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A B S T R A C T

Additive manufacturing of bimetallic parts has gathered significant interest in recent years. Of particular rele
vance is the combination of Ni-based superalloys and Cu-based alloys suitable for high temperature applications, 
such as those found in aerospace rocket engines. To provide confidence in the production of such bimetallic 
parts, a detailed understanding of the process-structure relationship is required. This study investigates the effect 
of deposition sequence and recoating direction on the interfacial microstructure evolution in samples where 
material is graded through horizontal, vertical and angled interfaces. The samples in this study are produced 
through laser powder bed fusion of IN718 and GRCop-42, using a Schaeffler Aerosint selective powder deposition 
recoater. Analysis was conducted through a combination of backscatter electron imaging, x-ray diffraction, 
energy dispersive spectroscopy, and electron backscatter diffraction. For a horizontal interface, the deposition 
sequence has a significant effect on the presence of defects and phase formation at the interface. The recoating 
direction is shown to have an influence on the mixing behaviour for vertical and angled interfaces, with a gradual 
transition of the alloys produced when the interface is aligned parallel to the recoating direction. In contrast 
either a significant crossing of the first-deposited material across the interface occurs, or a sudden change in 
composition develops when deposition is perpendicular to the interface. On the basis of these findings, design 
rules can be developed to ensure the fabrication of suitably designed bimetallic parts for high temperature ap
plications such as rocket engines in the aerospace sector.

1. Introduction

Through the layer-wise approach to combining dissimilar alloys, 
multi-metal additive manufacturing (AM) enables the fabrication of 
high-performance components with spatially tailored properties [1,2]. 
This is particularly valuable for aerospace applications, such as regen
eratively cooled combustion chambers, which demand materials offer
ing high-temperature strength and high thermal conductivity.

In such systems, it is common to pair a nickel-based superalloy with a 
copper alloy [3–5]. The structural jacket of the combustion chamber is 
often fabricated from IN718, due to its exceptional strength and corro
sion resistance at high temperatures [6]. GRCop-42, a CuCrNb ternary 
alloy, was developed by NASA and is used as the internal wall lining to 
increase heat dissipation [7]. The Cr and Nb content predominantly 
precipitate as a Cr2Nb Laves phase. This allows for the matrix of the alloy 

to be close to pure Cu, providing the alloy with exceptional thermal and 
electrical conductivity properties [8]. The high thermal stability of the 
Cr2Nb phase strengthens the alloy at high temperatures [8,9], and re
duces the thermal expansion (relative to pure Cu). Based on this, the use 
of GRCop-42 instead of pure copper is expected to reduce thermally 
induced stresses at the interface (with the structural jacket) during 
thermal cycling in service [10].

The line-by-line, layer-wise nature of AM enables tailoring of the 
interfacial geometry between dissimilar materials, which is difficult 
with conventional joining (e.g., welding, diffusion bonding). In partic
ular, the high resolution processing of laser powder bed fusion (PBF-LB) 
[2], allows for complex interface geometries that can enhance bond 
integrity [11].

Several approaches exist to produce multi-material parts by PBF-LB. 
In many systems, a single material is first deposited and selectively laser- 
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melted, with the unmelted powder then removed using a vacuum [12] 
or a flexible scraping blade [11]. Following this, a second material is 
added by spreading from a secondary hopper [13] or depositing from a 
nozzle [14]. These methods require multiple recoating actions per layer 
of the build and therefore have a slow build rate [1]. On the other hand, 
the three material selective powder deposition (SPD) recoater developed 
by Schaeffler Aerosint deposits multiple powders in a single recoating 
action, allowing for a build rate closer to that of single material PBF-LB.

As individual alloys, both IN718 [15,16] and GRCop-42 [10,17,18] 
have been successfully fabricated using PBF-LB and directed energy 
deposition (DED). Subsequently, these two alloys (or similar Ni and 
Cu-based alloys) have been combined for bimetallic applications [3,4,
11,19–21], with several outlining the improvement in thermal 

diffusivity [19,21], absence of cracking [3,11], and good interfacial 
strength [11,20,21], as well as detailed studies of the interface micro
structure [3,4,11,19,21], and the presence of lack of fusion (LoF) when 
depositing IN718 on GRCop-42 [3].

However, these studies have focussed primarily on planar interfaces 
aligned parallel to the build direction (BD). Whereas multi-material AM 
components will feature interface planes which may be perpendicular to 
the BD, or at an angle in between, depending on the part geometry and 
build orientation. Changes to the orientation of the interface plane will 
affect the direction of heat loss and subsequently alter the thermal his
tory. Additionally, due to the method of multi-material deposition, the 
interface orientation can affect how each alloy is distributed across the 
interface.

