced at higher cooling rates as a result of kinetic solute parti
tioning (solute trapping) during growth, and dendrite tip curvature 
undercooling [64]. Therefore, the position of the largest freezing range 
as well as the maximum slope (highest CSI) shifts in composition. It was 
also shown that for the same alloy composition, a lower energy input 
results in less overall heating and hence, faster cooling rates during 
solidification [65]. Therefore, the behavior in Fig. 8 stems from the fact 
that the highest crack susceptibility shifts from 30 to 40 wt% CuCrZr 
when the energy input is lower, which results in higher cooling rates 
[65] and greater extent of undercooling.

Consistently with the calculated and observed cracking range, three 
cracks in Fig. 4b took place at the centerline of the melt pools, where the 
EDS map sum spectrum shows 41.6 wt% Cu. The previous melt pools are 
visible by the color contrast as indicated by the dashed line in Fig. 4b 
where cracking had not occurred as the composition was not sufficiently 
rich in Cu to fall into the cracking window. Hence, cracking occurred in 
the next layers when more Cu was added. Cracking initiates at the Cu- 
rich islands at the center-top portion of the melt pool where the 
columnar grains touch last, and propagates down, as also visible in 
Supplementary Video 1 and Track 5 in Fig. 6.

Therefore, avoiding the 20–40 wt% CuCrZr composition range is 
important to mitigate cracks in CuCrZr-IN625 parts. Due to the low laser 
absorptivity and high thermal diffusivity of copper, CuCrZr requires 
much higher heat input compared to IN625 to obtain dense parts. As a 
result, horizontal interfaces where CuCrZr is deposited on IN625 are 
expected to have deeper melt pools and extensive mixing over the 
interface. In such cases, if the composition in the melt pool becomes 
sufficiently diluted in CuCrZr, cracking may occur. Furthermore, deeper 
melt pools cause columnar grains to grow at higher misorientation an
gles, which further increases the cracking susceptibility [66]. Yet, if a 
Cu-rich composition is ensured at the interface when depositing the Cu 
alloy on top of the Ni alloy, crack-free interfaces can be produced even in 
the case of pronounced mixing [67]. On the other hand, although less 
mixing is expected when IN625 is deposited on CuCrZr, the amount of 
copper dissolution required to induce cracking is significantly lower as 
the cracking susceptibility window already lies within the Ni-rich 
compositions. Moreover, thermal and residual stress profiles can be 
significantly altered when the deposition sequence is changed, as the 
thermophysical properties of Ni and Cu alloys are significantly different. 
Hence, in both configurations, process conditions must be adjusted so 
that the cracking susceptibility window is avoided as well as inhomo
geneous thermal gradients, which give rise to pronounced thermal and 
residual stresses across the melt pool.

In summary, depending on the process conditions, melt pool char
acteristics and the amount of mixing, both cracks [16,68] and sound 
interfaces [12,22,69,70] can be observed regardless of the deposition 
order. A similar cracking behavior is apparent for both configurations in 
other multi-material systems known to suffer from solidification 
cracking [71,72]. Following these, certain process modifications have 
been proven successful for printing crack-susceptible multi-material 
systems. For instance, using laser beam shaping can create shallower 
and wider melt pools, which induces less mixing and relatively uniform 
thermal gradients at the interface of CuCrZr-316L multi-material, 
yielding an interface with less cracks [73]. Similarly, graded parameter 

Fig. 9. a) Scheil-Gulliver calculation results and b) corresponding cracking 
susceptibility index (CSI) calculated for CuCrZr-IN625 powder blends. Dashed 
lines in a) show the maximum slope used to determine CSI. The green and light 
orange colors respectively indicate the range of compositions that cracking was 
not observed and observed experimentally.
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variations at the interface, laser wobbling and discretized transition 
zones have been shown to help mitigate cracking in a copper-steel 
multi-material [74]. Furthermore, utilizing blue lasers has proven 
effective in obtaining sound Cu-IN718 interfaces [75]. Since copper has 
much higher absorption rate under blue laser irradiation, extensive 
heating in the substrate can be avoided, and shallow melt pools with 
limited mixing can be obtained [75].

4.3. A generalized cracking mechanism in Cu-Ni alloy combinations

The cracking mechanism for the CuCrZr-IN625 combination can be 
summarized as depicted in Fig. 10. In Step 1, upon laser melting, CuCrZr 
and IN625 powders mix to form a single liquid phase, although there 
might be a composition gradient within this phase. In Step 2, phase 
separation takes place in the liquid state where LNi assumes spherical 
shape in LCu while depleting it in Cr, Mo, Fe, and Nb. Then, competitive 
growth of γ-Ni with a cellular or columnar dendritic morphology starts 
towards the center of the melt pool where LNi droplets also solidify 
within LCu (Step 3). In the later stages of solidification (Step 4), LCu exists 
as films between the γ-Ni grains. LCu solidifies last and much later than 
the complete solidification of γ-Ni. Therefore, tensile thermal contrac
tion stresses keep accumulating on γ-Ni during cooling. Then, solidifying 
α-Cu depletes the remaining liquid in Ni, which further depresses its 
solidus temperature. Therefore, the mushy zone composed of γ-Ni/LCu 
extends over a wide temperature range where thermal and phase 
transformation tensile stresses on γ-Ni grains separate the LCu regions 
into cracks (Step 5). Finally, the crack further grows in between the cells 
or dendrites upon cooling (Step 6).

