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A B S T R A C T

This study investigates microstructural transitions between Inconel-625 and CuNiSiCr alloys, processed via 
multimaterial L-PBF on a carbon steel substrate. The objective is to understand interface properties and optimize 
process parameters to improve material transitions. Single-material printing trials revealed greater processing 
challenges with CuNiSiCr primarily due to copper’s high reflectivity at the infrared laser wavelength, leading to 
lack-of-fusion defects. Conversely, Inconel-625 exhibited excellent processability, achieving a relative density of 
99.37%. In multimaterial printing, applying intermediate Volumetric Energy Density parameters at the interface 
reduced defects and improved transition homogeneity. Microstructural analysis revealed a gradual variation in 
chemical composition, indicating significant elemental diffusion, along with grain-size heterogeneity, yet no 
evidence of interfacial cracking was observed. Although the primary focus of this work was the Inconel-625/ 
CuNiSiCr interface, the adopted configuration also enabled a preliminary assessment of the interactions be
tween the printed alloys and the steel substrate. These additional observations confirmed that distinct micro
structural features arise depending on the deposited material, with CuNiSiCr showing a heterogeneous 
morphology and Inconel-625 forming a more continuous metallurgical bond. These findings highlight the po
tential of multimaterial L-PBF for advanced components, emphasizing the need for optimized transition region 
design to minimize defects and improve interface integrity.

1. Introduction

Multimaterial components, combining the properties of different 
materials within a single product, represent one of the most significant 
innovations related to additive manufacturing (AM) in the industrial 
sector. This approach leverages the unique characteristics of each ma
terial, optimizing performance such as mechanical strength, light
weight, corrosion resistance, and thermal or electrical conductivity. In 
an industrial context increasingly focused on sustainability and effi
ciency, multimaterial components play a key role in reducing costs and 
enhancing product performance in applications ranging from automo
tive to aerospace, electronics, and medical [1].

In recent years, AM has emerged as a groundbreaking and versatile 
method for producing multimaterial components, particularly metallic 
ones. Among the various AM techniques, Direct Energy Deposition 
(DED) and its subcategory, Laser Engineered Net Shaping (LENS), are 
established technologies that offer maturity and reliability. However, 
they have a lower dimensional accuracy compared to Laser Powder Bed 

Fusion (L-PBF), which benefits from a finer laser spot size and thinner 
layer thickness, enabling the fabrication of more complex structures 
[2–5]. Nonetheless, integrating different metal alloys using these tech
nologies remains challenging due to the significant differences in 
physical and metallurgical properties, which can undermine the quality 
and durability of multimaterial interfaces [1]. One of the main obstacles 
arises from the incompatibility of phases formed when joining different 
metal alloys. Variations in crystal structure of different phases between 
adjacent materials can induce internal stresses upon cooling or thermal 
cycling, compromising the component’s structural integrity. Addition
ally, the formation of brittle intermetallic compounds can weaken the 
interface, leaving the component susceptible to fracture under me
chanical loads. To mitigate these problems, strategies such as compo
sitional gradients to smooth the transition at interfaces, substrate 
preheating, and process parameters optimization have been proposed 
[1,5,6]. However, material selection remains a decisive factor, with 
compatibility between alloys being critical.

Steel-copper multimaterials are particularly appealing for industrial 
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applications due to their unique combination of mechanical strength 
with high thermal and electrical conductivity. These properties are 
essential for applications in heat exchangers, injectors and nozzles, and 
moulds subjected to heavy thermal and mechanical loads [7–9]. The 
processing of copper alloys via L-PBF, per se, presents distinct chal
lenges. Copper’s high thermal conductivity and infrared (IR) reflectivity, 
typical of laser sources of commercially available AM machines, hinder 
sufficient heat absorption, often leading to lack-of-fusion defects 
[10,11]. An additional difficulty for multimaterials arises from the 
limited mutual solubility of copper and steel. At room temperature, only 
a small fraction of copper (less than 2.5 % by weight) can dissolve into 
α-Fe [12]. This incompatibility results in the formation of distinct layers 
enriched in either Cu or Fe when the two metals are directly joined, thus 
producing a peculiar microstructure at the interface region and possibly 
impairing its integrity. Studies have identified copper as a contributor to 
solidification cracking in steel, attributed to a wide solidification range 
of the steel-copper system (with copper as the terminal liquid), and 
thermal property discrepancies between the two materials [13,14]. In 
small amounts, and for similar mechanisms, copper induces liquid metal 
embrittlement (LME), wherein immiscible liquid copper infiltrates the 
grain boundaries of the already solidified steel and promote cracking 
due to shrinkage stresses upon cooling of the solid steel ligaments. 
Furthermore, the significant mismatch in thermal expansion coefficients 
(CTE) of copper (approximately 17 µm/m⋅K) and steel (10–12 µm/m⋅K) 
generates substantial residual stresses at the interface [15]. These 
stresses often lead to formation of cracks, which typically propagate into 
the steel, further depleting the mechanical properties of the multi
material component [7,9,16,17].

