Materials & Design 268 (2026) 116443

Contents lists available at ScienceDirect
Materials & Design

journal homepage: www.elsevier.com/locate/matdes

IN625-CuCrZr multi-material joints by PBF-LB/M:
Process—structure-property relationships

Silvia Marola

, Alessandro Carella

, Riccardo Casati, Maurizio Vedani

Department of Mechanical Engineering, Politecnico di Milano, Via G. La Masa 1, Milano 20156, Italy

ARTICLE INFO

Keywords:

Laser Powder Bed Fusion
Selective Powder Deposition
Multi-material

Inconel 625

CuCrZr

ABSTRACT

3D-printed multi-material components represent a major advancement in additive manufacturing, allowing the
combination of dissimilar materials to achieve tailored properties and functionalities. Recent developments in
Laser Powder Bed Fusion (PBF-LB/M) with Selective Powder Deposition modules have enabled the creation of
multi-material powder beds, paving the way for complex and functionally graded structures.

This study explores the interfacial features of IN625-CuCrZr components produced by PBF-LB/M, with
emphasis on the effects of interface orientation and deposition sequence on microstructure, mechanical, and
thermal properties.

Results demonstrate the formation of dense interfaces with continuous metallurgical bonding. The
morphology and width of the transition zone vary with both orientation and deposition sequence. EBSD analyses
reveal a columnar-to-equiaxed grain transition when moving from IN625 to CuCrZr. Mechanical tests, especially
in-situ SEM tensile tests, suggest that joint strength and crack development strongly depend on interface
orientation and loading direction. Laser flash analysis highlights enhanced thermal diffusivity in CuCrZr-IN625

joints, exceeding that of monolithic IN625, thus suggesting potential for high-performance applications.
These findings clarify deposition-sequence effects on interfacial bonding, intermixing, defects, and perfor-
mance in IN625/CuCrZr architectures.

1. Introduction

In the last 20 years, Additive Manufacturing (AM) has evolved into a
key enabling technology for the production of metallic components,
offering design freedom, reduced production times, and the ability to
tailor material properties [1,2]. One of the most recent and promising
evolutions of AM is represented by Multi-Material Additive
Manufacturing (MMAM), which enables the combination of dissimilar
alloys within a single component to deliver application-specific func-
tionalities or to produce Functionally Graded Materials (FGM) [3-8].
This approach is particularly attractive for applications in aerospace,
energy, and biomedical sectors, where the simultaneous demand for
high strength, thermal conductivity, and corrosion resistance make
multi-material solutions especially advantageous.

Among the various AM techniques, Directed Energy Deposition
(DED) and Laser Powder Bed Fusion of metals (PBF-LB/M) are currently
regarded as the most technologically mature, holding the highest po-
tential for industrial implementation of MMAM [3,6,9,10]. Within this
framework, Selective Powder Deposition (SPD) strategies represent a
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cutting-edge evolution of PBF-LB/M, as they allow spatial alloy changes
to be treated as a design variable, enabling targeted property placement
within a single component [11,12].

Despite these advances, a major challenge in MMAM remains the
control of interfaces between dissimilar alloys. Interfacial bonding
mechanisms, defect formation, and property gradients are strongly
influenced by factors such as interface orientation and deposition
sequence, yet systematic studies on these aspects remain limited [13].

Among the multi-material pairings currently receiving increasing
attention, those combining structural performance with efficient heat
transfer capability, such as steel/copper or nickel/copper systems, are
particularly relevant. These combinations are attractive for advanced
engineering applications, including tooling, heat exchangers, and en-
ergy conversion devices, where high mechanical strength and superior
thermal conductivity must coexist [14-18]. Despite the potentially
attractive properties of steel/copper multi-materials, their coupling re-
mains challenging due to differences in physical and metallurgical
characteristics. Cracks frequently nucleate and propagate along the
interface, predominantly on the steel side, thereby compromising joint
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integrity [3,13,19]. The origin of such defects arises from a complex
interplay of factors, including: (i) the Fe-Cu miscibility gap, which
promotes phase separation and compositional inhomogeneities; (ii) the
thermophysical mismatch between steel and copper generating high
residual stresses; (iii) disparities in solidification behavior that foster hot
cracking; and (iv) the high thermal conductivity of copper, which re-
duces the effective energy input during laser processing toward the steel
layer, hindering proper melting and metallurgical bonding. Together,
these mechanisms limit the processability and performance of steel/
copper components, highlighting the need for careful optimization of
processing strategies.

Nickel-copper systems offer a promising alternative, since Ni-based
superalloys provide excellent high-temperature strength, thermal sta-
bility, and chemical resistance, while copper alloys contribute with high
thermal conductivity, making these pairings suitable for applications
requiring excellent combinations of functional and mechanical proper-
ties [10,18,20-22]. Unlike Fe~Cu systems, Ni and Cu both share an FCC
lattice, feature closer values of the coefficient of thermal expansion
(CTE), and are fully miscible in both liquid and solid states, facilitating
the formation of sound, defect-free interfaces and reducing residual
stresses [23,24].

Despite the maturity of single-material processing, fabricating the
two alloys simultaneously remains challenging. Minor variations in
composition or thermal history can induce undesired effects, including
sharp property gradients, residual stresses, and brittle intermetallic
formation, potentially compromising joint integrity [22,25-27]. Studies
on IN718-Cu and IN718-CuCrZr have shown that optimized parame-
ters, deposition strategies, and layer orientations can produce dense
interfaces with gradual hardness transitions and strong metallurgical
bonding driven by mechanisms such as Marangoni convection, remelt-
ing, and interdiffusion [17,28-33]. Compared to IN718-based systems,
IN625-CuCrZr offers greater weldability thanks to its composition,
which limits intermetallic formation and cracking [20,22]. Proper
control of laser power and preheating enhances Ni—Cu interdiffusion and
facilitates the development of interlocking lamellae improving me-
chanical cohesion, while reduced energy in upper layers prevents
coarsening and keyhole defects, yielding a uniform, defect-free micro-
structure [20].