Fig. 1. (a) Schematic of the Schaeffler Aerosint SPD recoater used to deposit three distinct metal powders – IN718, GRCop-42, and a filler material – in a single pass 
over the substrate. This schematic is adapted from our previous work [22], licensed under CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/). Changes were 
made to the original to reflect the current material system and powder arrangement. The device recoats from the left to the right, with all drums rotating coun
terclockwise. Argon flows into the page. (b-h) Schematics of the samples produced for this study. Due to the order of the drums and recoating direction, within the 
same layer, IN718 is deposited before GRCop-42 with the filler powder following GRCop-42.
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It is critical to evaluate these effects on the microstructure evolution 
to provide confidence in the operation of such bimetallic structures. This 
study investigates how both interface orientation (horizontal, vertical, 
and 45◦ angled incline) and recoating direction (RD) influence element 
mixing, microstructure evolution, and defect formation at the interface 
of IN718 and GRCop-42. A three material selective powder deposition 
(SPD) recoater developed by Schaeffler Aerosint is used to produce the 
bimetallic parts of IN718 and GRCop-42. This knowledge not only en
ables confidence in the robustness of PBF-LB produced bimetallic 
IN718/GRCop-42 structures, but also indicates potential guidelines for 
other bimetallic systems produced using PBF-LB.

2. Materials and methods

Bimetallic samples of combined IN718 and GRCop-42 were fabri
cated in an AconityMIDI+ PBF-LB machine (Aconity3D Gmbh, Ger
many), equipped with a 1 kW continuous wave ytterbium fibre laser 
(nLIGHT alta, USA) operating at 1070 nm wavelength and with a beam 
spot diameter of 80 μm. A Schaeffler Aerosint SPD recoater (Schaeffler 
Aerosint, Belgium) capable of simultaneously depositing up to three 
different powders in a single pass over the substrate, was used to enable 
spatially controlled multi-material deposition.

This SPD recoater uses three vacuum-regulated cylindrical drums 
coated with a wire mesh, which retain a layer of powder on their sur
faces. Powder is released from each drum, via an arrangement of nozzles 
within the drum, as they pass over the substrate. A levelling blade fol
lows to create a uniform 40 μm thick powder layer. A schematic of the 
deposition method is shown in Fig. 1(a), adapted from our previous 
work [22] under the terms of the Creative Commons Attribution 4.0 
License (http://creativecommons.org/licenses/by/4.0/) and modified 
to reflect the new powder deposition arrangement. Powder deposition 
proceeds from right to left. Within each layer, IN718 is deposited first, 
followed by GRCop-42. A third powder (a mix of recycled powder from 
prior builds) is then deposited to fill in the remaining area around the 
build plate. Argon shielding flows into the page.

The feedstock was gas-atomised IN718 (Oerlikon Metco Europe 
GmbH, Germany) and GRCop-42 (Carpenter Additive, UK) powders. The 
composition of each was measured by the suppliers using inductively 
coupled plasma mass spectrometry and are provided in Table 1. The 
particle size distribution (PSD) for each were measured using a Mas
tersizer 3000 (Malvern Panalytical, UK), and the morphology of the 
powders were analysed using a Hitachi TM3030 secondary electron 
microscope (SEM) (Hitachi, Japan). A summary of these results is given 
in the appendix, Figure A 1. GRCop-42 powder presented near-spherical 
morphology with a high fraction of fine particles, both alone and sat
elliting to the larger particles. IN718 powder was more uniformly 
spherical with fewer satellites. The PSD of both powders is shown to be 
monomodally distributed with a PSD of D10 = 17.1 µm, D50 = 28.5 µm, 
and D90 = 46.2 µm, and D10 = 23.0 µm, D50 = 34.0 µm, and D90 = 50.3 
µm for GRCop-42 and IN718 respectively. Virgin powder was used for all 
the builds in this study.

The thermophysical and elastic properties of each of the two alloys 
were not measured in this study, but their effects are discussed. The 
relevant properties are taken from existing studies (using PBF-LB) and 
summarised in Table 2.

Single material studies were conducted for each alloy to establish 
parameters to produce > 99.9 % dense parts. These parameters 

(highlighted in Table 3) were used for the respective alloys of the 
bimetallic samples.

