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Multi-material laser powder bed fusion (PBF-LB) offers new design opportunities by combining multiple materials 
into complex 3D shapes. However, for combinations with large differences in thermal, physical or elastic 
properties, avoiding interfacial defects is challenging. Combining Cu alloys with stainless steel is appealing for 
components necessitating high thermal / electrical conductivity in some areas and high strength and corrosion 
resistance in others. In this work, CuCrZr-316L samples were fabricated with a recoater allowing for deposition of 
two powders within a layer. As-printed samples exhibit significant intermixing and two types of defects: porosity 
in CuCrZr and steel cracking near the interface. Subsequent hot isostatic pressing (HIP) effectively addressed 
these issues by closing pores and healing cracks. Despite an overall softening, CuCrZr stays harder near the 
interface thanks to a very fine-grained structure retained after HIP. Alternatively, when CuCrZr powder near the 
interface is left unmelted and subsequently sintered, regions with small equiaxed grains and Cr-rich precipitates 
are formed, which exhibit properties similar to those of printed and HIPed CuCrZr. Hence, locally leaving powder 
unmelted and sintering it proved to be a successful strategy for producing defect-free 316L-CuCrZr components 
via PBF-LB, provided an airtight enclosure is ensured through proper design considerations.
1. Introduction

Laser powder bed fusion (PBF-LB) is one of the most technologi-

cally advanced additive manufacturing (AM) processes and has gained 
significant attention in various industries due to its ability to produce 
intricate designs with a high precision, and the potential to manufac-

ture lightweight, high-performance parts. In contrast, multi-material 
PBF-LB (MM-PBF-LB) remains a largely unexplored field. MM-PBF-LB 
offers a remarkable wide range of new opportunities thanks to the 
possibility of combining two or more materials with significantly dif-

ferent properties (e.g., strength, corrosion resistance, thermal or elec-

trical conductivity) into a complex 3D shape. MM-PBF-LB is gaining 
a rapidly growing attention, with first reviews on the topic recently 
published. These reviews agree that important technical barriers need 
to be overcome to bring MM-PBF-LB to an industrial level, such as 
the low level of manufacturing readiness of the pre-processing chain, 
the low recoating rates of MM-PBF-LB deposition setups, and the diffi-

culty of recycling powder mixtures [1–4]. Among the technologies that 
enable MM-PBF-LB, the drum-based recoater system commercialized 
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by Aerosint SA enables the manufacturing of fully 3D multi-material 
structures with a sub-millimeter spatial resolution and relatively high 
recoating rates [2,5].

Besides the technical challenges, the development of MM-PBF-LB 
is also currently limited by the difficulty of achieving good bonding 
between the two deposited materials and defect-free interfaces, which 
may prove difficult for combinations of dissimilar metals which are 
prone to the formation of brittle intermetallic compounds or liquid 
metal embrittlement, and/or that exhibit large differences in coefficient 
of thermal expansion (CTE), laser absorptivity, melting temperature, 
thermal conductivity or elastic properties [1,3,6].

CuCrZr is a precipitation hardened alloy which, as such, offers an 
interesting combination of high electrical/thermal conductivity and me-

chanical strength, making it a good candidate for applications such as 
in the automotive, e-mobility and electrical industries. Combining the 
high thermal and electrical conductivity of copper alloys with the cor-

rosion resistance of stainless steel would also benefit numerous indus-

trial sectors, including e.g. the aerospace, marine and power industries. 
However, MM-PBF-LB of Cu alloys and stainless steel, similarly to laser 
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Table 1

Summary table of existing literature on MM-PBF-LB of Cu alloys and steels.

Materials Geometry Technique Interface quality Refs.

CuSn10-316L 2D, 3D Ultrasonic deposition 
and suction module

Porosity, no cracking with Cu 
on top of steel and graded 
interfaces

[24–26]

CuCrZr-1.2709 2D, 3D Ultrasonic deposition 
and suction module

Some cracks (only overview 
images of 3D samples), 
contamination

[23]

Cu-H13 2D, 3D CNC machine with 
laser and powder 
hoppers

Good bonding for 2D 
interfaces (both sequences), 
3D not characterized

[27]

CuCrZr-316L 3D Aerosint recoater No characterization [28]

CuCrZr-316L 2D Chamber opening Cracks (Cu on top of steel) [29]

CuCrZr-316L 2D Chamber opening Cracks (Cu on top of steel) 
that are minimized by the use 
of a ring-shaped beam

[30]

Cu18400-316L 2D Recoater with 
separator

Cracks and pores (Cu on top 
of steel)

[31]

CuSn10-316L 2D 2 external hoppers Cracks and pores (both 
printing sequences)

[22,32–35]

Cu52400-316L 2D Chamber opening Cracks and pores (both 
printing sequences)

[36]
welding of these two materials, is challenging due to the large mismatch 
in thermal conductivity between Cu and 316L steel (𝐾𝐶𝑢∕𝐾316𝐿 ≈ 26), 
and the high optical reflectivity of copper in the infrared wavelength. 
On a thermodynamic point of view, Cu and Fe show very limited mutual 
solubility and no intermediate compound under equilibrium conditions, 
but with high cooling rates such as those encountered in laser welding, 
the solubility of Cu in stainless steel can be as high as 20 to 22 at.% [7]. 
The Cu-Fe system is also known to show a metastable miscibility gap 
that leads to spinodal decomposition of the liquid, i.e., demixing of the 
liquid into a Cu-rich liquid and an Fe-rich liquid, at high cooling rates 
[8]. In addition, some steel grades, and in particular 316L, are sensi-