The deposition sequence, namely the order of Cu- and Ni-alloy
deposition, and applied laser power critically influence melt pool
composition, solidification pathway, intermetallic formation, and the
overall mechanical performance of the joint. However, under optimized
processing conditions, tensile tests indicate that fracture occurs pre-
dominantly within the softer CuCrZr alloy rather than at the interface,
confirming the effectiveness of the metallurgical bond [10,20,21].

Nevertheless, recent studies indicate that the behavior of
IN625-CuCrZr systems is more complex than previously anticipated.
Alloying elements in IN625 induce a liquid-phase miscibility gap,
resulting in Ni-rich and Cu-rich domains during solidification, which
transform into two distinct FCC solid solutions and, under certain con-
ditions, can induce precipitation of intermetallic phases such as Laves
and P-phase [22,24]. These phenomena can beneficially promote fine
equiaxed grain formation; however, they may also contribute to
cracking when local compositional variations caused by dilution reach
critical levels. This crack susceptibility is linked to the extended solidi-
fication range, which favors defect initiation in Cu-rich liquid within the
Ni-rich mushy zone during the final stages of solidification, driven by
shrinkage and thermal stresses from rapid cooling [24].

Overall, these findings highlight the critical role of a well-controlled
combination of laser parameters and deposition strategy in achieving
reliable, high-performance IN625-CuCrZr multi-material components
suitable for demanding applications such as aerospace propulsion sys-
tems, where structural integrity and efficient heat dissipation must
coexist.

This study provides a systematic and comprehensive investigation of
the interfacial bonding mechanisms in IN625-CuCrZr multi-material
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components fabricated via PBF-LB/M equipped with a selective pow-
der deposition (SPD) recoating system. By systematically varying
interface orientation and material deposition sequence, this work elu-
cidates how these parameters govern interface width, grain morphology,
and defect formation, ultimately affecting the mechanical and thermal
performance of the bi-metallic components.

Unlike previous studies, which have primarily addressed isolated
aspects of the interface, this work offers an integrated, multi-scale
analysis that directly links microstructural evolution to the resulting
mechanical and thermal behavior. A comprehensive experimental
framework, combining optical microscopy, Field Emission Scanning
Electron Microscope (FE-SEM) with Energy Dispersive X-ray Spectros-
copy (EDS) and Electron Back-Scattered Diffraction (EBSD) analyses, in-
situ tensile testing, and thermal diffusivity measurements, was employed
to uncover the process-structure-property relationships that dictate
bonding quality and functional performance in Ni-Cu multi-material
systems. The findings provide additional insight into how deposition
sequence and interface orientation affect metallurgical bonding,
elemental intermixing, defect formation, and functional performance in
IN625-CuCrZr multi-material components. This systematic approach
helps identify experimentally supported considerations for controlling
interfacial architectures through deposition strategy and interface
orientation.

2. Materials and methods

Specimens were printed via PBF-LB/M using an Aconity MIDI +
system equipped with an Aerosint SPD recoater under argon, employing
gas-atomized IN625 (Carpenter Additive, CT POWDERRANGE 625F)
and CuCrZr (Eckart AMsphere) powders, whose nominal compositions
are reported in Table 1. All samples were produced using the parameter
sets optimized for each mono-material alloy. CuCrZr alloy was processed
with a laser power of 500 W at a scan rate of 800 mm-s~!, while IN625
alloy was processed at 160 W and at 750 mm-s~'. For both alloys, the
hatch spacing and layer thickness were selected at 80 pm and 40 pm,
respectively. The scanning strategy included a 67° rotation between
successive layers. The system operated with an IR laser (A = 1070 nm)
featuring a spot size of 80 pm.

For specimens with a vertical interface, the IN625 section was
scanned first in each layer, followed by the CuCrZr portion. For all the
samples, the optimized mono-material parameters were applied without
introducing correction factors or specific adjustments at the interface.

The experimental campaign included twelve specimens (Fig. 1a): six
12 x 12 x 12 mm cubes for metallography, microhardness, and thermal
diffusivity measurements, and six 48 x 12 x 12 mm bars for dog-bone
micro-tensile specimens (gauge length Ly = 15 mm, width b = 5 mm,
thickness t = 1.2 mm, Fig. 1b), which were cut to their final shape using
wire electrical discharge machining (W-EDM). Prior to tensile testing,
the EDM-affected surface layer was removed using abrasive paper to
ensure artifact-free surfaces. Three joint configurations were investi-
gated for the multi-material samples: vertical interface (bar sample on
the right of Fig. 1a), horizontal interface with IN625 above CuCrZr (bar
sample at center of Fig. 1a), and horizontal interface with CuCrZr above
IN625 (bar sample on the left of Fig. 1a). Specimens for mechanical
testing were extracted either perpendicular (xz plane) or parallel (xy
plane) to the build plate to assess build orientation effects. Mono-
material reference data were assessed using specimens taken from vol-
umes of homogeneous materials, extracted far from the interface re-
gions, at a minimum distance of 2.5 mm, to avoid compositional
gradients. A schematic representation of the specimen extraction strat-
egy for the tensile tests is provided in Fig. 1c.

The different multi-material samples have been identified by a first
letter referred to the interface orientation, perpendicular (V) or parallel
(H) to build plate, by a subscript indicating the plane from which tensile
specimens have been cut, xy or xz, and by the chemical symbol (Ni or
Cu) for the alloy placed on top of samples with horizontal interface. For
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Table 1
Nominal chemical composition (in wt.%) of IN625 and CuCrZr alloys.
Cr Mo Nb Fe Zr Si C [¢] Ni Cu
IN625 20.0-23.0 8.0-10.0 3.15-4.15 5.0 - - 0.1 0.03 Bal. -
CuCrZr 0.50-1.20 - - 0.08 0.03-0.30 0.10 — - — Bal.