Sandwich structures were created for the analysis of horizontal in
terfaces. These structures, shown in Fig. 1(b), feature a 10 mm x 10 mm 
footprint and have a total height of 6 mm. The individual alloy sections 
are 2 mm tall in the sequence of IN718 – GRCop-42 – IN718. To analyse 
samples with a vertical and angled interface, cubes with a 10 mm x 10 
mm footprint and 8 mm tall are manufactured with a vertical interface 
that leads into a 45◦ degree angle at 4 mm build height. To assess the 
effect of the RD relative to the vertical and angled interface, these 
samples are duplicated and rotated around the z axis (aligned to the BD), 
as shown by the orientation of the samples in Fig. 1(c-h). The samples 
with GRCop-42 on top of IN718 for the angled portion are shown in 
Fig. 1(c-e), for each orientation. Similarly, the samples with IN718 on 
top of GRCop-42 for the angled portion are shown in Fig. 1(f-h), for each 
orientation. The exact dimensions of these samples are shown in the 
appendix, Figure A 2. All bimetallic samples produced feature a step 
change in 100 % IN718 powder to 100 % GRCop-42 powder deposited at 
the interface. There was no graded transition using mixtures of the two 
powders.

To assess interfacial evolution with respect to build direction, a 
second set of IN718/GRCop-42 rectangular samples (with a horizontal 
interface) were created. Twenty layers of the upper material were 
deposited (and laser melted), such that the height at which the material 
deposition was changed could be estimated in post-processing. Both 
deposition sequences were fabricated.

All samples were produced under an argon atmosphere (with oxygen 
level below 500 ppm), and with a hatch rotation angle of 90◦ between 
each layer. Prior to each build, the laser-to-powder alignment was 
verified by laser scanning the contour of the deposited IN718. Any offset 
was measured and adjustments made to x and y-axis offset values.

The samples were sectioned parallel to the BD, mounted, ground, and 
finished with colloidal silica polishing. A Hitachi TM3030 SEM was used 
to capture secondary electron images for relative density analysis of the 
individual alloys using ImageJ (National Institutes of Health, USA). A 
JEOL 7100 field emission gun SEM (JEOL, Ltd., Japan) equipped with a 
NordlysMax3 electron backscatter diffraction (EBSD) detector and Ox
ford Instruments Advanced X-max 150 energy dispersive spectroscope 
(EDS) detector was used to capture backscatter electron images, along 
with chemical composition and crystallographic data of the specimens. 
An accelerating voltage of 15 kV and a step size of 0.35 µm was used for 
collecting the EBSD data.

EDS and X-ray diffraction (XRD) depth profiling were conducted on 
the second set of samples to investigate the interfacial composition and 
phase evolution. This approach enables a more complete identification 
of phases at the interface, as was previously shown to be critical in multi- 
material PBF-LB systems [22]. In this work, a similar methodology was 
adopted.

For EDS analysis, compositional data were recorded at 10 μm in
tervals along twelve evenly spaced scan lines (100 μm apart), all aligned 
parallel to the BD and spanning the entire interface region (shown in 
appendix, Figure A 3). The data was averaged to create a representative 
compositional profile across the interface.

Table 1 
Measured chemical composition of GRCop-42 and IN718 powder used in this 
study.

Material Element [wt %]

Al Cr Cu Fe Mo Nb Ni Ti

GRCop-42 ​ 3.30 Bal. ​ ​ 2.70 ​ ​
IN718 0.44 17.17 ​ 15.96 2.84 4.81 Bal. 0.90

Table 2 
Thermal properties of IN718 and GRCop-42.

Alloy Thermal conductivity 
((W⋅m− 1K− 1))

Coefficient of 
Thermal 
Expansion, CTE 
(x10− 6K− 1)

Elastic 
Modulus, E 
(GPa)

Room 
temperature

Elevated 
temperature

In718 11.4 [23] 26.7 
(liquidus) 
[23]

11.9 [24] ~200 [25]

GRCop- 
42

330.0 [10] 295.0 (700 
◦C) [10]

17–18 [8,10] ~80 [18]
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XRD measurements were captured at 50 μm and 100 μm intervals in 
the BD for the deposition of IN718 on GRCop-42 and GRCop-42 on 
IN718 respectively. To access the correct depths, the samples were 
carefully ground and polished to the correct height using a set of calipers 
to measure the overall height of the sample removed. For example, to 
analyse the transition line (where the material deposited changes in the 
BD), the sample height was reduced by 800 μm (approximately 20 
layers, as shown in Figure A 3). A step size of 0.02◦ and a step time of 3 s 
scanning in a range of 2θ = 20◦–100◦ was used for capturing the XRD 
data with a Bruker D8 Advance Da Vinci with a Lynxeye 1D detector.