A promising approach to address these challenges is the introduction 
of an intermediate material to facilitate a smoother transition between 
two alloys. Zhang et al., for instance, proposed using Deloro 22, a Ni- 
based alloy as an interlayer in the production of multimaterial compo
nents through DED technology, specifically joining H13 tool steel and 
pure copper [18]. Nickel, with its intermediate thermal expansion co
efficient (approximately 13 µm/m⋅K), effectively reduces thermal 
stresses at the interface, significantly mitigating the formation of cracks 
during cooling.

Nickel’s effectiveness is further enhanced by its excellent compati
bility with copper. Nickel and copper are fully miscible across all com
positions, forming a stable, homogeneous solid solution devoid of brittle 
intermetallics [19]. Recent studies have further confirmed the robust
ness of such interfaces in Inconel 718–Cu multimaterials produced via 
LENS [20], as well as in IN718–CuCrZr joints fabricated by L-PBF, 
provided that process parameters are properly optimized [21]. Never
theless, other works have reported that deposition sequence and mixing 
ratio strongly affect solidification morphology and crack susceptibility 
[22]. Similarly, the iron-nickel system exhibits strong compatibility, 
with the formation of a stable solid solution across extensive regions of 
the phase diagram and no critical intermetallic compounds that could 
compromise the interface [23]. However, the presence of alloying ele
ments may compromise interface stability: while defect-free steel
–Inconel interfaces have been documented [24], several studies report 
cracking phenomena associated with microstructural defects and the 
formation of brittle phases, such as carbides and Laves phases [25,26].

This study focuses on the production of multimaterial components 
using L-PBF technology, specifically coupling a copper alloy (CuNi
SiCr.02) with a nickel-based alloy (Inconel-625). The CuNiSiCr.02 alloy 
was selected due to its wide diffusion and ease of processability by LPBF, 
while maintaining fairly good thermal properties. The deposition was 
carried out on a carbon steel substrate, which served as the build plat
form and, at the same time, allowed for the assessment of the bonding 
integrity between the deposited alloys and the underlying steel. Metal
lographic analyses are conducted to evaluate the resulting interfaces, 
with particular attention to the developed phases, using techniques such 
as Light Optical Microscopy (LOM), Scanning Electron Microscopy 
(SEM), and Energy Dispersive Spectroscopy (EDS). Additionally, X-ray 

Diffraction (XRD) analysis is performed to investigate the phase 
composition across the CuNiSiCr-Inconel-625 transition regions.

The printer used in this research was a standard L-PBF system 
configured with modified powder supply system that effectively enabled 
multimaterial sample production according to a simplified geometry. 
This innovative approach offers a practical and cost-efficient solution for 
preliminary studies on various alloy combinations, exploring different 
material pairings with minimal modification of equipment setup, 
broadening the accessibility and flexibility of L-PBF multimaterial 
investigations.

2. Materials and methods

The materials employed in this study include pre-alloyed nickel- 
based powder (Inconel-625) and copper-based powder (CuNiSiCr), both 
supplied by m4p material Solution GmbH and commercially available as 
m4p™ Ni-625.03 (15–45 µm) and m4p™ CuNiSiCr.02 (20–53 µm), 
respectively. The particle size distribution, flowability, and apparent 
density of the powders were provided by the manufacturer in accor
dance with ISO 13322–2, ASTM B964, and ISO 3923–1:18–05 standards. 
The measured values are summarized in Table 1.

The chemical composition of each feedstock was analyzed using 
Energy Dispersive Spectroscopy (EDS) on multiple particles. The 
average values obtained are summarized in Table 2 and are consistent 
with the composition specified by the manufacturer. The steel compo
sition of the printing platform, corresponding to an AISI 1018 carbon 
steel, was analyzed with a Bruker Q4 Tasman optical emission spec
trometer (OES), and its chemical composition is also reported in Table 2.

Sample fabrication via L-PBF was carried out using a Renishaw AM 
250 system equipped with a Reduced Build Volume (RBV) unit. The 
samples were built directly on a non-preheated AISI 1018 steel build 
platform without support structures. To minimize oxygen contamina
tion, the build chamber was flooded with argon gas during the process. A 
preliminary set of samples, each measuring 8 × 8 × 10 mm3, was printed 
using single powders to optimize process parameters for each material. 
The resulting density was measured via the Archimedean method using 
a Mettler Toledo ME analytical balance. After optimization, the 
following parameters were applied for both alloys: laser power of 200 
W, layer thickness of 40 µm, hatch distance of 90 µm, and a bi- 
directional scanning strategy with a 67◦ rotation of the scan vector be
tween layers [27]. In the Renishaw AM 250, which uses a pulsed rather 
than a continuous laser source, the scan path is controlled by two key 
parameters: the exposure time, corresponding to the duration of each 
laser pulse on a point, and the point distance, defined as the step be
tween successive pulses along the scan track. The combination of these 
two parameters determines the effective scanning speed and the energy 
input delivered to the powder bed. Specifically, exposure time and point 
distance were set to 100 µs and 80 µm for Inconel-625, and 160 µs and 
40 µm for CuNiSiCr, respectively. These settings correspond to Volu
metric Energy Densities (VED) of 69 J/mm3 for Inconel-625 and 222 J/ 
mm3 for CuNiSiCr [28].