Fig. 1. Bi-metallic IN625-CuCrZr samples (a) and schematic representation of the dog-bone specimens in the four possible material configurations. One specimen
configuration has been enlarged to show the size of the dog-bone specimens (b). A schematic illustration of the extraction strategy and build orientation of the dog-

bone specimens is shown in (c).

mono-material specimens extracted from the bars, the same nomencla-
ture was adopted; additionally, the material constituting the entire dog-
bone specimen is indicated in parentheses. In summary, sample IDs,
interface types, and deposition sequences are listed in Table 2.
Standard metallographic procedures, involving sequential grinding
with decreasing grit sizes followed by polishing with diamond suspen-
sions down to 1 pm, were carried out to prepare the samples for
microstructural analysis. Samples intended for SEM analyses received an
additional polishing step using colloidal silica (SiO;). The same prepa-
ration was applied to tensile specimens for in-situ SEM tensile testing.
Porosity was quantified by optical microscopy (Nikon Eclipse
LV150NL with DS-U3 camera, NIS Elements v4.60) using panoramic
images (25X) stitched from multiple micrographs. For each sample a
total of 10 cross-sections were analyzed to determine the reported
density. The sections were obtained from different specimens and
included both xy (parallel to the build plane) and xz (along the build
direction) orientations. Images were converted to grayscale, binarized in
ImagelJ, and corrected manually for artifacts to estimate areal porosity.

Table 2

Microstructural analysis was performed using a FE-SEM (Zeiss Sigma
500) equipped with EDS (Oxford Instruments Ultim Max) and EBSD
(Oxford Instruments C-Nano) detectors. FE-SEM was employed to
examine microstructure and interfaces; EDS line scans (along a length of
2000 pm) across interfaces allowed identifying elemental gradients and
transition zone width, while EBSD was used to map grain orientation
and size, with phase discrimination supported by EDS to differentiate
FCC y-Ni and o-Cu phases.

Microhardness was measured with a microindenter (Future Tech FM-
700) following the ISO 6507-1:2023, applying 100 g for 10 s. Profiles
perpendicular to the interface were sampled every 500 pm, and ~ 10
indents were measured within single-material regions to attain averaged
values. The beginning and the end of the transition zone were deter-
mined from the hardness profile at points where the hardness deviated
by 10 % from the baseline values of the adjacent homogeneous alloy.

Thermal diffusivity was measured by laser flash analysis (LINSEIS
LFA 1000) on three 10 x 10 x 2 mm specimens for each interface
configuration, including the two mono-materials and bi-materials

Summary of the sample ID, interface type and deposition sequence of the samples (for microstructure analyses and for tensile testing) investigated.

Sample ID Interface type Deposition sequence
Microstructure Tensile

Vizs Viys Viz Vertical IN625 | CuCrZr

H,, Ni H,y_Ni (IN625), Hyy Ni (CuCrZr), Hy, Ni Horizontal IN625 on CuCrZr
Hy, Cu Hyy_Cu (IN625), Hyy_Cu (CuCrZr), Hy, Cu Horizontal CuCrZr on IN625
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containing the transition zone. The specimens for testing were extracted
by sectioning the samples with the vertical interface along the yz plane,
while those with the horizontal interface were cut along the xy plane. A
vacuum level below 10-2 mbar was kept in the chamber during the LFA
tests.

Micro-tensile tests were conducted using a Kammrath & Weiss
electromechanical module (maximum load 5 kN) under displacement
control (¢ ~ 1 x 10* s’!, ISO 6892-1, A1/A2), using an external
extensometer placed on the gauge length of specimens. The largest
number of tests were performed ex-situ, to evaluate tensile performance
and fracture mode. Additional in-situ SEM tests were performed to
investigate the damage evolution during tensile straining. For each
material and interface condition, three samples were tested. Dog-bone
specimens for ex-situ testing were ground to P600 grit to remove W-
EDM-affected layers and reduce their thickness to keep the fracture load
within the range of the load-cell (the thickness had to be reduced to 0.8
mm for mono-material IN625 specimens).

3. Results and discussion
3.1. Microstructure of alloys and interface characterization

3.1.1. Mono-materials characterization

Fig. 2 presents the micrographs of IN625 and CuCrZr regions taken
far from the interface, illustrating the processability of each single ma-
terial under the applied processing parameters. The mono-materials
achieved relative densities of approximately 99.6 % for IN625 and
99.0 % for CuCrZr. The IN625 alloy exhibits a consistently dense
microstructure with uniformly distributed fine gas pores, having an
average diameter of about 6 um, whereas the CuCrZr alloy shows a
higher fraction of larger, rounded porosities. The different defect mor-
phologies observed in the IN625 and CuCrZr regions can be related to
the different laser-material interaction and thermal behavior of the two
alloys. The finer porosity observed in IN625 is consistent with a more
stable melt-pool condition [34], while the larger pores observed in
CuCrZr can be associated with the higher processing difficulty of Cu-
based alloys, arising from their high reflectivity/low absorptivity
under IR laser radiation and high thermal conductivity [35]. Hardness
measurements reveal values of 334 4+ 11 HV(; for IN625 and 132 4 21
HV 1 for CuCrZr. Notably, the latter alloy showed a significant variation
in hardness along the build direction, decreasing from 154 + 3 HVj
near the building plate to 115 &+ 7 HV(y; at top of the sample (Fig. S1 in
Supplementary Information). The observed gradient is consistent with
the occurrence of a progressive aging in the CuCrZr alloy due to the
thermal cycles induced by the layer-by-layer deposition, promoting the
precipitation of strengthening phases.