tive to a specific type of liquid metal embrittlement known as copper 
contamination cracking (CCC), in which liquid Cu penetrates the grain 
boundaries of the steel and leads to intergranular cracking when high 
tensile stresses are present in the steel [9,10]. The mechanisms leading 
to CCC are not fully understood, but LME phenomena where failure oc-

curs by wetting and penetration of grain boundaries tend to occur in 
systems showing low mutual solubility and a lack of intermetallic com-

pounds, requirements that are both satisfied in the Fe-Cu system, as 
crack tip blunting is then limited [11,12]. The occurrence of CCC has 
been extensively reported in laser welding of Cu and steel [7,13–19], 
where strategies to achieve defect-free welds often consist in applying 
an offset of the laser beam toward the steel side and/or a beam angle 
that focuses most of the energy in the steel [20–22]. The addition of al-

loying elements to the Cu has also proven successful in suppressing or 
limiting the CCC of stainless steel during laser welding [16,19].

A few studies concern specifically MM-PBF-LB of different copper 
alloys and steels. These studies are summarized in Table 1 and can be 
separated according to whether 2D or 3D multi-material parts were 
manufactured, i.e., whether the material change occurred only along 
the build direction (2D) or also within a single printed layer (3D). 
Although some systems have been developed, mostly at a laboratory 
scale, to allow for the deposition of multiple powder materials in a sin-

gle layer [5], 3D Cu-steel geometries have been only scarcely reported; 
those include squared core/shell structures [23], parts with a vertical 
“finger cross” interface [24], and a few more complex shapes [24–26].

Except in [24,25,33], a higher laser power is used for melting Cu. In 
samples built with an horizontal interface, this results in pronounced 
intermixing when Cu is melted on top of steel, with a thickness of 
the intermixing layer in the range 200-800 μm [22,23,27,31–33,36]. 
With a vertical interface, the intermixing layer is even more extended 
and spans over 1 mm [27]. More porosity is commonly observed in Cu 
[24,25,27,31,36], whereas cracks are often found in the steel, close to 
2

the interface [22,23,27,29,31–33,36]. Cracking is indeed likely to oc-
cur due to the build-up of high residual tensile stresses, which arises 
from CTE and thermal conductivity mismatch, and the CCC sensitivity. 
Furthermore, Mao et al. investigated the influence of different parame-

ters on the integrity of parts produced with CuCrZr on top of 316L and 
found that cracking in the steel can be limited by decreasing the scan-

ning speed, increasing the hatching distance and increasing the power 
used to melt CuCrZr [29]. The EBSD investigations conducted by [31], 
[37] and [32] also revealed the presence of very fine (<1 μm) grains 
in interfacial areas of 316L/C18400, Maraging steel/T2 Cu alloy and 
316L/CuSn10 bi-metallic parts, respectively.

In summary, despite great technological importance, no approach 
has yet been developed to reliably produce defect-free CuCrZr-316L 
components by MM-PBF-LB, especially when CuCrZr is added on top of 
316L and when geometries with vertical interfaces are produced. There-

fore, there is an undeniable need to develop alternative methods to 
conventional MM-PBF-LB, in order to fully exploit the potential offered 
by the possibility of combining these two dissimilar materials into a sin-

gle component of complex geometry. In this study, we aim to explore 
the potential of combining MM-PBF-LB with a subsequent hot isostatic 
pressing (HIP) treatment, in order to develop innovative strategies for 
improving the integrity and functionality of dissimilar material com-

binations for technological applications. In particular, the effect of the 
post-PBF-LB HIP treatment on the microstructure, integrity and local 
mechanical properties of the interface is characterized and discussed.

2. Materials and methods

The starting raw materials are spherical 316L stainless steel powder 
from Carpenter Additive® (d10 = 19.9 μm, d50 = 31.5 μm, d90 = 49.5 
μm) and CuCrZr alloy from ECKART TLS (d10 = 7.19 μm, d50 = 17.44 
μm, d90 = 26.61 μm), both produced via gas atomization. The chem-

ical composition of the powders, as provided by the manufacturers, is 
given in Table 2. The bi-metallic parts were built by PBF-LB using an 
Aconity Midi+ equipped with an infrared fiber laser (𝜆 = 1070 nm) in 
combination with a newly developed recoater from Aerosint SA. The 
dual-material recoating unit, schematically represented in Fig. 1, com-

prises two rotating drums, one for each material, on which a thin layer 
of powder is first deposited and maintained at the surface of a mesh by 
a slight underpressure, before being locally ejected by pressurized gas. 
The height of the powder bed thus obtained is finally adjusted to the 
desired height by a metallic blade. The recoater allows for deposition 
of dual-material patterns with an in-plane resolution of 500 × 500 μm.

All structures were built onto a 316L base plate without preheat-
ing, under a protective Ar atmosphere, with a rotation of 90◦ between 
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Table 2

Chemical composition of the powder materials, in wt.%.

Material C Cr Ni Mo Mn Si Fe S Cu Zr

316L 0.02 17.7 12.6 2.36 0.77 0.66 Bal. 0.006 - -

CuCrZr - 1.05 - - - <0.004 0.02 - Bal. 0.12
Fig. 1. Schematic of the dual-material recoater (adapted from Aerosint S.A.).

successive layers, a bi-directional meander scanning strategy, a layer 
thickness of 40 μm and a laser beam diameter of 80 μm. Steel was 
scanned with a laser power of 150 W, a speed of 600 mm/s and a hatch 
spacing of 80 μm. A power of 500 W, a speed of 550 mm/s and a hatch 
spacing of 120 μm were used to melt the CuCrZr twice, with a 90◦rota-

tion between the first and the second melting steps. For both materials, 
the laser power and speed values were selected based on the results of a 
parameter optimization study, which showed that these specific param-

eters maximize the density of the parts produced. For vertical interfaces, 
316L was scanned before CuCrZr, without any overlap of the scanning 
vectors.