To enable multimaterial printing, a custom-designed thin sheet 
(thickness 0.2 mm) acting as a divider of the powder feedstock platform 
was inserted within the dosing tank, positioned perpendicularly to the 
recoater and temporarily held in place with tape (Fig. 1). This divider 
physically separated the volume of the tank into two compartments, 
allowing one side to be filled with CuNiSiCr powder and the other with 
Inconel-625 powder.

Table 1 
Physical properties of the feedstock material investigated.

Powder d10 
[μm]

d50 
[μm]

d90 
[μm]

Flow (∅ 5 mm) 
[s/50 g]

App. D. (∅ 5 mm) 
[g/cm3]

Inconel-625 25 34 43 3 4.28
CuNiSiCr 19 34 55 15 4.92
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After filling, the tape and partition plate were carefully removed to 
preserve the integrity of the powder boundary. The setup ensured that 
the powder transition zone was centered in the dosing tank and aligned 
with the center of the build platform. Four multimaterial samples, each 
measuring 8 × 21 × 10 mm3, were fabricated, as shown in Fig. 2a. Each 
sample was designed as a combination of three partially overlapping 
reference volumes using distinct parameters: two 8 × 8 × 10 mm3 blocks 
located entirely in the CuNiSiCr and Inconel-625 single-alloy volumes, 
and a transition block measuring 8 × 9 × 10 mm3. The transitional block 
overlapped the other two blocks by 2 mm to improve the structural 
continuity after printing (Fig. 2b).

During multimaterial printing, each block composed of a single 
material was fabricated using the optimized parameters previously 
identified. In contrast, the parameters for the interface region were 
varied to identify optimal printing conditions. Specifically, while laser 
power (200 W), layer thickness (40 µm), and hatch distance (0.090 mm) 
were held constant, exposure time and point distance were adjusted 
between 130–160 µs and 40–50 µm, respectively, corresponding to VED 
values of 144 J/mm3, 194 J/mm3, 208 J/mm3, and 222 J/mm3. A 

second set of multimaterial samples was fabricated by reducing the layer 
thickness to 30 µm while keeping the remaining parameters and the 
experimental layout unchanged, resulting in VED values of 193 J/mm3, 
259 J/mm3, 278 J/mm3, and 296 J/mm3. The size of samples produced 
and analyzed was considered appropriate for the objective of this work, 
as it ensured a representative assessment of the Inconel-625/CuNiSiCr 
interface under the controlled experimental conditions investigated.

A precision abrasive wheel cutting saw was employed to produce 
sections of the printed platform, isolating each sample while maintain
ing the interface between the printed materials and the underlying steel 
substrate (Fig. 2b). Vickers microhardness tests were performed on the 
printed alloys using a load of 100 g and a dwell time of 15 s. For each 
single-material printing condition, the reported hardness value corre
sponds to the average of five measurements, carried out on single- 
material samples polished up to 1 μm. For the multimaterial configu
ration, individual hardness indentations were taken along the Inconel- 
625/CuNiSiCr interface, at 1 mm intervals and parallel to the build 
surface, on a polished cross-section prepared up to 1 µm. The metallo
graphic preparation of the samples sectioned along the build direction 
involved grinding and polishing with a 50 nm colloidal silica suspension 
using an automated system. Microstructural analyses were subsequently 
performed using a Nikon Eclipse LV150NL optical microscope (LOM) 
and a Zeiss Sigma 500 field emission scanning electron microscope (FE- 
SEM) equipped with an Oxford Instruments Ultim Max energy dispersive 
spectroscopy (EDS) detector and an electron backscatter diffraction 
(EBSD) module.

X-ray diffraction (XRD) analyses were performed using a Rigaku 
SmartLab SE multipurpose diffractometer equipped with a D/teX Ultra 
250 detector. The instrument utilized a copper radiation source with 
wavelengths of kα1 = 1.541 Å and kα2 = 1.544 Å, operating at a tube 
voltage of 40 kV and a tube current of 40 mA. Measurements were 
conducted on vertical cross-sections of multimaterial sample 4, fabri
cated with a layer thickness of 30 μm, focusing on three specific regions: 
the fully CuNiSiCr-composed zone, the fully Inconel-625 zone, and the 
interface between the two alloys. Diffraction patterns were collected 
with a step size of 0.02◦ and a scan speed of 0.2◦/min for the interface 
region, while a scan speed of 1.3◦/min was used for the homogeneous 
CuNiSiCr and Inconel-625 regions.

Table 2 
Chemical composition (in weight %) of Inconel-625 and CuNiSiCr feedstocks determined by EDS and steel printing platform analyzed by OES.