Overall, these findings show that the hardness values measured for
both IN625 and CuCrZr alloys are in good agreement with those re-
ported in the literature for similarly processed systems [36,37],

a)

200 pm
—
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supporting the adequacy of the selected processing parameters.

3.1.2. Interfaces characterization

Representative micrographs focused on the interface region of the
investigated multi-material configurations are shown in Fig. 3. In
Fig. 3a—c low-magnification views of almost the entire cross-section of
the specimens are reported, showing the distribution of defects both at
the interface and within the mono-material regions. In the multi-
material samples, localized porosity accumulation was mainly
observed in the CuCrZr regions close to IN625 or to the steel base plate.
In these cases, the lower thermal conductivity of IN625 and steel
compared with CuCrZr may reduce heat extraction from the CuCrZr melt
pool, promote local heat accumulation, and further disturb melt-pool
stability, contributing to the formation of larger pores.

Besides interface-related issues, printing-related defects can also be
identified. In particular, the Hy, Ni sample (Fig. 3b) exhibited localized
accumulations of lack-of-fusion defects within a limited number of
layers, as pointed out by the arrow in the image, suggesting the occur-
rence of an occasional perturbation of the process. Similarly, the CuCrZr
mono-material regions show porosities locally clustered in specific
areas, suggesting that occasional process instabilities may have caused
non-ideal solidification conditions. The observed defects are most
plausibly attributable to localized irregularities in powder deposition
occurring during the recoating of specific layers. This effect can be more
pronounced when using a multi-material recoating system, where pro-
cess complexity increases. Typical challenges include local in-
homogeneities in powder distribution, slight misalignment between
deposition modules, and transient interruptions in powder feeding. Such
events may affect individual layers, leading to isolated lack-of-fusion
defects, while not substantially compromising the general results
collected in the present investigation. The consistently high average
density measured across multiple cross-sections supports the conclusion
that these defects are sporadic and do not reflect a general lack of pro-
cess stability.

From Fig. 3a-c, it is evident that all IN625-CuCrZr multi-material
configurations exhibit predominantly dense and continuous metallur-
gical bonding at the interface. However, it is worth noting that the
extension and quality of the interface strongly depend on the sample
orientation and the deposition sequence of the two materials. Vy, sam-
ples show small pores mostly located on the CuCrZr side close to the
interface, with a moderate degree of intermixing at the joint boundary
(Fig. 3a, d, and g). Hy, Ni samples (IN625-on-CuCrZr) display a sharp
interface free of macroscopic defects with no visible intermixing
(Fig. 3b, e, and h), while Hy, Cu (CuCrZr-on-IN625) samples exhibit a
broad intermixing region and the highest defectivity, with cracks and
pores concentrated in the Cu-rich region, along with a more diffuse
interface boundary (Fig. 3c, f, and i).

In the Hy, Cu samples, the pores located near the interface are mostly
spherical, consistent with a keyhole-origin mechanism. Cracks were

b)

200 pm

Fig. 2. Optical micrographs of the IN625 (a) and CuCrZr (b) alloys acquired far from the interface, illustrating the main defects of the individual materials under the

applied processing parameters.
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Fig. 3. Optical micrographs of the three interface configurations taken at different magnifications: (a, d, and g) vertical interface (V), (b, e, and h) horizontal
interface with IN625 deposited on CuCrZr (H_Ni), (c, f, and i) horizontal interface with CuCrZr deposited on IN625 (H_Cu). The yellow arrows highlight defects due to
process perturbation in (b) and cracks along the interface in (f). The red dashed circles in (g) and (i) mark the Ni-rich/Cu-rich domains in the Ni-Cu intermixing area
at the interface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

invariably found within the intermixing region, spanning a few hundred
micrometers in length. Detailed EDS analyses revealed that these cracks
occur in regions with average Cu content ranging from approximately 50
+ 12 wt% at the Cu-rich crack tip to 24 + 4 wt% at the Cu-poor crack tip,
confirming their localization within the mixed Cu-Ni zone.

In micrographs reported in Fig. 3g and 3i, red dashed circles high-
light the presence of small-size islands showing a different color
contrast, which correspond to Ni-enriched areas embedded in the Cu-
rich domain. Such features have already been observed by Ozsoy et al.
[24] for the CuCrZr/IN625 system. Their results indicate that cracking
in this material combination cannot be explained solely on the basis of
the binary Ni-Cu phase diagram, since the critical mechanism arises
from the multicomponent interaction between Cu and the main alloying
elements of IN625, particularly Cr, Fe, and Mo. These interactions
promote liquid-phase immiscibility at high temperature, leading to the
separation of the melt into Cu-rich and Ni-rich liquid regions. During
cooling, the Ni-rich liquid solidifies first, whereas Cu-rich liquid films
can persist over an extended solidification interval along interdendritic
or intergranular regions. The presence of these residual Cu-rich liquid
films reduces feeding capability during the final stages of solidification
and promotes terminal solidification cracking under the thermal stresses
generated during PBF-LB/M. This mechanism is consistent with the
crack localization observed in the present work within the mixed Cu-Ni

region, where EDS measurements revealed Cu contents ranging from
approximately 50 + 12 wt% to 24 + 4 wt%. The higher cracking sus-
ceptibility of Hy, Cu can therefore be attributed to its broader transition
zone, which increases the volume of material crossing the crack-
sensitive compositional range. Conversely, the sharper interface in
Hy, Ni limits this critical mixed region and reduces cracking suscepti-
bility. Within the resolution of the SEM-EDS and EBSD analyses per-
formed in this work, no continuous secondary-phase layer or clearly
detectable precipitation band was observed at the IN625-CuCrZr
interface. Therefore, the present discussion focuses on compositional
mixing, grain refinement, defect formation, and crack localization.
Possible nanoscale precipitation or intermetallic formation induced by
local interdiffusion cannot be excluded, but its confirmation would
require dedicated high-resolution analyses, such as TEM, APT, or
synchrotron-based phase characterization, which are beyond the scope
of the present study.