The sample geometry, depicted in Fig. 2, consists of 4 × 4 × 4 mm 
CuCrZr cubes centered within 10 × 10 × 10 mm 316L cubes. In some 
of those samples, a 100 μm-thick layer of CuCrZr powder was left un-

melted at the vertical interfaces with 316L, the thickness of the gap 
being defined as the distance between scan vectors.

The post-PBF-LB hot isostastic pressing (HIP) treatment was per-

formed in a QIH15L furnace (Quintus Technologies AB) at 1055 ◦C for 
5 h with an Ar pressure of 207 MPa on fully melted and partially melted 
samples. Parameters were chosen such as to maximize HIP efficiency, 
i.e., the pressure was set to the maximum achievable pressure of the 
equipment used, the temperature was set close to the melting point 
of CuCrZr (1070-1080 ◦C), and time was chosen such as to allow for 
atomic diffusion over a significant distance. The isothermal holding was 
followed by a fast cooling down to room temperature (approximately 14 
minutes).

Cross-sections of the samples were cut, hot-embedded in conductive 
resin, ground with SiC papers and polished down to 0.04 μm silica sus-

pension for scanning electron microscopy (SEM) observations, which 
were conducted on a Zeiss EVO10 microscope equipped with an X-max 
detector (Oxford Instruments) for chemical analyses by energy disper-

sive X-ray (EDX) spectroscopy. Imaging and EDX analyses were done 
at an accelerating voltage of 15 kV and a current of 500 pA. Elec-

tron back-scattered diffraction (EBSD) analyses were carried out with 
a Hitachi SU5000 microscope equipped with EDX (Ultim Max, Oxford 
Instruments) and EBSD (Symmetry S3, Oxford Instruments) detectors. 
Data were acquired at 20 kV, 21 nA, with a 70◦ tilt angle and a 1 μm 
step size. Because the Fe and Cu FCC phases have very close cell pa-

rameters (0.366 and 0.361 nm, respectively), EDX and EBSD signals 
were coupled to be able to distinguish between them. Post-processing 
was performed with the software AztecCrystal to remove wild spikes. 
Note that all close-up micrographs, EDX and EBSD analyses of vertical 
interfaces were acquired at approximately mid-height of the samples.

An iNano nanonindenter (Nanomechanics, Inc) was used to acquire 
3

hardness and reduced modulus mappings of interfacial areas. Measure-
ments were done in the NanoBlitz 3D mode with a diamond Berkovich 
indenter. The maps were performed in load control to an applied load 
of 2 mN and a spacing of 2 μm. The target load was optimized with the 
Continuous Stiffness Measurement (CSM) mode for the desired map-

ping resolution in Cu, the softer phase, in order to avoid overlapping 
effects. Two adjacent 200x75 grids of indentations were performed cov-

ering 800 μm in length and 150 μm in width. However, the size of 
the grid was limited by cracks in the sample that did not undergo HIP 
post-processing, for which the grid length was reduced. As silica parti-

cles tend to become embedded in the samples surface during the final 
polishing step, the samples were re-polished with a 0.25 μm diamond 
suspension prior to nanoindentation measurements. Data were evalu-

ated by the standard Oliver and Pharr method.

3. Results

3.1. As-printed microstructure

SEM micrographs giving an overview of the microstructure and de-

fects present in an as-printed CuCrZr-316L cube are presented in Fig. 3. 
In all micrographs shown in this section, the build direction is oriented 
upwards with respect to the page. In addition, all SEM micrographs 
were taken with a BSE detector, whose contrast is such that brightness 
increases with atomic number and thus CuCrZr appears brighter than 
316L.

With regard to defects, rather large irregular pores can be observed 
in CuCrZr, especially close to the vertical and bottom (i.e., CuCrZr on 
316L, visible in the right image) interfaces. Numerous cracks can also 
be observed in the steel, especially near the vertical interface with Cu-

CrZr but also at proximity with the bottom interface. Comparing the left 
and right images of Fig. 3, there is obviously significantly more inter-

mixing when CuCrZr is melted on steel (right image) compared to the 
case when steel is melted on top of CuCrZr (left image), due to the large 
energy input needed to melt the Cu. In the latter case, the microstruc-

ture suggests that CuCrZr is significantly remelted only upon addition 
of the first 1-2 layers of steel (rotated by 90◦from each other). On the 
other hand, at the CuCrZr on steel interface, considerable intermixing is 
visible over a thickness of more than 400 μm, i.e., more than 10 layers.

At vertical interfaces, strong thermal and solutal Marangoni convec-

tion flows give rise to a very pronounced intermixing, with Cu being 
visibly dragged sometimes over more than 300 μm into the steel, see 
e.g. where the yellow arrow at the bottom of the left image in Fig. 3

points. These extended Cu-rich channels are not observed at a frequency 
corresponding to each individual printed layer. Also, if Cu were drawn 
into the steel only when a scan track of the steel that is directly adjacent 
to CuCrZr and parallel to the interface is lased, then this would be over 
a distance less than 300 μm (melt pool width is of the order of 85-130 
μm). These channels thus occur more likely when the laser scans the in-

terface with a direction perpendicular to it, as scan vectors do not end 
exactly at the interface, as evidenced later in Section 3.2.