3. Results and discussion

A backscatter image of the sectioned view of the sandwich structure 
outlined in Fig. 1(b) is shown in Fig. 2(a). LoF defects are observed in the 
deposition sequence of IN718 above GRCop-42. Fig. 2(b) is an enlarged 
view of one of these defects, showing the presence of unmelted powder 
particles (identified by the dashed yellow arrows), and highlighting the 
potential for these LoF defects to produce cracks (identified by the solid 
yellow arrows). The EDS maps of Cu and Ni (Fig. 2(c) and (d) respec
tively), show the unmelted powder particles to be rich in Ni, and 
therefore to be IN718. Such defects are also identified in the deposition 
of IN625 on GRCop-42 using DED [3], and are attributed to the thermal 
properties of the GRCop-42 substrate. Although the exact temperature of 
the melt pool is not measured, the thermal conductivity is one order of 
magnitude greater for GRCop-42 than for IN718, as shown in Table 2. 
Therefore, melting of the IN718 powder onto the GRCop-42 substrate 
will result in a melt pool of reduced temperature (compared to deposi
tion onto IN718) due to the higher thermal dissipation from the sub
strate conductivity. This leads to unmelted powder particles and LoF 
defects (Fig. 2(b)), along with limited mixing of the alloys (Fig. 2(c) and 
(d)). Eliminating the porosity defects is critical as they will act as crack 
initiators under tension or fatigue, increasing the risk of failure at the 
interface. A simple solution is to increase the laser power for the first few 
layers of IN718, increasing the temperature of the melt pool to suffi
ciently melt the powder particles. Evidence of this is presented in the 
appendix, Figure A 4, with similar results found in the study by Preis 
et al. [3].

Deposition of GRCop-42 on IN718 does not present defects; instead, a 
localised change in microstructure occurs between the columnar IN718 
and columnar GRCop-42 grains, as evident in Fig. 2(f). The EDS maps of 
Cu and Ni, (Fig. 2(g) and (h) respectively), shows this deposition order to 
produce significant mixing across the interface, which corresponds with 
the region of a localised change in microstructure. Grain refinement 
occurs within the region of mixing of these alloys, as presented in the 
corresponding IPF map shown in Fig. 2(i). A closer look at the refined 
grains, presented in Fig. 2(j), shows evidence of epitaxial grain growth. 
This is in contrast to the IPF map for IN718 deposited on GRCop-42 
(Fig. 2(e)), which has a significant lack of epitaxial grain growth. This 
grain refinement observed at the interface could be beneficial as it is 
expected to locally strengthen the interface via Hall-Petch strengthening 
[26].

The difference in mixing of the alloys due to deposition sequence is 
explored further with the change in composition across the interface 
mapped out on backscatter images in Fig. 3(a) and (d) for IN718 on 
GRCop-42, and GRCop-42 on IN718 respectively. Mixing of the alloys 
predominantly occurs above the transition line for both deposition se
quences, with significantly greater mixing occurring as GRCop-42 is 
deposited on IN718. This may be explained by the reduced melt pool 
temperature when depositing IN718 on GRCop-42, which reduces the 
size of the melt pool (and potentially changes the melting mode) and 
subsequently limits mixing across the interface. Similar behaviour was 
observed in a multi-material PBF-LB study involving a copper alloy [22]. 
The jagged curves of the elements for both deposition sequences 
(particularly prominent for the deposition of GRCop-42 on IN718, in 
Fig. 3(d)) indicates the alloys tend to maintain their individual com
positions rather than form a new solid solution at the interface. This may 
suggest a certain degree of immiscibility between these two alloys which 
could increase crack susceptibility under mechanical loading or thermal 
cycling [27].

The mixing may result in new phases developing at the interface. To 
assess this, XRD depth profiling throughout the interface was conducted 
for IN718 on GRCop-42 and GRCop-42 on IN718, as presented in Fig. 3
(b) and (e) respectively. IN718 and GRCop-42 are both of a predomi
nantly face centred cubic (FCC) crystal structure and have a similar 
lattice constant (0.362 nm for GRCop-42 [28] and 0.359 nm for IN718 

Table 3 
Parameters used for processing IN718 and GRCop-42 powder in this study.