Fig. 4 presents the results of the combined EBSD and EDS analyses for
the different interface configurations. The inverse pole figure (IPF) maps
of the three analyzed samples reveal that, far from the interface, both
IN625 and CuCrZr display the typical microstructure of materials pro-
duced by PBF-LB/M, consisting of coarse columnar grains having
equivalent circle diameter (ECD) of approximately 35 pm predomi-
nantly elongated along the building direction (BD, vertical in the
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Fig. 4. SEM-EDS maps and IPF maps for the three interface configurations. (a)
Vertical (V), (b) horizontal with IN625 deposited on CuCrZr (H_Ni), (c) hori-
zontal with CuCrZr deposited on IN625 (H_Cu). The color key for the IPF maps
is reported in (d).
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figures).

Although epitaxial growth across dissimilar-material interfaces can
strongly affect interfacial strength, the IPF maps reported in Fig. 4 do not
indicate continuous epitaxial growth across the IN625/CuCrZr interface.
In all configurations, the interface is instead characterized by the
interruption of columnar growth and by local grain refinement, with fine
equiaxed grains forming within the intermixing zone. This suggests that,
in the present system, the interfacial response is governed mainly by the
extent of alloy mixing, defect formation and crack-susceptible compo-
sitional regions, rather than by epitaxial growth competition across the
interface.

In the IN625 region of the Vy, sample (Fig. 4a) a coarser micro-
structure is retained even near the interface. The transition zone
therefore extends almost entirely into the copper-alloy domain and is
characterized by extremely fine (ECD =~ 6 pm), equiaxed grains,
reflecting rapid cooling and local composition changes within the
miscibility gap. Moving further into the Cu-rich region, columnar
growth is progressively re-established. EDS line profiles displayed in
Fig. 5, acquired in a different region and covering a larger portion of the
specimen than that shown in Fig. 4, provide additional information
about the full extension of elemental dilution induced by the laser
processing. The profile referred to the Vy, sample (Fig. 5a) highlights a
sharp variation in Cu and Ni content when crossing the interface, with
limited short-range diffusion on both sides of the interface.

The Hy, Ni sample (Fig. 4b) where CuCrZr alloy was deposited first,
retains coarse grains up to the interface, where some refinement occurs
due to alloy mixing (ECD = 27 pm). However, this effect appears limited
likely because of the rapid cooling imposed by both the reduced laser
power required to print IN625 and the high thermal conductivity of the
copper alloy. As a result, the Hy, Ni sample exhibits a comparatively
narrower, almost negligible transition zone with tiny equiaxed grains.
Grains in the upper half of the joint quickly revert to a coarse columnar
morphology aligned with the main thermal gradient, making the hori-
zontal interface of sample Hy, Ni the sharpest among the investigated
configurations.

From Fig. 5b, it can be inferred that all the main elements diffuse
across the interface over a short distance, supporting the assumption
that the Cu-content may lie outside the crack-prone compositional range
over extended volumes, thereby mitigating the hot-cracking
susceptibility.

Conversely, the Hy, Cusample (Fig. 4c and Fig. 5¢) exhibits extensive
remelting and alloy mixing owing to the higher energy density used for
processing of the CuCrZr alloy in the upper layers. This higher heat input
generates a broad interfacial region that spans the crack-prone compo-
sitional range over a wider distance, in agreement with the pronounced
cracking susceptibility observed in Fig. 3f. Microstructural observations
(Fig. 4c and Fig. S2 in Supplementary Information) indicate that cracks
preferentially propagate in regions where Cu-rich liquid films are trap-
ped between Ni-rich columnar grains. The fine equiaxed-grain zone
(ECD =~ 8 pm) shown by IPF map in Fig. 4c exhibits a wide extension,
which is consistent with the significant compositional shift reported in
the EDS line profile in Fig. Sc.

Hardness profiles displayed in Fig. 6 are consistent with the exten-
sion of the transition zone determined by SEM-EDS and EBSD analyses.
Since IN625 is harder than CuCrZr, the hardness variation across the
interface was used as a complementary indicator to assess the width of
the intermixing region. In this sense, the sharp hardness transition
observed in Hy, Ni (Fig. 6b) agrees with the sharp interface, limited
alloy mixing, and narrow transition zone observed in the corresponding
microstructural and compositional maps. Conversely, the broader
hardness transitions measured in Vy, (Fig. 6a) and Hy, Cu (Fig. 6¢) are
consistent with the wider intermixing regions revealed by SEM-EDS and
with the refined equiaxed grains observed by EBSD in the transition
zone.

In Vy, and Hy, Cu, the Cu-rich transition zone exhibits a slight
hardness increase of approximately 25 HV( ; compared with the CuCrZr
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Fig. 5. Elemental composition profiles across the interfaces of (a) Vertical (Vy,), (b) horizontal with IN625 deposited on CuCrZr (Hy, Ni), (c) horizontal with CuCrZr
deposited on IN625 (Hy, Cu). The dashed vertical lines show the assumed position of the geometrical interface.

mono-material region. This increase can be attributed to the combined
effect of grain refinement and local compositional changes induced by
partial mixing with IN625. Indeed, liquid-phase separation in the
CuCrZr/IN625 system can promote the formation of Cu-rich and Ni-rich
regions, which solidify as compositionally distinct solid-solution do-
mains. The partial incorporation of Ni and other IN625 alloying ele-
ments into the Cu-rich transition zone may therefore provide a solid-
solution strengthening contribution, while the refined equiaxed grain
structure further contributes to the measured hardness increase.
Therefore, the hardness profiles do not only reflect the intrinsic hardness
difference between the two base alloys, but also provide additional ev-
idence of the extent of microstructural and chemical mixing at the
interface.