The EDX results presented in Fig. 4 show that in the vertical con-

figuration, the total intermixing area, which is indicated by the blue 
rectangular frame on the composition profile, is approximately 600 μm 
thick. The EDX line profile also shows that the Cu (and O) content in 
the steel tends to be higher close to cracks, as highlighted by the red 
dashed lines and peaks encircled in Fig. 4. Note that the leftmost Cu 
peak in the steel is not associated with any visible crack, but given the 
interaction volume of EDX analyses (approximately 1 μm deep), it can 

be assumed that the crack which is visible above the yellow line, to the 
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Fig. 2. Schematic of the samples geometry (not to scale): CuCrZr cubes embedded in 316L cubes. The darker lateral faces of the CuCrZr cube on the right drawing 
illustrate the faces where CuCrZr powder has not been melted in some samples, while the scan strategy within one layer is illustrated for each sample in the 
corresponding cross-sections (note that the remelting step of CuCrZr, performed with scan vectors rotated by 90◦compared to the first melting, is not shown).

Fig. 3. Overview SEM/BSE images of an as-printed CuCrZr-316L sample: a) 316L on CuCrZr interface and b) CuCrZr on 316L interface. The vertical interface is 
visible on both images and the black arrow indicates the build direction (BD), which is oriented upwards with respect to the page.

Fig. 4. EDX line profile across the vertical interface in the as-printed condition (total length of 945 μm, spacing of 15 μm between points, average of 4 lines separated 
by 10 μm). The red dashed lines show that peaks in Cu content are observed near the cracks present in 316L. The interface area is indicated by the light blue shaded 
area, whereas the total intermixing area is indicated by the solid blue frame.
left of this specific peak, extends beneath the surface at this location. Fi-

nally, despite the scatter in the data and the winding, diffuse character 
of the interface, it is possible to delineate an interface area within which 
4

the Cu and Fe contents are roughly equal, as indicated by the light blue 
shaded area on the composition profile. One can then see that the dif-

fusion length - estimated as the distance from the interface to the first 
data point with a content <2 at.% - of Cu in steel is about three times 

greater than that of Fe in Cu, with approximately 285 μm vs 95 μm.



Materials & Design 241 (2024) 112914L. Deillon, N. Abando Beldarrain, X. Li et al.

Fig. 5. As-printed sample: a) close-up view of the vertical interface between CuCrZr and 316L; b) demixing of the liquid into a Cu-rich liquid and an Fe-rich liquid 
near the interface (SEM/BSE).
Fig. 6. a) BSE image, b) EBSD-EDX phase map, c) and d) EBSD orientation maps 
of the vertical CuCrZr-316L interface in the as-build condition. In c) and d), the 
color corresponds to the orientation with respect to the build direction and 
the indentation direction, respectively, with colors as indicated in the standard 
stereographic triangle.

At higher magnification, still in the as-built condition, the micro-

graph presented in the left image of Fig. 5 shows that cracks are often 
filled or at least partially filled with Cu, such as where indicated by the 
arrows. In the right image of Fig. 5, Fe droplets can be seen in Cu and 
Cu droplets in the steel. This demixing occurs due to the presence of a 
metastable liquid miscibility gap in the Cu-Fe system such that at high 
cooling rate, when the liquid is undercooled below a characteristic tem-

perature, it enters the spinodal decomposition region and separates into 
an Fe-rich liquid and a Cu-rich liquid [38].

The EBSD maps presented in Fig. 6 show that very small, randomly-

oriented Cu grains are present close to the interface with 316L, whereas 
further away large columnar grains growing parallel to the build di-

rection can be distinguished. These columnar grains have <101> axes 
preferentially oriented close to the build direction (image c), and either 
<100> or <111> orientation along the loading axis of the nanoinden-

tation measurements presented later (image d). A small amount (1.86 
vol.%) of BCC-Fe was also detected at the interface (image b).

3.2. Microstructure after HIP

Overview SEM images of a sample that was subjected to a HIP treat-

ment after PBF-LB are given in Fig. 7. These micrographs show clearly 
that the pores and cracks that were present in the as-built state were 
5

successfully eliminated by the subsequent HIP treatment, both at the 
horizontal and vertical interfaces between CuCrZr and 316L. Note that 
the visible black dots are not pores, but come from surface contamina-

tion that appears dark when using BSE contrast for imaging.

At the microscale, numerous Cu-rich channels can be observed in 
the steel, close to the vertical interface between the two materials and 
often at grain or sub-grain boundaries, as evidenced in Fig. 8, where 
a few of these white channels are indicated by arrows. These channels 
are found within the diffusion length of Cu into 316L, at locations that 
probably correspond to the locations of earlier cracks formed during 
PBF-LB.

The EBSD results presented in Fig. 9 show that the grain structure 
after HIP is very similar to that observed in the as-build state, i.e., the 
CuCrZr grains close to the interface are still very small, and the larger 
columnar CuCrZr grains have <101> axes oriented close to the build 
direction (image c) and <001> axes near the indentation loading di-

rection (image d). One can also clearly see on the orientation maps 
that the large, approximately 100 μm wide, <101>-oriented grains are 
separated by thinner, elongated <100>-oriented grains. The amount of 
BCC-Fe found near the interface (3.33 vol.%) is somewhat higher than 
in the as-built sample.

Overviews of the sample in which some CuCrZr powder was left un-

melted close to the vertical interfaces with 316L, over a width of 100 
μm, are given in Fig. 10. As for the previous sample, this sample is 
also free of visible cracks and pores. However, it can be noticed that the 
sintered CuCrZr is not exactly located at the interface. Indeed, strong in-

termixing is still visible at the interface, evidencing that this region has 
been melted. On the other hand, small, rather equiaxed CuCrZr grains, 
which contrast with the large solidified columnar grains, are visible 
starting from a distance of approximately 100 μm from the interface 
(Fig. 11, left). This offset is a consequence of the laser not being per-

fectly aligned with the deposited interfaces, and of the recoater being 
a mechanical system with limited deposition precision due to backlash 
and the different thermal expansion of its components.