Material Laser power (W) Scan speed (mm/s) Hatch distance (µm) Spot diameter (µm) Layer thickness (µm) Hatch rotation angle (◦) Stripe width (mm)

IN718 200 800 80 80 40 90 5
GRCop-42 340 800 100 80 40 90 5

Fig. 2. Horizontal interface of both deposition sequences, reflecting the geometry shown in Fig. 1(b). (a) is a backscatter image covering both interfaces. (b-e) are the 
backscatter, Cu EDS, Ni EDS, and inverse pole figure (IPF) maps for deposition of IN718 on GRCop-42 respectively. (f-j) are the backscatter, Cu EDS, Ni EDS, and IPF 
maps for deposition of GRCop-42 on IN718 respectively. The IPF key is shown with the (001) orientation aligned to the BD.
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[29]). Therefore, the intensity peaks are of a relatively similar position 
for each of the individual alloys. The sections at the different depths of 
the interface when depositing IN718 on GRCop-42 identify no new 
phases of a distinct crystal structure (in great enough quantities to be 
captured using conventional XRD), as outlined by Fig. 3(c). In contrast, 
the reverse deposition identifies a small additional peak near the 
interface, at +50 μm and +150 μm above the material transition line 
(copper rich region of the interface), as highlighted by the dashed black 
arrows in Fig. 3(f). The position of this new peak correlates with a body 
centred cubic (BCC) α-Cr phase [30], which is also found to occur in the 
copper rich region of the interface when depositing GRCop-42 on IN718 
using DED (but not in the reverse deposition sequence) [4]. The mixing 
of the alloys during the deposition of GRCop-42 onto IN718, causes 
significant levels of Cr (from the IN718) to travel into the GRCop-42 
region above the transition line (driven by the Marangoni convection 
of the melt pool). The high Cr content found in the regions above the 
transition line, shown by the dashed black box in Fig. 3(d), exceeds the 
threshold for solubility within the Cu matrix [31] or the Cr2Nb phase 
[10] and precipitates as the BCC α-Cr phase. As observed in Fig. 3(a), the 
Cr content which dilutes into the underlying GRCop-42 does not exceed 
the Cr level present in the composition of GRCop-42 (indicating limited 
remelting of the GRCop-42), and therefore the α-Cr phase does not 
precipitate. In addition to the Cr content, there is migration of a 
considerable amount of Fe across the interface when depositing 
GRCop-42 on IN718 (Fig. 3(d)). The presence of Fe in the Cu matrix is 
known to alter the microstructure, transforming the grains from 
columnar to equiaxed [32,33]; this effect is evident in Fig. 2(i).

Backscatter images and the corresponding Cu and Ni EDS maps of the 
geometries presented in Fig. 1(c), (d), and (e) are shown in Fig. 4(a1–6), 
(c1–6) and (e1–6) respectively. The backscatter images and corre
sponding Cu and Ni EDS maps of the geometries presented in Fig. 1(f), 
(g), and (h) are shown in Fig. 4(b1–6), (d1–6), and (f1–6) respectively. 
By measuring from the edge of the sectioned sample and comparing to 
the interface position of the build file, the nominal position of the 
interface is estimated and highlighted by the dashed yellow lines.

The samples with GRCop-42 on IN718 for the angled portion, and 

with the interface plane perpendicular to the RD, shown in Fig. 4(a1–6) 
and c(1–6), present similarities in the mixing of the alloys. Crossing of 
the IN718 (Ni content) across the nominal interface occurs for both to a 
similar degree, and in a broadly similar manner, particularly for the 
angled portion of the samples. Hence, indicating that the RD for this 
sample orientation, with the interface plane perpendicular to the RD, 
has little effect on the mixing at the interface.

On the other hand, the samples with IN718 on GRCop-42 for the 
angled portion, and with the interface plane perpendicular to the RD, 
Fig. 4(b1–6) and (d1–6), present significantly different mixing behav
iour. With the RD in the positive x-axis (Fig. 4(b1–6)), there is a well- 
defined boundary between the alloys, with minimal evidence of the Ni 
or Cu content crossing over the interface. Recoating in the negative x- 
axis (Fig. 4(d1–6)) produces waves of Ni crossing into the GRCop-42 
region, in a pattern reflecting the Marangoni flow of the melt pool and 
at a frequency identical to the layer height, outlined by the dashed white 
curves in Fig. 4(d2) and (d5). The sample shown in Fig. 4(b1–6) reveals 
the presence of porosity defects (highlighted by the dashed white 
arrows).