Further hardness tests performed along the building direction in the
CuCrZr mono-material region revealed no clear monotonic hardness
variation in either Hy, Ni or Hy, Cu. This suggests that processing-
induced aging effects were not dominant under the investigated condi-
tions. In Hy, Ni, this behavior is likely related to the lower volumetric
energy density used for processing IN625, which limits heat transfer

toward the previously deposited CuCrZr layers. In Hy, Cu, it can be
associated with the limited number of deposited layers, which reduces
the overall thermal exposure required to promote aging phenomena.

The combined analysis of the collected results confirms that the
extent of the intermixing zone and, consequently, the interface width,
varies as a function of interface orientation and deposition sequence. IPF
maps show that the columnar-equiaxed—columnar transition changes
significantly among different configurations, with equiaxed grains
dominating the transition zone, where alloy mixing is most pronounced.
EDS profiles combined with hardness measurements indicate that, in
samples with a horizontal interface, the interfacial region varies from
approximately 350 um (Hy, Ni) to nearly 2 mm (Hy, Cu) simply by
reversing the deposition order. The vertical interface configuration ex-
hibits an intermediate extension of about 1 mm. These findings further
suggest that more compact interfaces can mitigate cracking by reducing
the extent of the 20-40 wt% Cu region identified as critical for crack
formation with the present experiments and confirmed by literature
results [24].
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Fig. 6. Hardness profiles across the interface for (a) Vertical (Vy,), (b) horizontal with IN625 deposited on CuCrZr (Hy, Ni), (c) horizontal with CuCrZr deposited on
IN625 (Hy, Cu). The orange and blue dotted lines represent the average hardness of the mono-material regions, while the dashed red line represents the assumed
position of the geometrical interface. The colored boxes mark the extension of the intermixing zones identified through these measurements. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Tensile properties of the materials investigated: 0.2 % yield strength (YS), ultimate tensile strength (UTS), and elongation at fracture (€max)-
Sample ID Deposition sequence & Specimen details YS [MPa] UTS [MPa] €max [%]
H,y_Cu (CuCrZr) CuCrZr mono-material 259 + 8 310 + 10 18+7
Hyy_Cu (IN625) IN625 mono-material 850 + 20 1209 + 2 38+1
Hyy Ni (IN625) IN625 mono-material 850 + 30 1210 + 30 38+1
Hyy Ni (CuCrZr) CuCrZr mono-material 240 + 10 290 + 10 20+ 7
Hy, Cu CuCrZr on IN625 430 + 40 540 + 90 15+3
Hy, Ni IN625 on CuCrZr 490 + 20 730 + 40 28+6
Vyz IN625 | CuCrZr 270 £ 10 320 £ 10 13+1
Viy IN625 | CuCrZr 263 + 6 309 +7 16 t1
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Fig. 7. Representative engineering stress—strain curves for the investigated specimens.

3.2. Mechanical response of the different joints

To link microstructure and mechanical response, uniaxial tensile
tests were carried out on both mono- and bi-material samples according
to the different interface configurations. Table 3 summarizes the
measured tensile properties, while Fig. 7 reports representative stress-
stain curves for each sample group. The complete set of stress—strain
curves used for the determination of the values reported in Table 3 is
provided in Fig. S3 of the Supplementary Information.

The mechanical properties of IN625 and CuCrZr mono-material
specimens are consistent with literature data [38-40]. As expected,
both strength and elongation of IN625 are higher than those of CuCrZr
alloy with no significant differences related to the printing sequence of
the bars from which the mono-material dog-bone specimens were
extracted. A higher scatter in the obtained results is observed for the
mono-material CuCrZr alloy. While all specimens show a comparable
elastic and early plastic regions, those extracted from the same bar
display markedly different elongations at fracture. This variability is
attributed to the heterogeneous distribution of defects which promote
non-uniform strain localization and premature crack initiation in some
specimens.

The mechanical behavior of the bi-material specimens depends
strongly on the loading scheme, i.e. whether the two materials are ar-
ranged in series (interface is perpendicular to the loading direction) or in
parallel (interface parallel to the loading axis). In the serial-loading
configuration, the applied strain is accommodated sequentially by the
two materials, and the global response is therefore mainly governed by
the weaker and more compliant CuCrZr region. Conversely, in the
parallel-loading configuration, both materials are simultaneously sub-
jected to the same macroscopic strain and the load is shared according to
their relative stiffness, strength, and effective cross-sectional contribu-
tion. In this case, the mechanical response becomes more sensitive to
interfacial bonding, strain compatibility between the two alloys, and
defect distribution along the interface.

The former specimens, namely those with vertical interfaces (sam-
ples Vyy and Vy;), show that the softer CuCrZr alloy dominates the
overall mechanical response, with limited differences related to the
extraction direction and marginal effects on fracture elongation.

Overall, the contribution of IN625 to the total ductility is markedly
lower than that of CuCrZr, since IN625 remains largely in the elastic
regime and does not reach its plastic yield point before joint failure.
Nonetheless, fracture consistently occurs far from the interface, in the
CuCrZr region, confirming the quality of the metallurgical bond region
between the two alloys. These results are in agreement with literature
results obtained on similar systems [18,20].

For specimens with interface parallel to the loading direction,
namely those with horizontal interfaces (samples Hy, Cu and Hy, Ni),
the engineering stress—strain curves reveal an intermediate behavior in
terms of achieved yield and ultimate strength. With this configuration,
the more resistant IN625 alloy sustains most of the applied load, while
CuCrZr contributes marginally to the overall performance, behaving as a
passive element. Consequently, the CuCrZr region leads to reduced
global strength and ductility.