As mentioned previously, the above-mentioned cracking mechanism 
stems from the liquid phase separation, which is due to the alloying 
elements with large positive enthalpy of mixing with Cu such as Cr, Fe 
and Mo. As these elements are widely utilized to improve corrosion 
resistance and mechanical properties, similar observations can be made 
for other Cu-Ni alloy combinations utilizing such elements. For example, 
phase separation and cracking were visible in OM images of L-PBF 

processed Cu-IN718 powder blends (IN718 contains Cr, Mo, and Fe) [14, 
15]. A similar behavior was apparent for L-PBF of CuSn10-IN718 in two 
different studies, where phase separation and cracks on the IN718 side of 
the interface were observed [19,20]. Another study investigating L-PBF 
of CuSn10-IN718 showed both phase separation and vertical cracks at 
the Ni-rich side of the interface [16]. Supporting the findings of this 
study, L-PBF of powder mixtures of CuSn10-IN718 led to extensive 
cracking for compositions 20 and 40 vol% CuSn10 [17]. However, 
cracking was also reported for 60 vol% CuSn10, which contrasts the 
cracking window in the current study. This can be explained by two 
considerations. First, the alloy systems, and thus, the corresponding 
solidification ranges are different, which may shift the cracking sus
ceptibility window. Second, different powder mixtures with 20 vol% 
increments were printed on top of each other in the study, which leads to 
transition zones with compositions in-between. Conformingly, cracking 
is visible at the interface between 40 and 60 vol% CuSn10 mixtures, and 
it reduces progressively moving away from the interface towards higher 
CuSn10 compositions [17]. Hot tearing was also reported for the 
Cu8Cr4Nb-IN625 combination as well as liquid phase separation [18]. 
Both solidification cracking at Ni-rich compositions and cracking related 
to the formation of brittle intermetallics for Cu-rich compositions were 
observed for the Cu4Cr2Nb-IN625 combination [21,22]. Moreover, a 
recent study reported cracks for L-PBF of Cu15Ni8Sn and GH3230 
(Ni-based alloy containing Cr, W and Fe), where Cu-rich and Ni-rich 
phases were also reported [76] On the other hand, compositionally 
graded interfaces without cracks were obtained during L-DED process
ing of Cu and Delero-22 Ni-based alloy, which contains only Si and B as 
alloying elements [13]. Since Si and B have negative enthalpies of 
mixing with liquid Cu [57], they do not cause immiscibility and further 
cracking. Therefore, these observations indicate that the proposed 
mechanism can be extended to cracking in Ni-Cu alloy combinations 
with alloying elements that have a positive enthalpy of mixing with Cu 
such as Cr, Co, Fe, Mo, V and W [57].

Fig. 10. Schematic representation of the cracking mechanism in Ni-Cu alloy systems. (1) Liquid mixing in the melt pool, (2) liquid phase separation, (3) competitive 
growth of Ni-rich cells/dendrites, (4) Cu-rich liquid segregation between the grain boundaries, (5) crack initiation at the grain boundaries, (6) crack propagation 
following the Cu-infiltrated centerline. The distorted black lines represent grain boundaries and the white regions represent the crack formed.
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5. Conclusions

Processability of pure Ni and Cu is known to be excellent via fusion 
methods including welding, casting, and additive manufacturing owing 
to their complete solubility in liquid and solid state. However, during 
additive manufacturing of Ni-Cu alloy systems, cracking can be an 
important obstacle against producing sound parts. In order to under
stand the mechanism behind cracking in such multi-material parts, L- 
PBF of CuCrZr-IN625 alloy combinations were investigated using 
experimental and numerical approaches. The use of operando X-ray 
imaging and diffraction experiments performed with a miniature L-PBF 
system at synchrotron beamlines allowed to capture rapid trans
formations that occur during AM. Coupled with additional microstruc
ture and composition characterization, this dual-pronged approach led 
to the drawing of a comprehensive picture of the cracking mechanism in 
Ni-Cu alloy combinations, as well as the dependance of cracking on 
processing conditions and composition. The following conclusions can 
be drawn based on these investigations: 

➣ Cr, Fe, and Mo present in IN625 cause both liquid and solid immis
cibility when mixed with CuCrZr due to the large positive enthalpy of 
mixing between Cu and these elements.

➣ Liquid phase separation takes place as a result of the miscibility gap, 
followed by the solidification of two distinct phases with signifi
cantly different freezing ranges. As a consequence, the mushy zone 
consisting of the Ni-rich solid and the Cu-rich liquid persists over a 
wide temperature range.

➣ The extended temperature range of solidification ultimately leads to 
solidification cracking at the grain boundaries due to liquid-solid 
phase formation shrinkage and thermal stresses generated during 
fast cooling from high temperature. The cracking occurs in the final 
stages of solidification, with cracks initiating from regions of Cu-rich 
liquid within the mushy zone.

➣ The most crack susceptible range of composition was identified to be 
20–40 wt% CuCrZr-IN625 via thermodynamic calculations. Experi
mental validation through crack density measurements on the prin
ted powder blends supported the calculated range of crack 
susceptibility.

➣ Different heat inputs lead to a shift in the composition of peak crack 
susceptibility, i.e., for a lower heat input, the crack susceptibility 
peaks at a higher CuCrZr amount. This shift was related to solute 
trapping and dendrite tip curvature undercooling experienced dur
ing rapid solidification, which alters the freezing range for a given 
composition.

Finally, as demonstrated by various examples in the literature 
exhibiting similar characteristics to those observed in this study, the 
proposed cracking mechanism may be applicable to other fusion pro
cesses utilizing Cu-Ni alloy combinations that incorporate elements 
known to promote liquid immiscibility with Cu, such as Cr, Co, Fe, Mo, V 
and W.
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