Cu channels can again be distinguished in the steel, close to the 
interface, whereas some precipitates and inclusions are visible in the 
CuCrZr (Fig. 11, right). Elemental mappings acquired by EDX and given 
in Fig. 12 reveal that the smaller precipitates which decorate the grain 
boundaries are mostly Fe- and Cr-rich particles. The larger inclusions 
are found to be mixed (Cr,Fe) oxide particles, and a few Zr-rich parti-

cles are also found at grain boundaries and in contact with the oxide 
inclusions. Note that these inclusions, which were not observed in the 
as-built condition, are found both in the sintered and in the previously 
solidified CuCrZr grains.

The EDX line profile presented in Fig. 13 shows that after HIP the in-

termixing spans over a thickness of roughly 670 μm, while the diffusion 
length of Fe into CuCrZr and that of Cu into 316L are respectively of 75 
and 405 μm. Therefore, only the diffusion of Cu into 316L is more pro-

nounced after HIP, compared to the as-built condition (285 μm). The 

diffusion length of Fe in Cu is found to be of the same order of magni-
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Fig. 7. Overview SEM/BSE images of a CuCrZr-316L sample where major printing defects were suppressed by a post-build HIP treatment: a) 316L on CuCrZr 
interface and b) CuCrZr on 316L interface.

Fig. 8. CuCrZr-316L sample after the post-build HIP treatment: close views of a) the vertical interfacial area and b) Cu channels present in 316L, close to the interface 
(SEM/BSE).
Fig. 9. a) BSE image, b) EBSD-EDX phase map, c) and d) EBSD orientation maps 
of the CuCrZr-316L interface after HIP. In c) and d), the color corresponds to 
the orientation with respect to the build direction and the indentation direction, 
respectively, with colors as indicated in the standard stereographic triangle.

tude than in the as-built condition (95 μm), the difference being within 
the variation induced by the waviness of the interface, which is how-

ever difficult to precisely quantify. Note also that some peaks of oxygen 
are detected in the CuCrZr, due to the presence of the oxide inclusions 
described above.

In this sample where some CuCrZr powder was sintered, EBSD ori-
6

entation maps (Fig. 14 c and d) show that very small Cu grains are 
still observed close to the interface, whereas small, randomly-oriented 
sintered grains are found a bit further from the interface, followed by 
larger columnar grains further away. The few large columnar grains 
that were analyzed in this area have either <111> or <100> orienta-

tion parallel to the build direction and the indentation loading axis. The 
phase map in Fig. 14 b) shows a similar amount of BCC-Fe (2.95 vol.%) 
than in the previous sample.

3.3. Nanoindentation

Hardness 𝐻 and reduced modulus 𝐸𝑟 maps acquired across the hor-

izontal interfaces where CuCrZr was melted on top of 316L are given 
in Figs. 15 and 16. For all three samples, a gradual increase in hard-

ness and modulus can be observed from CuCrZr towards 316L. Note 
that data were acquired over a smaller area in the as-built sample (450 
× 150 μm versus 800 × 150 μm for the HIPed samples), because of the 
presence of numerous cracks and pores which make nanoindentation 
difficult.

Nevertheless, it can be seen in Fig. 15 that the HIP treatment results 
in a general softening of the CuCrZr, with the bulk hardness of CuCrZr, 
𝐻CuCrZr, being in the range 2.5-3 GPa in the as-built sample and 1.5-2 
GPa after HIP. Within the highly intermixed regions, hardness is locally 
higher in Fe-richer areas. Especially the small Fe-rich droplets that are 
visible within the CuCrZr show high hardness values (∼ 9-10 GPa).

The reduced modulus maps presented in Fig. 16 do not show signif-

icant differences before and after HIP, over the areas that were mea-

sured. The modulus on the CuCrZr side appears to be slightly lower in 
the sample HIPed with no powder left unmelted (~135 GPa), compared 
to the other HIPed sample (~145 GPa), which shows values close to the 
as-built sample, although the same processing parameters were used for 
printing these interfaces in both samples subjected to HIP (powder was 

left unmelted at vertical interfaces only).
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Fig. 10. Overview SEM/BSE images of a CuCrZr-316L sample where CuCrZr powder close to the vertical interface with 316L was not melted during PBF-LB and 
which was subjected to a post-build HIP treatment: a) 316L on CuCrZr interface and b) CuCrZr on 316L interface.

Fig. 11. a) A roughly 100-150 μm-thick layer with small equiaxed grains can be seen on the CuCrZr side of the interface; b) higher magnification image showing the 
presence of different inclusions in the CuCrZr (SEM/BSE).

Fig. 12. Elemental mappings of CuCrZr area with different inclusions and precipitates.
Hardness and reduced modulus maps acquired across vertical inter-

faces are shown in Figs. 17 and 18. Note that the sharp vertical lines 
visible in a) as a dark blue line close to the interface and in c) as a 
dark red line in the steel are measurement artifacts. As in the case of 
horizontal interfaces, both hardness and reduced modulus are found 
to increase progressively from CuCrZr to 316L. It is also interesting to 
note that in the as-built sample, the hardness of CuCrZr near the verti-

cal interface with 316L (in the range 2.5-2.9 GPa) appears to be lower 
7

than the values found close to the horizontal interface with 316L (in the 
range 3-3.4 GPa). HIP again results in a global softening of the CuCrZr, 
but to a much lesser relative extent in this case. After HIP, the hard-

ness of CuCrZr in the vicinity of 316L is slightly higher in the vertical 
compared to the horizontal configurations.