Powder Ni Cr Mo Nb Mn C Fe Si Cu

Inconel-625 Bal. 22.25 8.90 3.52 − − 2.62 − −

CuNiSiCr 2.90 0.46 − − − − − 0.76 Bal.
AISI 1018 − 0.13 − − 0.81 0.17 Bal. 0.27 0.06

Fig. 1. Multimaterial setup for inserting two different powder feedstocks into 
the RBV dosing tank.

Fig. 2. Schematic of the manufacturing process for multi-material samples illustrating the arrangement of the samples on the build platform (a) and their final 
dimensions in mm (b). The labels “steel,” “Cu,” and “Ni” correspond to the materials used for the carbon steel build platform, the CuNiSiCr, and Inconel-625 alloys, 
respectively.
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3. Results and discussion

3.1. Powder feedstock

Fig. 3 illustrates representative SEM images of the feedstock mate
rials. Both powders exhibit smooth surfaces and high sphericity, 
particularly the Inconel-625 alloy. The particle size differences align 
with the supplier’s specifications, with CuNiSiCr particles being, on 
average, larger than those of Inconel-625.

3.2. Single-material printing trials

Single-alloy samples were printed to identify the reference process
ing parameter sets for Inconel-625 and CuNiSiCr alloy. While Inconel- 
625 samples were successfully printed without technical issues, the 
CuNiSiCr printing process encountered interruptions approximately at 
mid-thickness of the printing stage due to optics overheating, attributed 
to the inability of the machine’s cooling system to manage the high 
temperatures generated during copper processing. Copper’s high 
reflectivity at the laser wavelength (1.07 μm) used by the Renishaw AM- 
250 L-PBF system, with an absorptivity of approximately 3 % [29], 
significantly limits the energy available for material melting, as over 95 
% of the laser energy is reflected, leading to excessive heating of the 
optical path. Despite these difficulties, the densest copper-based samples 
reached a relative density of 96.39 % with a corresponding micro
hardness of 89 ± 6 HV0.1, while Inconel-625 samples exhibited a 
maximum density of 99.37 % and a microhardness of 274 ± 6 HV0.1. 

Figs. 4 and 6 present SEM images of the best samples produced.
Optimized parameters yielded fully dense Inconel-625 parts with 

sparse gas porosity measuring only a few microns (Fig. 4a). At higher 
magnification, a typical sub-cellular structure is observed, consisting of 
cells ranging from ~ 0.4 to 1.0 μm (Fig. 4b) in size. EDS maps reveal 
pronounced segregation of Nb and Mo along cell boundaries, forming a 
continuous interdendritic network (Fig. 4c–f). This phenomenon is well 
described in the literature for LPBF-processed Inconel-625 and is 
generally associated with the nucleation of Laves-type phases. The for
mation of carbides or oxides along the cellular walls has also been re
ported under specific conditions or following post-processing heat 
treatments [30].

EBSD analyses (Fig. 5) further confirm, for both investigated alloys 
(Inconel-625 and CuNiSiCr), the presence of large columnar grains 
predominantly aligned with the build direction.

In contrast, CuNiSiCr samples showed extensive lack of fusion (LoF) 
defects, with porosities up to 200 μm (Fig. 6a). Unmelted or partially 
melted powder particles were frequently observed within the LoF po
rosities, further indicating insufficient VED during processing. At higher 
magnifications, no distinctive precipitates or secondary phases were 
detected (Fig. 6b), while the chemical composition appeared essentially 
homogeneous.

No cracks were observed in any processed sample. Previous studies 
demonstrate that higher laser powers or lasers with shorter wavelengths 
can significantly improve absorption and enable the production of fully 
dense copper-based alloys [11,16,31,32]. Specifically, CuNiSiCr alloys 
have been successfully processed by L-PBF to achieve relative densities 

Fig. 3. SEM images of the Inconel-625(a) and CuNiSiCr (b) powder.

Fig. 4. Backscattered electron SEM images of Inconel-625 in the as-built condition at low (a) and high magnification (b), accompanied by EDS elemental maps (c–f).

F. Larini et al.                                                                                                                                                                                                                                   Materials & Design 260 (2025) 114919 

4 



exceeding 99 % through appropriate parameter optimization [33]. 
Similarly, Inconel-625 is extensively reported as a highly processable 
alloy in LPBF, yielding high density and favorable mechanical properties 
when suitable parameters are employed [34]. Although multimaterial 
processing introduces additional challenges related to thermal gradients 
and residual stress fields, it remains feasible through a careful balance of 
scanning conditions [35,36]. Within this framework, the parameter set 
for CuNiSiCr.02 that provided the highest achievable relative density 
was deliberately adopted for the fabrication of the planned multi
material samples, under the assumption that the presence of occasional 

LoF could not significantly impair the investigation, whose primary aim 
was to provide a preliminary assessment of interface integrity and 
quality in AM-processed multimaterial systems.