The powder deposition mechanism can impact the mixing of the 
alloys, with over-deposition of powder or insufficient suction from the 
leveller causing significant amounts of one material to cross over the 
nominal interface. The effects of these parameters are exacerbated by 
the RD (and recoating speed), therefore they are more prominent when 
the interface plane is perpendicular to the RD. Insufficient suction from 
the leveller will cause powder to build up at the edge of the levelling 
blade and smear across the interface, in the RD; this would result in 
mixing which is shown in Fig. 4(c1–6). However, as shown in Fig. 4
(a1–6) and (d1–6), the mixing of the alloys across the nominal interface 
is in the reverse of the RD and is therefore not as a result of the smearing 
of the powder due to insufficient suction. Therefore, insufficient suction 
from the leveller is not the cause for the mixing behaviour across the 
interface.

Fig. 5 displays schematics of the process by which multiple materials 
are deposited using the Schaeffler Aerosint SPD recoater. Fig. 5(a) dis
plays an “ideal” scenario, in which the powder falls vertically 

Fig. 3. (a) and (d) are backscatter images of the interface with the average change in composition overlayed for the deposition sequence of IN718 on GRCop-42, and 
GRCop-42 on IN718 respectively. (b), (c) and (e), (f) display the XRD depth profiling results for the deposition sequence of IN718 on GRCop-42, and GRCop-42 on 
IN718 respectively.
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downwards (from only gravity) onto the build plate. In reality, due to 
the ejection pressure, the particles are forcefully ejected from the curved 
surface of the mesh and fall at a slight angle towards the build plate. This 
is reflected in Fig. 5(b), and results in the first material deposited 
crossing over the nominal interface. As previously shown in Fig. 1(a), for 
this sequence of experiments, deposition of IN718 occurs first; as such, if 
there is any overlap of the materials at the interface the underlying 
IN718 of the layer will remain, whilst the upper layer of GRCop-42 will 
be removed by the levelling blade. This would explain the significant 
presence of Ni in the GRCop-42 region of the interface shown in Fig. 4
(a1–6), (c1–6) and (d1–6). On the other hand, Fig. 4(b1–6) presents a 

well-defined boundary, but also contains porosity defects at the inter
face. This suggests that this sample may not have been receiving enough 
powder (a symptom of the deposition mechanism) to create a significant 
overlap of materials at the interface. This scenario is presented in Fig. 5
(c) where there is insufficient powder at the interface, producing 
porosity defects, but also limiting the amount of the first deposited 
material which crosses over the nominal interface.

The porosity visible in Fig. 4(b1–6) occurs on the opposite side of the 
interface to that seen for the horizontal interface of IN718 on GRCop-42 
in Fig. 2(b). This stems from different formation mechanisms. For the 
horizontal IN718 on GRCop-42 interface (Fig. 2(b)), the pores in the 

Fig. 4. (a1–6), (c1–6), and (e1–6) are the backscatter images, Cu EDS maps, and Ni EDS maps for the geometries presented in Fig. 1(c), (d), and (e) respectively. 
(b1–6), (d1–6), and (f1–6) are the backscatter images, Cu EDS maps, and Ni EDS maps for the geometries presented in Fig. 1(f), (g), and (h) respectively. The nominal 
position of the interface is highlighted by the dashed yellow lines.
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IN718 are LoF defects driven by laser energy input and melt pool 
instability on a highly conductive Cu-alloy substrate. This mechanism 
allows for the pores to be removed through increased laser power, as 
observed in Figure A 4. In contrast, the porosity observed in the GRCop- 
42 region of the vertical/angled interface (Fig. 4(b1–6)) is an artefact 
arising from the powder deposition process (local short-feeding of 
powder as illustrated in Fig. 5(c)), rather than melt pool instability.

Deposition of the GRCop-42 on IN718 samples with the vertical 
interface plane parallel to the RD is presented in Fig. 4(e1–6). This 
sample orientation presents significantly different mixing behaviour 
from those shown in Fig. 4(a1–6) and (c1–6), with the melt pools clearly 
reflected in the regions near the interface in the EDS maps of Cu and Ni. 
The gradual transition across the interface in Cu and Ni content provides 
a compositional gradient effect for the angled and vertical interfaces. 
This gradual change in composition may be beneficial for alleviating 
stresses which develop at the interface due to a mismatch in the physical 
or thermal properties of the two alloys (during operation of the bime
tallic structure) [11]. Similar differences in the transition of material 
across a vertically aligned interface were also observed with the depo
sition of the M300 tool steel (BCC) and CuCrZr (FCC) using a Schaeffler 
Aerosint SPD recoater [34]. As such, the findings of this study can be 
useful when considering the interface of other bimetallic systems.