A clear dependence on the printing sequence on tensile properties is
also observed. Specimens extracted from the IN625-on-CuCrZr bar
(Hy,_Ni) exhibit superior mechanical properties compared to those cut
out from the opposite configuration (Hy, Cu), showing a 12 % increase
in yield strength, a 26 % increase in UTS, and a 46 % increase in elon-
gation at fracture. This systematic advantage reflects the observed dif-
ferences in microstructure and defect distribution induced by the
printing order of the materials, which govern fracture mechanisms.
These findings highlight that the mechanical performance of multi-
material systems is not solely dictated by the intrinsic properties of
the constituent alloys but also by interface morphology, defect popula-
tion, and processing strategy.

The lower mechanical performance of Hy, Cu can therefore be
related to the combined effect of a wider intermixing zone, higher defect
density, and reduced interfacial cohesion. The extensive elemental
mixing observed in this configuration promotes the formation of a crack-
susceptible Cu-Ni transition region, where pores and microcracks are
preferentially located and oriented normal to load direction. These de-
fects act as local stress concentrators and facilitate strain localization
and crack propagation normal to the interface. In contrast, the sharper
and less defective interface of Hy, Ni promotes more effective load
transfer between the two materials, leading to higher strength and
ductility. Although residual stresses were not directly measured in this
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work, they may also contribute to the observed behavior, particularly in
Hy, Cu, where the larger mixed region and the mismatch in thermo-
physical properties between IN625 and CuCrZr can enhance local stress
accumulation during cooling.

3.3. Fracture mechanism of the different joints

The fracture behavior is strongly affected by the relative strength of
the interface with respect to the adjacent matrix regions. For the
vertical-interface configuration, fracture consistently occurred within
the CuCrZr region and far from the interface, indicating that the
metallurgical bond between IN625 and CuCrZr is stronger than the
CuCrZr matrix under serial loading. Therefore, in this configuration, the
interface does not represent the preferential failure path and the overall
fracture response is governed by the weaker CuCrZr region. Conversely,
for the horizontal-interface configurations, the interface is parallel to the
loading direction and its morphology has a more direct influence on
crack propagation. In this case, the width of the intermixing zone and
the local defect population determine whether the interface behaves as a
cohesive load-transfer region or as a preferential crack path.

In the Hy, Cu specimens (CuCrZr-on-IN625), crack initiation typi-
cally occurs at the interfacial region from cracks oriented perpendicular
to the interface, where a high concentration of microcracks and pores is
observed. These defects act as local stress concentrators and promote
strain localization. Crack propagation first develops through the CuCrZr
side and subsequently extends into the IN625 side (Fig. 8a). The failure
of the IN625 portion causes the sharp stress drop observed in the engi-
neering stress—strain curve (Fig. 7). This event precedes the final fracture
of the specimen, which occurs only after the remaining, more ductile
CuCrZr portion completely fails. The full video is available in
Supplementary Video 1.

In contrast, in the Hy, Ni specimens (IN625-on-CuCrZr), the interface
is sharper and less defective, resulting in improved interfacial cohesion
and more effective load transfer between the two alloys. Cracks origi-
nate from the external surfaces of the samples, predominantly within the
CuCrZr region, which contains the highest concentration of defects, and
grow inward until they reach the IN625 region, leading to final fracture
with limited crack opening (Fig. 8b). The full video is available in
Supplementary Video 2.

SEM fractographic analysis was conducted on the tensile-tested
specimens, and representative images are reported in the
Supplementary Information (Fig. S4). The mono-material IN625 and
CuCrZr samples exhibit predominantly ductile fracture characterized by
microvoid coalescence, in agreement with literature data for PBF-LB/M
processed alloys [39,41], with particularly pronounced dimples in
CuCrZr. The Vy, configuration failed within the CuCrZr region, suffi-
ciently far from the interface, and its fracture morphology is fully

(@)

(b)
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consistent with that of the mono-material CuCrZr sample, further con-
firming that the interface is stronger than the CuCrZr matrix in the
vertical configuration. Conversely, clear differences are observed at the
interface for Hy, Cu and Hy, Ni. The Hy, Cu specimen (Fig. S4a) shows
planar facets and terrace-like features at the interface, indicating a
brittle/quasi-cleavage contribution. These features are consistent with
crack initiation from defects oriented perpendicular to the interface,
likely promoted by the presence of interfacial cracks and pores within
the broad transition zone. Crack propagation then proceeds first through
the CuCrZr side and subsequently extends into the IN625 side. In
contrast, Hy, Ni (Fig. S4b) exhibits a rougher and more tortuous fracture
morphology with evidence of ductile bridging, suggesting improved
interfacial cohesion, more effective load transfer, and greater local
plastic dissipation prior to failure.

These fracture features, including the observed crack initiation and
propagation paths, are consistent with the combined EDS and EBSD
results. In Hy, Cu, the EDS profiles reveal the widest compositional
transition, while EBSD shows an extended refined equiaxed-grain re-
gion, indicating extensive remelting and alloy mixing. This broad
intermixing zone corresponds to the region where pores and micro-
cracks are concentrated, providing a preferential crack path and
explaining the lower strength and ductility of this configuration.
Conversely, in Hy, Ni, the sharper EDS transition and narrower refined
region observed by EBSD indicate limited intermixing, which is consis-
tent with the more cohesive fracture behavior, more effective load
transfer, and higher tensile properties measured for this configuration.