The reduced modulus maps of vertical interfaces show overall higher 
values compared to horizontal interfaces. For the bulk CuCrZr, 𝐸𝑟 is in 
the range 160-170 GPa for all three samples. In Fig. 18 b), one can 
also observe on the CuCrZr side higher modulus values in the thinner 

columnar grains. This effect can also be seen in the as-built sample.
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Fig. 13. EDX composition profile (in atomic %) across the vertical interface after the HIP treatment (total length of 960 μm, spacing of 15 μm between points, 
average of 4 lines separated by 10 μm).
Fig. 14. a) BSE image, b) EBSD-EDX phase map, c) and d) EBSD orientation 
maps of the CuCrZr-316L interface after HIP with some sintered CuCrZr. In 
c) and d), the color corresponds to the orientation with respect to the build 
direction and the indentation direction, respectively, with colors as indicated in 
the standard stereographic triangle.

4. Discussion

4.1. As-built defects and their elimination

The MM-PBF-LB process is observed to lead to the formation of sig-

nificant defects at the interface between CuCrZr and 316L, as in most 
MM-PBF-LB studies of Cu alloys and steels reported in the literature.

Large irregularly-shaped pores are observed in PBF-LB-printed Cu-

CrZr, especially close to the interfaces with 316L. In PBF-LB, the most 
common sources of porosity are: lack of fusion, gas entrapment, key-

holing, ejection of metal particles and balling (instability of the melt 
due to a poor wettability). Keyhole pores result from material evapo-

ration and are typically spherical, relatively small and located at the 
8

bottom of the melt pools, i.e., do not correspond to the pores observed 
Fig. 15. Nanoindentation hardness maps across horizontal CuCrZr-316L inter-

faces: a) as-built, b) after HIP with all the powder melted and c) after HIP with 
100 μm of CuCrZr powder not melted at the vertical interfaces with 316L.

here. Pores resulting from gas entrapment, including dissolved hydro-

gen from water adsorption at the particles surface, are also typically 
spherical. Therefore, despite the sensitivity of CuCrZr to humidity, gas 
entrapment can be ruled out, too. Lack-of-fusion (LoF) pores can be 
formed when the energy input is too low and the melt solidifies with-

out enough remelting of the previous layer, or when adjacent tracks do 
not sufficiently overlap. Unlike pores resulting from keyholing or gas 
entrapment, LoF pores have an irregular shape, such that insufficient 

melting is a possible cause for the pores observed in the present sam-
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Fig. 16. Reduced modulus maps across horizontal CuCrZr-316L interfaces: a) as-

built, b) after HIP with all the powder melted and c) after HIP with 100 μm of 
Cu powder not melted.

Fig. 17. Hardness maps across vertical CuCrZr-316L interfaces: a) as-built, b) af-

ter HIP with all the powder melted and c) after HIP with 100 μm of Cu powder 
not melted.

ples. In fact, LoF porosity was observed by Liu et al. in C18400 alloy 
when printed on top of 316L [31]. Although no explanation is provided 
by Bai et al. [36] for the pores present in C52400 alloy printed on top 
of 316L, those also look similar to LoF pores. Concerning the pores ob-

served in CuSn10 by Wei et al., these are specific to the deposition setup 
used, which creates an uneven surface of the second material [24,25]. 
However, looking at the location of the current pores in CuCrZr with 
respect to the edge of the sample, one can see that this compares well 
with the length of the scan vector on the 316L side (3 mm), as shown in 
the optical micrograph presented in Fig. 19. Therefore, the porosity ob-

served at proximity of the vertical interface is likely resulting from the 
powder bed misalignment with respect to the laser. As a consequence, 
9

the copper close to the interface was scanned with the laser parame-
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Fig. 18. Reduced modulus maps across vertical CuCrZr-316L interfaces: a) as-

built, b) after HIP with all the powder melted and c) after HIP with 100 μm of 
Cu powder not melted.

Fig. 19. Optical micrograph of as-built sample showing that the large pores 
present within the CuCrZr are located at a distance of approximately 3 mm 
from the edge of the sample, i.e., close to end of the scan vectors used to melt 
the 316L powder.

ters of the steel, i.e., with an energy density that was not sufficient to 
properly melt the copper. This is also supported by the fact that the ver-

tical interface between CuCrZr and 316L was still melted in the sample 
designed to have CuCrZr powder left unmelted.

Another possibility is that the porosity observed close to the inter-

faces arises from the unavoidable cross-contamination occurring during 
the recoating of a multi-material powder bed, and which would also ex-

plain why the pores are observed only close to the interfaces. Indeed, 
where 316L particles are present within the CuCrZr powder bed, this is 
likely to result in the formation of solid spatters as described in [39]: 
316L is vaporized due to a too high energy input, and outside of the 
strong laser interaction region, unmelted CuCrZr powder particles are 
ejected by the vapor jet thus created before they could be melted by 
the laser beam. Such a mechanism could thus also explain some of the 
pores present in the as-fabricated state, especially the smaller ones lo-

cated close to the horizontal interface where CuCrZr was printed on top 
of 316L.