The opposite deposition sequence for this sample orientation is 
presented in Fig. 4(f1–6). The vertical section of this sample (Fig. 4
(f4–6)) presents a similar compositional gradient effect to that shown in 
Fig. 4(e4–6), but over a greater distance in the y-axis, whereas the 
angled portion of the sample does not present similar behaviour. Rather, 
there are significant quantities of Ni in the GRCop-42 region of the 
nominal interface (Fig. 4(f3)) which do not represent melt pool 

dynamics or the recoating pattern. As discussed, in relation to the 
samples shown in Fig. 4(a1–6), (c1–6) and (d1–6), the other samples 
from this build present evidence of excessive ejection pressure for the 
IN718. Due to the nature of the deposition recoater, different sections of 
the build plate may also be exposed to higher ejection pressure (and 
therefore an increased amount of IN718 at the nominal interface) than 
others. It is possible the sample presented in Fig. 4(f1–6) was located in a 
region on the build plate which correlated with extreme levels of ejec
tion pressure from the drum containing IN718 powder. Therefore, as the 
recoater passed over this section of the build plate, an excess of IN718 
particles was ejected from the drum and fell in the GRCop-42 region of 
the sample. Regardless of the poor accuracy of deposition for some of the 
samples presented in Fig. 4, the interface is shown to be defect-free.

The samples in Fig. 4, provide different behaviours in the mixing of 
the alloys across the interface. Three of these distinct behaviours – 
crossing of Ni content across the nominal interface (Fig. 4(a1–6)), a well- 
defined boundary with little mixing/crossing of the alloys (Fig. 4
(b1–6)), and the compositional gradient effect achieved (Fig. 4(e1–6)) – 
are studied in greater detail to elucidate their effect on the microstruc
ture at the interface. The microstructure of the transition point between 
the vertically aligned and angled portion of the samples, along with the 
corresponding EDS maps for Cu and Ni, are presented in Fig. 6.

Fig. 6(a1–3) displays the sample with the crossing of Ni (IN718) 
across the interface. As is also observed in Fig. 2(i) and (j), the mixing 
across the interface has a grain refinement effect. The enlarged view of a 
region of grain refinement is presented in Fig. 6(d1–3), indicating the 
evolution of equiaxed grains, with finer grains located in the Cu-rich 
regions and coarser grains in the Ni-rich regions. The samples which 
present a well-defined boundary, Fig. 6(b1–3), and the compositional 

Fig. 5. Schematics of the powder deposition for a multi-material layer under different powder ejection scenarios. (a) presents a multi-material layer when under 
“ideal” conditions where powder falls due to gravity only. (b) is the scenario in which ejection pressure is used to force powder off the drums, leading to IN718 
crossing over the interface. (c) presents the scenario of ejection pressure depositing an insufficient amount of powder on to the substrate, which can result in porosity 
defects and reduced crossing of IN718 over the interface.
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gradient effect, Fig. 6(c1–3), also reflect the grain refinement to pre
dominantly occur where there is Ni contamination in the Cu matrix. The 
enlarged view of the regions of grain refinement for these samples are 
presented in Fig. 6(e1–3) and (f1–3), respectively. Both present two 
distinct grain morphologies in the Cu-rich areas; either fine, equiaxed 
grains or columnar dendrites, reflecting the morphology of the melt 
pools. Additionally, the Ni-rich regions of the mixing area produce fine 
equiaxed grains, but of a coarser form than those observed in the Cu-rich 
regions. The formation of fine equiaxed grains in the Cu matrix is 
potentially due to the heterogeneous nucleation effect of the Fe-rich 
regions (from the IN718) in the Cu alloy [33], whereas the grain 
refinement effect on the Ni-rich regions is likely driven by the increased 
cooling rate due to the proximity with the high thermal conductivity of 
the Cu alloy.

The differences in interfacial microstructure, from the various 
interface alignments, are likely to influence the mechanical and thermal 
response of the bimetallic structure. The grain refinement observed at 
the interface across all samples presented in Fig. 6 is likely to raise the 
local yield strength, via the Hall-Petch relationship [26], improving the 
resistance of the interface to local yielding. In the case where the RD is 
parallel to the interface plane, the graded chemical transition (Fig. 4
(e1–6), Fig. 6(c1–3) and Fig. 6(f1–3)) could also provide a smoother 
change in the thermophysical properties between IN718 and GRCop-42 
(Table 2). This would help to alleviate thermal stresses at the interface, 
and ultimately, be beneficial for thermal fatigue resistance under cyclic 
loading.