Therefore, crack propagation is directly controlled by the local
interface morphology. A narrow and less defective interface, as observed
in Hy, Ni, promotes cohesive load transfer between IN625 and CuCrZr.
Conversely, a broad intermixing zone containing cracks and pores, as
observed in Hy, Cu, provides a preferential crack path and reduces the
apparent joint strength and ductility.

3.4. Thermal diffusivity

Given that the IN625-CuCrZr combination targets applications
demanding efficient heat dissipation along with mechanical strength, its
thermal response was evaluated by LFA analyses. Room-temperature
thermal diffusivities for mono- and multi-material specimens are re-
ported in Fig. 9 and in Table S1 in the Supplementary Information. The
thermal diffusivities measured for IN625 (0.028 c¢m?/s) are consistent
across configurations and align with literature data [21]. The diffusivity
values obtained for CuCrZr are likewise of the same order of magnitude
as those reported in previous studies [37,40], however, there is evidence
of configuration-dependent variations in thermal diffusivity resulting
from differences in thermal history. Specifically, the single-material
CuCrZr sample extracted from H_Ni (IN625-on-CuCrZr) cubes exhibits

Fig. 8. SEM micrographs collected during in-situ tensile tests illustrating crack propagation for sample Hy, Cu (a) and Hy, Ni (b). Micrographs were artificially
colored to distinguish the materials: CuCrZr (orange) and IN625 (gray). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 9. Thermal diffusivity forIN625, bi-material specimen and CuCrZr alloy,
extracted from the indicated sample.

the highest diffusivity (0.28 cm?/s). This is consistent with the hy-
pothesis that the in-situ thermal cycles induced by the subsequent layer
deposition lead to incomplete aging, promoting secondary phase pre-
cipitation and reduction of solute content in the Cu matrix, resulting in
higher thermal diffusivity.

Mono-material samples extracted from Vy, specimen shows the
lowest diffusivity (0.20 cm?/s). In this case, solute depletion within the
matrix is localized only in half of the specimen, and diffusivity is further
reduced by the higher porosity observed in the bulk Cu region. Grain
orientation may also play a role on thermal diffusivity. In Vy,, columnar
grains are aligned perpendicular to the measurement direction, intro-
ducing anisotropy in heat transfer.

For the multi-material samples, measurements were performed on
specimens exhibiting a comparable average Cu content (52 & 3 wt%). In
all cases, diffusivity values exceed those of IN625, with gains up to 145
% in Hyy_Cu. This result indicates that, within the investigated config-
urations, the IN625—-CuCrZr interface does not act as a thermal barrier
and does not hinder the effective heat transfer across the multi-material
specimens. Interestingly, the highest diffusivity is obtained for the
configuration characterized by the broadest and most defective inter-
mixing region. This suggests that, within the present dataset local
defectivity is not the dominant factor controlling thermal diffusivity.
Rather, the effective thermal response appears to be associated with the
spatial distribution and continuity of Cu-rich/CuCrZr-like regions along
the heat-flow direction and this is related to the width of the transition
zone. Secondary factors such as local composition gradients, grain size
and orientation, porosity, precipitation state, and interfacial mixing may
also contribute to the measured values; however, their individual effects
cannot be quantitatively separated with the present experimental
dataset.

4. Conclusions

This study assessed the microstructural, mechanical and thermal
behavior of IN625-CuCrZr multi-materials fabricated via PBF-LB/M
featuring three different interface configurations.

Microstructural and compositional analyses revealed that the width
of the interfacial region varied markedly with interface type and depo-
sition sequence, ranging from nearly 2 mm to approximately 350 pm,
following the trend CuCrZr-on-IN625 > IN625 | CuCrZr > IN625-on-
CuCrZr. In all configurations, the transition zone extended predomi-
nantly into the CuCrZr domain and exhibited extremely fine, equiaxed
grains. Cracks, mainly intergranular and propagating along IN625 grain
boundaries, were detected within the Cu-Ni mixed region of the CuCrZr-
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on-IN625 samples, where Cu-rich films between Ni-rich grains formed
due to liquid-phase separation. These features indicate that extensive
alloy mixing during processing promotes interfacial cracking within the
critical 20-40 wt% Cu range.

Mechanical tests on miniaturized specimens containing the different
interface configurations showed that under loading parallel to the
interface, horizontal IN625-on-CuCrZr specimens achieved the highest
tensile strength (730 MPa), whereas the CuCrZr-on-IN625 configuration
reached 540 MPa. Fracture mechanisms were fully consistent with the
microstructural findings: in the IN625-on-CuCrZr sample, cracks initi-
ated in the defect-rich Cu side and propagated into the Ni matrix, while
in the CuCrZr-on-IN625 sample, interfacial cracks led to premature
failure of the IN625 region. Vertical interfaces exhibited lower strength
(320 MPa), with fracture occurring mostly within the bulk CuCrZr rather
than at the interface.

Thermal diffusivity measurements revealed an enhancement of the
effective thermal response in all multi-material samples compared with
IN625, driven by the high intrinsic conductivity of the CuCrZr region.
The results indicate that the IN625-CuCrZr interface does not appear to
act as a significant thermal barrier under the investigated conditions.
Variations among configurations are likely associated with the spatial
distribution and continuity of Cu-rich/CuCrZr-like regions along the
heat-flow direction, while secondary effects such as interfacial
morphology, alloy mixing, porosity, texture, and possible aging may also
contribute.

Overall, these findings highlight the critical role of interface
morphology and composition in governing the mechanical strength and
integrity of PBF-LB/M IN625-CuCrZr multi-materials. In particular, the
results indicate that deposition strategies promoting sharper composi-
tional transitions can mitigate cracking by limiting the formation of
compositions within the critical Cu range, although excessive interface
sharpness may also induce local stress concentrations. These observa-
tions provide experimentally supported design considerations for
selecting deposition sequence and interface architecture in
IN625-CuCrZr multi-material components.
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