The cracks observed in the steel close to the interfaces with Cu are 
likely to be due to the copper contamination cracking phenomenon. 
316L steel is known to be embrittled by the penetration of liquid Cu at 
grain boundaries, which leads to cracking when high tensile stresses are 

present within the steel, as described in the Introduction section. Tensile 
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stresses arise in single-material AM parts because the solidification and 
thermal shrinkage of the molten pool is constrained by the surround-

ing material. In MM-PBF-LB of Cu and steel, residual stresses might 
even be higher since they also arise from thermal conductivity and CTE 
mismatches between the two materials. The printing sequence used for 
vertical interfaces, i.e., melting of steel followed by melting (and remelt-

ing) of CuCrZr, is not optimal to limit thermal stresses and cracking in 
the steel near the interface. However, when CuCrZr is scanned first, due 
to the high energy input needed to melt the CuCrZr, steel powder par-

ticles close to the interface tend to be ejected from the powder bed, 
resulting in a large amount of porosity. This contradiction in the op-

timal scanning sequence represents a major motivation for sintering, 
rather than melting the powder near the interface.

The Cu present at the surface of the cracks after PBF-LB is found as 
Cu-rich (sub-) grain boundaries channels in the steel after HIP. During 
HIP, where no tensile stresses act on the steel, the presence of copper at 
the steel grain boundaries can be beneficial and help to close the cracks, 
thanks to a higher atomic mobility (lower melting point).

4.2. Intermixing

The as-built condition showed that there is more mixing when Cu 
is deposited on steel than when steel is deposited on Cu, similarly to 
literature observations for different steel grades and Cu alloys [23,27,

36], and which is mostly due to the higher laser power needed to melt 
the CuCrZr powder.

Intermixing at vertical interfaces extends over long distances (600-

700 μm), driven by large Marangoni convection. Surface tension gradi-

ents within the melt pool are due to both temperature differences and 
compositional variations. Thermodynamic simulations showed that for 
a 50 wt.% CuCrZr - 50 wt.% 316L composition, assuming Scheil so-

lidification, the Fe-rich and Cu-rich liquids coexist in the temperature 
range ∼1350-1375 ◦C [30]. At a temperature of 1350 ◦C, 316L has a 
surface tension of 1.47 N/m (based on data from [40], for a 316L steel 
with similar S content), while the surface tension of pure Cu (no data 
could be found for CuCrZr) is 1.36 N/m [41], i.e., is 7% lower than that 
of 316L. Intermixing is further accentuated by the fact that the laser 
was not perfectly aligned with the deposited powder pattern - because 
this alignment can be performed with an accuracy of the order of 100 
μm only - which resulted in melting of the interface even when some 
Cu powder was left unmelted, and dragging of liquid Cu into the steel 
when the laser scans the interface with a direction perpendicular to it.

In addition to the strong intermixing taking place in the liquid 
state, solid-state interdiffusion occurs during the repeated thermal cy-

cles associated with the addition of subsequent layers and during the 
post-PBF-LB HIP treatment. Since the interdiffusion coefficient �̃� can 
be expressed as 𝑋𝐹𝑒𝐷𝐶𝑢 + 𝑋𝐶𝑢𝐷𝐹𝑒 (Darken’s equation, with 𝑋𝑖 and 
𝐷𝑖 the molar fraction and self-diffusion coefficient of species 𝑖, respec-

tively), in the Cu-rich area of the interface, the interdiffusion coefficient 
should be close to 𝐷𝐹𝑒 and thus less pronounced than the diffusion of 
Cu into the steel, since at a given temperature 𝐷𝐹𝑒 < 𝐷𝐶𝑢, which is 
in agreement with the experimental observations. Also, the penetration 
of liquid Cu into the grain boundaries of the steel further accelerates 
the diffusion of Cu in steel during the PBF-LB process. Moreover, the 
temperature of the HIP process corresponds to 0.98 ×𝑇𝑚,𝐶𝑢 and 0.73 
×𝑇𝑚,𝐹𝑒 and after HIP, only the diffusion length of Cu into the steel is 
significantly longer than in the as-built condition.

4.3. CuCrZr texture

To the best of our knowledge, the texture observed in the bulk Cu-

CrZr of the present samples, i.e., large columnar grains with a <101>

preferential orientation parallel to the build direction, separated by 
thinner grains with <001> orientation parallel to the build direction, 
has not been reported yet. However, the texture of PBF-LB-printed Cu-
10

CrZr has been shown to depend on the laser parameters used. Jadhav 
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et al. [42] observed that the top surface shows a texture that depends 
on the applied scan parameters: a low scan speed (200 mm/s) favors a 
strong <100> texture parallel to the build direction, whereas at higher 
speed (400 mm/s) a weak <110> texture develops. In contrast, these 
authors found that this texture was erased in the bulk CuCrZr, which 
showed a relatively random crystal orientation. The texture observed 
in the present study probably arises from the specific scanning strategy 
used, with 90◦ interlayer rotation and a remelting step that was also 
performed with a rotation of 90◦ compared to the first melting.

4.4. Micro-mechanical properties

Concerning mechanical properties, the bulk CuCrZr is harder in the 
as-built condition than after HIP. Due to the fast cooling rate inher-

ent to the PBF-LB process, solute elements (especially Cr) are prevented 
from precipitating in the solid state and contribute to significant so-

lution strengthening. Compressive residual stresses are also likely to 
contribute to hardening, as the tensile stresses that develop in PBF-LB 
during solidification are typically transformed into compressive stresses 
upon addition of the following layers, so that most of the volume of the 
cubic samples is ultimately under compressive stresses. After HIP, the 
hardness of the bulk CuCrZr is lower partly due to the precipitation of 
Cr (and Zr) during the high-temperature holding, since at equilibrium 
the solubility of Cr (and Zr) in Cu is almost non-existent, and partly to 
the relief of residual stresses.