3.3. Multimaterial printing and optimization of transitions

Once defined the processing parameters of the 100 % CuNiSiCr and 
100 % Inconel-625 volumes, the transition zones were printed with in
termediate parameters to explore the impact of varying VED on micro
structure. Table 3 summarizes the process parameters used for the two 
series of multimaterial printing, performed with layer thicknesses of 40 
μm and 30 μm. To minimize variability and ensure a smooth transition, 
only the exposure time and point distance were adjusted, thereby 
generating different VED values in the interface regions. It should be 
noted that, in the same build, the parameters used for the fully Inconel- 
625 and fully CuNiSiCr zones were kept constant; the only variation 
among samples concerned the parameter set applied to the transition 
region. As summarized in the table, sample 1 maintained the fully 
CuNiSiCr VED values, while samples 2, 3, and 4 employed progressively 
reduced VED values (down to 35 %) to approach the fully Inconel-625 
parameters.

Fig. 7 shows low-magnification LOM images of the multimaterial 
samples produced with the parameter sets reported in Table 3. It is 
confirmed that the processing of the CuNiSiCr alloy is more challenging 
and results in the presence of LoF porosity. Additionally, a distinct 
accumulation of porosity is noticed at the locations corresponding to 
interruptions of the 30 μm layer thickness printing process, as high
lighted in the figure by the red arrows. Nevertheless, the higher VED 
levels applied in the 30 μm samples were effective in reducing overall 
porosity compared to the 40 μm samples.

In most of the parameter combinations, gas-induced porosities were 
identified in the interface region (highlighted by green arrows in Fig. 7). 
This phenomenon is linked to the use of VED values significantly higher 
than those optimized for the Inconel-625 single-material. Additionally, 
it can be supposed that the partial overlap between the interface region 
and the 100 % Inconel-625 zone resulted in a further overheating which 
would exacerbate the generation of porosity. Under such energy surplus 

Fig. 5. EBSD orientation maps of Inconel-625 (a) and CuNiSiCr (b) in the as- 
built condition.

Fig. 6. Backscattered electron SEM images of CuNiSiCr in the as-built condition at low (a) and high magnification (b).

Table 3 
Combinations of exposure time and point distance investigated for the Inconel-625 / CuNiSiCr multimaterial samples. Constant parameters are: laser power 200 W and 
hatch distance 90 μm.

Layer thickness [μm] 30 40

​ Exposure time [μs] Point distance [μm] VED 
[J/mm3]

​ Exposure time [μs] Point distance [μm] VED 
[J/mm3]

100 % Inconel-625 100 80 93 ​ 100 80 69
Interface sample 1 160 40 296 ​ 160 40 222
Interface sample 2 140 40 259 ​ 140 40 194
Interface sample 3 130 50 193 ​ 130 50 144
Interface sample 4 150 40 278 ​ 150 40 208
100 % CuNiSiCr 160 40 296 ​ 160 40 222
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conditions, phenomena reminiscent of keyhole mode solidification may 
occur, even at moderate laser powers, leading to unstable melt pool 
collapse and generate circular porosities containing trapped gas and 
vapors [37,38]. In sample 3, the reduced VED applied at the interface, 
with intermediate value between the VEDs of 100 % Inconel-625 and 
100 % CuNiSiCr, demonstrated to provide the best compromise, mini
mizing gas porosity while maintaining a smoother transition between 
the two materials.

In summary, after a general assessment of sample integrity, sample 3 

printed at 30 μm layer thickness demonstrated the most favorable 
properties and was selected for further investigation about interface 
characteristics.

3.4. Transition between Inconel-625 and CuNiSiCr alloy

Fig. 8b presents the average elemental concentrations measured by 
EDS approximately at mid-height of sample 3 (layer thickness: 30 μm), 
crossing the transition region separating the two alloys.

Fig. 7. LOM images of the investigated multimaterial samples: four fabricated with a layer thickness of 30 µm, and four with a layer thickness of 40 µm. At the top of 
the figure, the three partially overlapping regions used for the fabrication of all multimaterial samples are highlighted, corresponding to volumes produced with the 
printing parameters 100 % Inconel-625, 100 % CuNiSiCr, and Inconel-625/CuNiSiCr interface (see Table 3). Red arrows mark the two print interruptions experienced 
during the 30 µm layer thickness sample production; green arrows indicate typical gas-induced porosities; blue arrows highlight LoF defects. (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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EDS analysis confirms that position 1 is entirely made of Inconel-625 
alloy, with a chemical profile consistent with that of the base material 
(Table 2). Fig. 8c reveals the excellent processability of the Ni-base alloy, 
showing negligible amount of defects.

In the interface region, a gradual shift is observed from position 2, 
predominantly composed of Inconel-625 where the chemical concen
trations remain stable except for the appearance of trace amounts of Cu, 
to position 5, almost entirely consisting of CuNiSiCr alloy. In this zone, 
the onset of the first LoF defects emerge. Throughout the transition, the 
concentrations of Ni, Cr, and Mo progressively decrease, as indicated by 
Fig. 8b, whereas the distribution of Cu progressively rises, reaching a 
complete transition to CuNiSiCr alloy over approximately 2.8 mm, 
suggesting significant elemental diffusion between the materials. Fig. 8d 
demonstrates a continuous metallurgical bond without cracks.