4. Conclusion

A detailed understanding of the microstructure evolution at the 
interface of combined IN718 and GRCop-42, and how it is influenced by 
the interface orientation is critical to enable confidence in the operation 
of these bimetallic structures. This study has shown that the orientation 
of the interface relative to both the BD and the RD has a significant effect 

on the formation of defects and the microstructure evolution at the 
interface. A summary of the key insights from this study are listed below: 

• For a horizontal interface, there are key differences based on the 
deposition sequence. LoF defects develop at the interface when 
depositing IN718 on GRCop-42 due to the high thermal conductivity 
of the substrate material, with unmelted IN718 particles present. On 
the other hand, the precipitation of the BCC α-Cr phase and grain 
refinement occurs at the interface when depositing GRCop-42 on 
IN718 due to significant mixing of the alloys.

• For vertical and angled interfaces, the interface is affected by the RD 
and is sensitive to the deposition parameters. Significant crossing of 
the first deposited material into the second occurs when the interface 
plane is perpendicular to the RD. Whereas, when the interface plane 
is parallel to the RD, a graded transition of the alloys across the 
interface is achieved. The difference in mixing of the alloys due to the 
interface alignment (relative to the RD) may therefore have an in
fluence on the development of defects (such as cracks) during ther
mal cycles. Hence, when producing samples with a non-horizontal 
interface, the part orientation and deposition order will have a sig
nificant effect on the interface morphology and potentially affect the 
mechanical properties.

• The change in the microstructure evolution at the interface is 
impacted by the mixing of the alloys. With samples where there is 
significant crossing of IN718 across the nominal interface, columnar 
to equiaxed transformation of the grains occurs, with finer grains 
located in the Cu-rich regions and coarser grains located in the Ni- 
rich regions of the interface. On the other hand, samples with a 
sharp transition at the interface, result in columnar dendritic growth 
in the Cu-rich regions. This difference may impact the mechanical 
performance of the bimetallic structure.

• The mixing of the alloys at the interface is shown to be largely 
dependent on the deposition mechanism for the vertical and angled 
interfaces in this study. Porosity and contamination across the 

Fig. 6. Microstructure of the interface covering the vertical and angled sections of three samples from Fig. 4. (a1–3), (b1–3), and (c1–3) are the IPF, Cu EDS maps, 
and Ni EDS maps for the samples shown in Fig. 4 (a1–6), (b1–6), and (e1–6) respectively. (d1–3), (e1–3), and (f1–3) are the IPF and corresponding EDS maps for the 
refined grain regions shown in (a1–3), (b1–3), and (c1–3) respectively. The recoater deposits parallel to the x-axis. The IPF key is shown with the (001) orientation 
aligned to the BD. The nominal position of the interface is highlighted by the dashed white lines.
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interface are evident and governed by the quality and consistency of 
the recoating process. Therefore, considerable effort should be made 
to understand and optimise the deposition process for future 
experiments.

This study has shown it is feasible to produce defect-free bimetallic 
structures of IN718 and GRCop-42 using PBF-LB. However, of note, 
there are clear differences in the microstructure evolution based on the 
orientation of the interface, relative to both the BD and the RD, of which 
the effect on the mechanical properties is not known. Therefore, future 
work will focus on mechanical testing – particularly tensile and fatigue 
testing – to quantify and observe the effect of interface orientation on the 
deformation and failure mechanisms of these bimetallic structures.
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Appendix

Fig. A.1, Fig. A.2, Fig. A.3, Fig. A.4
1.1. Powder properties

Fig. A.1. Characterization of the powder used in this study, (a) Scanning electron microscope (SEM) image showing the morphology of the GRCop-42 powder, (b) 
particle size distribution of the GRCop-42 powder, (c) SEM image of the IN718 powder, and (d) particle size distribution of the IN718 powder.
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1.2. Sample dimensions

Fig. A.2. Dimensions (in mm) of the samples produced in this study. (a) is of the sandwich structure with the horizontal interfaces, and (b) is the sample with the 
vertical and angled interface.

1.3. EDS linescan methodology

Fig. A.3. EDS linescan methodology across the interface of GRCop-42 on IN718. Each dashed white arrow represents a scan line which records a local chemical 
composition every ten microns along the scan line.

1.4. Effect of laser power on horizontal interface of IN718 on GRCop-42

Fig. A.4. Effect of laser power on LoF defects at the interface of IN718 deposited on GRCop-42. (a) Use of optimised parameters (200 W) developed for IN718, (b) 
increased laser power by 20 % (240 W) for the first five layers of IN718 deposited on GRCop-42.
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