Close to the interfaces with 316L, CuCrZr shows very fine grains 
after solidification, which makes it harder than the bulk CuCrZr. The 
formation of these very small grains is consistent with the EBSD obser-

vations of [31] and [32] on different Cu alloys built on top of steel, 
and can be due to different mechanisms, such as already solidified Fe 
droplets acting as nucleation sites, given the similarity in lattice param-

eters between FCC Cu and Fe, or partionless solidification. Partitionless 
solidification can occur if the undercooling is so high that nucleation 
occurs at a temperature below the extended solidus line, which is more 
likely to happen with a high Fe content, resulting in the formation of 
a fine equiaxed structure as multiple nucleation events occur [43]. In
addition to grain boundary strengthening, solute strengthening by Fe 
atoms is not expected to contribute significantly to hardening, as Fe 
and Cu have similar atomic radii (132 pm), but the presence of dis-

persed, fine Fe precipitates is likely to play a role. The small grains are 
still visible after HIP, meaning that significant grain growth is effec-

tively prevented by the fine Fe- and Cr-rich precipitates present at grain 
boundaries. Harder areas are still visible after HIP, but to a lesser extent, 
probably due to a combined effect of stress relief and Cr precipitation.

In the as-built sample, CuCrZr hardness values measured close to 
the vertical interface with 316L are overall lower than those measured 
near the horizontal interface. This might come from differences in den-

sity, since numerous pores are visible in the CuCrZr at proximity of the 
vertical interface. This assumption is supported by the values measured 
after HIP, in the sample where all the powder was melted: in that case 
the hardness of CuCrZr close to the horizontal interface (2-2.4 GPa) is 
observed to be lower than close to the vertical interface (2.4-2.7 GPa) 
and is mostly determined by the amount of Fe dissolved into the Cu.

Whereas columnar as-solidified grains are observed both in the 316L 
and CuCrZr, CuCrZr sintered grains appear more globular. However, 
overall hardness and modulus values do not vary much between sin-

tered and columnar Cu grains. This suggests that the micro-mechanical 
properties of CuCrZr after HIP are not affected by this difference in grain 
morphology. On the other hand, the large <101>-oriented columnar 
CuCrZr grains show smaller values of modulus compared to the thinner 
<100>-oriented grains. Pure Cu has been shown to exhibit significant 
anisotropy in elastic modulus, with a Young’s modulus along <001>

direction that is about half that measured parallel to the <110> direc-

tion, and 0.3× that of the <111> direction [44]. According to the EBSD 
orientation maps with respect to the loading axis during nanoinden-
tation, the larger grains are measured with a loading direction that is 
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close to their <001> axis, whereas the thinner grains are measured in 
a direction closer to either <110> or <111> axes. Therefore, the trend 
measured in the present samples is in line with published data.

5. Conclusions

The following conclusions can be drawn from the present investiga-

tion:

• In terms of the integrity of the CuCrZr-316L parts produced, a post-

PBF-LB HIP treatment is found to be effective in closing the numer-

ous cracks and pores that are visible in the vicinity of CuCrZr-316L 
interfaces after multi-material PBF-LB processing of the two alloys.

• Mechanical properties are affected by the HIP treatment, especially 
those of CuCrZr. After PBF-LB, the hardness of CuCrZr close to the 
interfaces with 316L is higher than that of the bulk CuCrZr, thanks 
to a combined strengthening effect of the fine Fe particles formed 
by spinodal decomposition and a locally very fine grain size. Af-

ter the HIP treatment, an overall decrease in hardness of the bulk 
CuCrZr is observed, due to the relief of residual stresses and the 
precipitation of Cr and Zr. However, CuCrZr remains harder close 
to the interface with steel, as the fine-grained structure is retained 
during HIP, which is believed to arise from the grain boundary 
pinning effect of very fine Cr- and Fe-rich precipitates. Beyond 
mechanical properties, it is important to mention that the precipi-

tation of elements trapped in solid solution during the fast cooling 
of the PBF-LB process is however beneficial for applications that 
seek a high electrical or thermal conductivity.

• Compared to full melting of the interface, leaving a thickness of 
unmelted CuCrZr powder close to the interface with 316L seems 
to produce no noticeable differences in mechanical properties after 
HIP. This strategy could still be interesting to create sharper inter-

faces between the two materials. However, misalignment between 
the laser and the deposited powder pattern inevitably results in a 
high risk of melting the interface, even when some powder is not 
melted, leading to an extended zone of intermixing. To reduce this 
intermixing, and thus enable the fabrication of bi-metallic compo-

nents with sharp interfaces, it is therefore recommended to leave 
some unmelted powder on both sides of the interface.

It has to be noted that one limitation of the combined MM-PBF-LB 
and HIP approach proposed here is that interfaces need to be internal, 
i.e., they need to be enclosed within an airtight outer shell, provided 
here by the 316L outer cube, in order for HIP to be effective, which 
limits the design freedom of multi-material components. However, this 
limitation can easily be overcome by adding a thin outer single-material 
shell. The build orientation of the part needs also to be carefully chosen, 
as for support reason, powder cannot be left unmelted at horizontal in-

terfaces during the PBF-LB process. Nevertheless, the method proposed 
here has great potential for the production of defect-free bimetallic com-

ponents made of copper and steel, as printing defects are eliminated by 
the HIP treatment regardless of orientation.

In an industrial context, the additional HIP treatment might increase 
production costs and time compared with PBF-LB alone. However, HIP 
is already common practice for applications that require very low resid-

ual porosity, such as in the aerospace industry. Furthermore, if a subse-

quent HIP process is performed, the printing process can be accelerated 
by using higher layer thicknesses and scanning speeds, thus reducing 
costs, as it is then not necessary to aim for 100% density after printing, 
as long as closed porosity is achieved and distortion remains limited 
during HIP.
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