A series of Vickers microhardness measurements were performed 

along the Inconel-625/CuNiSiCr interface. As shown in Fig. 9, hardness 
values in the fully Inconel-625 region averaged around 290 HV0.1, while 
those in the fully CuNiSiCr region stabilized at approximately 100 HV0.1. 
Across the transition zone, the hardness decreased progressively from 
Inconel-625 toward CuNiSiCr, following the compositional gradient 
evidenced by the EDS analysis. These slightly higher hardness values, 
compared to those obtained for the single-alloy samples (274 ± 5.8 
HV0.1 for Inconel-625 and 89 ± 5.9 HV0.1 for CuNiSiCr), could be 
partially influenced by the reduced layer thickness (30 μm instead of 40 
μm). Overall, the measured profile confirms a gradual and continuous 
transition in mechanical response across the interface, consistent with 
the observed microstructural and chemical evolution.

XRD analysis (Fig. 10) confirm that both Cu-based and Ni-based re
gions at the interface crystallize in the primary fcc phase, as predicted by 
the Cu-Ni binary equilibrium phase diagram. The diffraction patterns 

Fig. 8. LOM image of multimaterial sample 3 fabricated with 30 μm layer thickness (a). The average elemental distribution reported in the graph was obtain by 
analyzing rectangular areas of equal size located at positions 1–6 (b). The X position corresponds to the location of the combined EBSD and EDS elemental map 
analyses shown in Fig. 11. Magnified backscattered electron SEM views of the regions highlighted in the colored boxes display the microstructure of Inconel-625 (c), 
Inconel-625/CuNiSiCr transition zone (d) and CuNiSiCr alloy (e).
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obtained from the fully CuNiSiCr region, the fully Inconel-625 region, 
and the transition region, all exhibit peaks corresponding to the primary 
fcc phase. However, a slight shift towards higher diffraction angles is 
observed in the Inconel-625 region compared to CuNiSiCr, likely due to 
differences in lattice parameters. In addition to the main fcc peaks, a 
weak reflection at ~ 40◦ was detected. This signal is consistent with the 
presence of Nb–Mo-rich secondary phases, as suggested by the segre
gation phenomena observed at cell boundaries in the high-magnification 
SEM and EDS analyses (Fig. 4). Such features are commonly reported in 
LPBF-processed Inconel-625 and are often associated with Laves-type 
compounds [39]. However, no further characteristic reflections were 

detected, which complicates a definitive phase assignment. Similar 
findings have been reported in previous studies, where rapid solidifi
cation and elemental segregation during LPBF promoted the nucleation 
of Laves phases, while their precise identification required higher- 
resolution techniques such as TEM [40].

Away from the interface, the microstructure of the CuNiSiCr alloy, 
visible in Fig. 8e, is characterized by frequent LoF defects, in agreement 
to results collected for the CuNiSiCr single-alloy samples. It is concluded 
that, despite the reduced layer thickness of 30 μm which was added to 
the investigated parameters in multimaterial printed samples, the en
ergy input during scanning remains insufficient to achieve full melting.

Fig. 11 shows a collection of images taken at interface between 
Inconel-625 and CuNiSiCr alloys (position X in Fig. 8a) using EBSD and 
EDS detectors. Both crystal structure and elemental information suggest 
that the transition region between these two alloys becomes rather 
heterogeneous at the microscale. In contrast to the large columnar grains 
observed in the single-material samples (Fig. 5), the microstructure at 
the interface is markedly different. The grain structure reported in 
Fig. 11a highlights a bimodal grain size distribution, where coarse grains 
exceeding 100 μm coexist with extremely fine crystals smaller than 5 
μm. These latter are mainly located on the Cu-rich side (right side in 
Fig. 11a) of the interface region. The distribution of elements displayed 
by the EDS maps (see Figs. 11b to 11e) gives evidence of distinct liquid 
melt streams of the two alloys at the stage of melt pool solidification, 
whereby Cu tends to occupy positions that are complementary to those 
of Ni, Cr and Mo. Therefore, while both alloys share the same fcc lattice, 
they should be regarded as chemically distinct regions within the 
interface, rather than a perfectly homogeneous single-phase solid 
solution.

To complete the microstructural characterization, a quantitative 
grain boundary analysis based on the misorientation distribution func
tion (MDF) was performed in the transition region. The results show a 
strong dependence on local composition, reflecting the different 
metallurgical responses of the alloys during solidification and L-PBF 
thermal cycling. In Cu-enriched areas, high-angle grain boundaries 
(HAGB, >15◦) dominate (~63 %), while low-angle boundaries (LAGB, 
2–15◦) account for ~ 27 %, with the remaining ~ 10 % corresponding to 
misorientations below 2◦. This indicates a microstructure with well- 
defined grains and signs of localized recrystallization. In contrast, 
Ni–Cr–Mo–rich regions exhibit a nearly balanced distribution of LAGB 
(~49 %) and HAGB (~51 %), consistent with an intermediate micro
structure combining sub-grains with high dislocation density and grains 
separated by high-angle boundaries.

3.5. Transition between steel substrate and CuNiSiCr alloy

A second type of transition is found between the AISI 1018 steel 
substrate and each of the two single alloys. The investigation was 
extended to these interface regions, considering that the mechanisms of 
formation of these mixed regions are different since, upon L-PBF pro
cessing, the alloys are deposited onto the substrate, inducing localized 
remelting of the solid steel, but only within a limited thickness and 
primarily in the first layers of deposited powder.

Fig. 12a shows a cross-section SEM image of the transition zone 
between the steel substrate and the upper part made of the CuNiSiCr 
alloy, taken along the build direction. On the top surface of the sub
strate, the melt pools generated by the laser tracks during the initial 
layer of the L-PBF process are clearly visible, highlighted by red arrows. 

Fig. 9. Vickers microhardness profile across the Inconel-625/CuNiSiCr inter
face in multimaterial sample 3 (30 μm layer thickness). The shaded blue band 
highlights the progressive decrease in hardness values across the material 
transition. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 10. XRD diffractograms of the multimaterial sample 4, produced with a 
layer thickness of 30 μm, acquired from the fully CuNiSiCr region, the fully 
Inconel-625 region, and the interface.
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It is to recall that Cu- and Fe-based alloys are almost insoluble already in 
the liquid stage [12]. Consequently, the immiscibility of the materials, 
combined with the rapid cooling characteristic of the L-PBF process 
leads to the formation of a unique microstructure. Distinct droplets of 
the steel-rich melt are separated from the low-melting Cu-rich alloy. The 
formers are supposed to solidify at an earlier stage, and become later 
surrounded by the copper-rich matrix. Fig. 12b clearly confirm this 
hypothesis, showing the globular microstructure formed by the darker 
steel globules embedded in the Cu-rich alloy. At higher magnifications, 
it becomes evident that the steel globules also contain smaller brighter 
particles of segregated Cu-alloy, as shown in Fig. 12c.

A second observed feature is represented by the segregation and/or 
infiltration of copper along the steel grain boundaries at the transition 
regions most close to the substrate. It is assumed that, when the amount 
of copper diluted with the steel melt decreases below a critical 
threshold, the microstructure shifts from the previously described 
globular morphology to a state where low-melting-point copper 

segregates at the grain boundaries (presumably when the steel is also 
subjected to resolidification) or partially infiltrates the exposed grains of 
the solid steel substrate. EDS point analyses (Table 4) confirm that the 
bright veins observed in the microstructure are copper-rich, supporting 
the hypothesis that these infiltrations originate from liquid copper so
lidifying at the boundaries of already solidified steel grains. During the 
last stages of solidification when shrinkage stresses build up across solid 
grains, the liquid copper films at boundaries become an easy path for 
crack growth, thus compromising the structural integrity at the inter
face. Evidence of this effects are depicted in Figs. 12b and 12d, high
lighting the presence of bright veins at the steel grain boundaries and of 
cracks on a specific layer along the transition region [13,16,18,41].

Moving further away from the steel substrate, the cracks disappear, 
suggesting that the tendency to form hot-tears is closely related to a 
specific critical copper concentration range in the Fe-rich melt.

Fig. 13 further illustrates the elemental distribution maps at the 
steel-substrate interface, along with the pronounced dimensional 

Fig. 11. Combined EBSD and EDS analyses of the interface region at the Inconel-625/CuNiSiCr transition zone. EBSD orientation map (a), EDS elemental maps (b-e).
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difference between the two materials. The CuNiSiCr alloy exhibits fine 
grains with an average size of ~ 5 µm, whereas the steel is characterized 
by much coarser grains of approximately 30 µm. The chemical maps 
confirm the immiscibility of the two main elements. Iron is confined to 
the steel substrate with a bcc structure and in the dispersed spheroidal 
particles while the copper-rich region features an fcc crystal structure.

3.6. Transition between steel substrate and Inconel-625 alloy

A different situation is met when investigating the transition be
tween the steel substrate and the Inconel-625 alloy. As already 
mentioned in the introduction, these two alloys show an extended 
mutual solubility also at the solid stage, at high temperatures [23].

Fig. 14 presents a typical SEM image of this transition zone. Also in 
this case, the melt pools generated by the laser tracks on the steel 

substrate during the initial layers of the L-PBF process are revealed 
(highlighted by red arrows in the figure).

Starting from that interface, the microstructure is subjected to a 
continuous shift from a Fe-rich alloy to the final Inconel-625 alloy 
without any sign of hot cracks.

Fig. 15 shows a collection of images taken at interface between steel 
substrate and Inconel-625 alloy using EBSD and EDS detectors. The 
chemical and phase maps suggest that an interdiffusion region with a 
thickness of about 30 µm is formed across the original interface, 
combining significant amount of Fe coming from the substrate with Ni, 
Cr, Mo and Nb brought by the Inconel-625 alloy.

This elemental distribution promotes the presence of an interlayer of 
fcc phase as a result of overalloying with Ni (a strong austenitizing 
element) of the steel structure which shifts from bcc to fcc in the tran
sition zone [42].

The relatively thin interdiffusion zone indicates a rapid shift between 
the two alloys. In spite of this, the presence of an intermediate fcc steel 
layer facilitates a more gradual progression between the bcc steel sub
strate and the fcc structure of the Inconel-625 alloy, supposedly 
enhancing the strength and integrity of the bond. The grain structure at 
the transition region is depicted in the EBSD orientation map of Fig. 15a. 
In the fully Inconel-625 domain, columnar grains exceeding 100 µm in 
length are observed, displaying epitaxial growth and a preferential 
orientation along the build direction. Finally, extremely fine equiaxed 
grains, in some cases smaller than 5 µm, are observed in the upper part of 
the bcc steel substrate. These can be attributed to the melting of the 
substrate steel during the initial laser scans, combined with the high 

Fig. 12. Backscattered electron SEM images across the steel substrate/CuNiSiCr transition zone in Sample 3 (a). Red arrows indicate the profile of the former melt 
pools facing the solid steel substrate, while white arrows point to the copper-based veins. Magnified views of the areas in the colored boxes highlight microstructural 
features, including steel spheroidal particles embedded in the copper matrix (b) with fine copper precipitates within the coarser steel particles (c) and cracks at the 
interface (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4 
EDS measurements (in weight %) corresponding to the points indicated in 
Fig. 12.

Label Fe Cu Ni Cr C Other

Spectrum 1 71.20 24.62 2.39 0.72 − −

Spectrum 2 6.90 91.82 0.95 − − −

Spectrum 3 24.72 73.37 1.13 − − 0.38
Spectrum 4 55.64 42.19 0.96 0.23 − 0.54
Spectrum 5 8.10 75.58 0.72 − 15.60 −

Spectrum 6 38.02 51.35 1.82 0.60 8.21 −
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cooling rates typical of the L-PBF process [43].

4. Conclusions

This study investigated the quality of the microstructural transition 
regions between Inconel-625 and CuNiSiCr alloys, additively produced 
through multimaterial printing on a steel substrate. The key findings and 
conclusions are summarized as follows: 

- An innovative simple, and cost-effective setup enabled the adoption 
of a commercial printer for the simultaneous printing of two mate
rials, allowing the investigations of their transition regions. This 
approach is particularly valuable for preliminary metallurgical 
studies and can contribute to improve the understanding of the 
multimaterial-interface generation by L-PBF processing.

- The interface region of multimaterial printed parts requires specific 
process parameters that differ from those optimized for the indi
vidual materials. The application of an intermediate Volumetric 
Energy Density (VED) proved to be the most effective condition for 
minimizing flaws and ensuring a seamless transition between the two 
alloys.

Fig. 13. Combined EBSD and EDS analyses collected at the steel substrate/CuNiSiCr transition zone. EBSD orientation map (a), phases map (b), EDS elemental maps 
(c-e).

Fig. 14. Backscattered electron SEM image of the steel substrate/Inconel-625 
transition zone in Sample 3. Red arrows indicate the former melt pools. (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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- Inconel-625 and CuNiSiCr demonstrated high miscibility, ensuring a 
sound metallurgical bond and a smooth transition. Although no 
cracks were observed, the presence of defects such as gas porosity 
and lack of fusion (LoF)—particularly within the CuNiSiCr alloy 
volume—highlights the need to further optimize printing parame
ters, not only for the individual alloy, but also within the transition 
zone.

- Across the transition region between Inconel-625 and CuNiSiCr, a 
gradual change in elemental concentrations was evident, with pro
gressively decreasing levels of Ni, Cr, and Mo and a corresponding 
increase in Cu when moving from the Ni-base alloy to the Cu-base 
alloy. This transition occurs over a distance of approximately 2.8 
mm, indicating significant elemental diffusion between the two 
materials. The macroscopically continuous interface between the 
two alloys assumes heterogeneous features at the microscopical 
scale, displaying grains of varying sizes (from coarse to extremely 
fine), depending on the local copper concentration. EDS maps gave 
evidence of the local flows of the distinct alloys within in the former 
molten pool, with copper preferentially occupying regions comple
mentary to the primary elements of Inconel-625 (Ni, Cr, and Mo).

- The interaction between the almost mutual immiscible carbon steel 
substrate and CuNiSiCr resulted in the formation of a globular 
structure of the deposited Cu-base alloy close to the build plate, and 

in occasional vertical cracks attributed to the immiscibility of Cu in 
Fe and the infiltration of the liquid copper along the steel grain 
boundaries during solidification. Conversely, the interaction be
tween carbon steel and Inconel-625 alloy produced a more contin
uous metallurgical bond, characterized by an interdiffusion zone 
where nickel played a role in promoting a fcc Fe-rich crystal 
structure.
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