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The joining of Inconel 625 and GRCop42 using additive manufacturing is required for thermal management of 
high operating temperature components such as rocket combustion chambers. Though prior efforts have been 
made to use laser directed energy deposition to join these materials, the impact of laser power and deposition 
sequence on microstructure of these joints is not well understood. In this study, Inconel 625 onto GRCop42 and 
GRCop42 onto Inconel 625 joints are fabricated by powder directed-energy-deposition at various laser powers 
and subsequently subjected to characterization in terms of present defects, grain morphology, and phases. Results 
show lack-of-fusion free Inconel 625 onto GRCop42 joints can be fabricated by increasing the laser power in the 
first layer. Substrate remelting in GRCop42 onto Inconel 625 joints is found to result in a melt pool composition 
which induces liquid-state immiscibility, resulting in a Cu-deprived liquid solidifying to form crack prone islands. 
Increasing laser power decreases the embrittlement of these islands due to the precipitation of a lower volume 
fraction of intermetallic phases.

1. Introduction

Multi-metal additive manufacturing (AM) allows for the joining of 
dissimilar metals to fabricate components which have both spatially 
varying properties (i.e. thermal, physical, mechanical) and geometric 
complexity [1]. Such multi-property components are of particular in-
terest for applications in the aeronautic and aerospace industry [2,3]. 
One application of particular interest for multi-metal AM is the com-
bustion chamber within reusable liquid rocket engines. These chambers 
require regions of high thermal conductivity for heat dissipation along 
with regions of high-temperature strength [4]. Within such combus-
tion chambers, Cu-based alloys are used as an interlayer, providing the 
necessary high thermal conductivity to efficiently transfer heat away 
from the chamber [5]. The Cu-based alloy is joined to a Ni-based su-
peralloy, which is deposited as an external structural jacket providing 
high-temperature strength and oxidation resistance [6]. GRCop42 (Cu-
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based alloy developed at NASA Glenn Research Center) and Inconel 625 
(Ni-based superalloy) are two alloys well suited for combustion cham-
ber applications [7].

Currently, GRCop42 - Inconel 625 combustion chambers are fabri-
cated by first fabricating the GRCop42 interlayer using laser powder bed 
fusion (LPBF) [5]. Afterwards, the Inconel external structural jacket is 
deposited onto the GRCop42 using wire electron beam directed energy 
deposition or powder laser directed energy deposition (LDED) [7,8]. 
Powder LDED has multi-material capability along with relatively high 
build rates, and could be used to fabricate the GRCop42 interlayer 
and Inconel 625 external structural jacket efficiently in a single build. 
Therefore, powder LDED of GRCop42, Inconel 625, and the GRCop42 -
Inconel 625 joint must be thoroughly understood.

To serve an effective interlayer, powder LDED GRCop42 must have 
high thermal conductivity and high strength + ductility (i.e. minimal 
porosity). While no studies exist on the thermal conductivity of pow-
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der LDED GRCop42, the thermal conductivity of this alloy as fabricated 
by LPBF has been studied by Gradl et al. [5]. The authors reported 
that LPBF GRCop42 has the desired high thermal conductivity (275 
W/mK at 25 ◦C). To ensure desired strength, LDED GRCop42 must be 
fabricated with minimal porosity. The porosity-free laser processing of 
Cu-based alloys such as GRCop42 is challenging due to high reflectiv-
ity and high thermal diffusivity [9]. To overcome this, Suresh et al. 
[10] used high laser powers of 1300-1375 W when fabricating GRCop42 
thin walled structures using LDED. The printed structures had less than 
0.1% porosity, indicating that the lack of fusion (LOF) typically asso-
ciated with high reflectivity and high thermal diffusivity materials was 
avoided [11]. In addition, C15-Laves Cr2Nb precipitates in the LDED 
printed GRCop42 were shown to be a similar size as in LPBF printed 
GRCop42 [10]. This is critical, since the Cr2Nb precipitates reinforce 
the matrix resulting in high creep resistance necessary in prolonged 
lifecycle components such as combustion chambers [12]. Demeneghi et 
al. [13] studied the influence of wall thickness on tensile properties of 
GRCop42 printed using powder LDED. The authors found that a higher 
wall thickness is correlated with an increased elongation in unpolished 
specimens. When the specimens are polished, wall thickness is found to 
have no effect on the elongation, indicating that surface effects must be 
considered in LDED printed GRCop42 interlayers for combustion cham-
bers. Based on the listed research, fabrication of GRCop42 by use of 
powder LDED results in the desired properties to serve as an effective 
interlayer.

To serve as an effective structural jacket, the powder LDED Inconel 
625 must have desirable high temperature (HT) mechanical proper-
ties (thermal stability, high fatigue resistance, high yield strength, high 
creep strength). Hu et al. [14] investigated the thermal stability of pow-
der LDED Inconel 625. The researchers reported a high recrystallization 
temperature (1200 ◦C), indicating that Inconel 625 via powder LDED 
can be expected to maintain high performance at high temperatures. 
Theriault et al. [15] studied the fatigue resistance of powder LDED In-
conel 625. The researchers found that at both room temperature and 
650 ◦C the powder LDED Inconel 625 has higher fatigue resistance 
than cast material and lower fatigue resistance than wrought material. 
Poudel et al. [16] studied the tensile deformation behavior of power 
LDED Inconel 625 at high temperatures, and found that dynamic re-
crystallization is found to occur above 650 ◦C resulting in lower yield 
strength. In addition, the researchers found that powder LDED Inconel 
625 has a comparable yield strength to wrought Inconel 625 above 
650 ◦C. While no studies have been conducted on creep strength of 
powder LDED Inconel 625, laser powder bed fusion Inconel 625 creep 
strength has been studied by Son et al. [17] who reported that LPBF 
Inconel 625 has a comparable creep strength to wrought Inconel 625 
at 650 ◦C and 800 ◦C. Based on the listed research, powder LDED In-
conel 625 can be expected to have the desirable mechanical properties 
required for structural reinforcement.

When joining Inconel 625 with GRCop42 using a liquid state process 
(such as powder - LDED), the two materials undergo Marangoni mixing 
at the interface creating a new mixing-induced alloy. This can lead to 
cracking at the interface due to various mechanisms (i.e. brittle phase 
formation, solidification cracking) [18]. Gradl et al. [4,6], Iams et al. 
[19], and Anderson et al. [20] reported no cracking in Inconel - GRCop 
joints fabricated using AM. In contrast, Gradl et al. [7] and Hales et al. 
[21] have reported cracking at the GRCop - Inconel interface, thus com-
promising the integrity of the joint life-cycle and ability to withstand 
loads. To understand the root cause of this cracking, the present au-
thors [22] fabricated an array of GRCop42 - Inconel 625 mixture ratios 
by use of arc melting to mimic the remelting and dissimilar-metal mix-
ing which takes place at the interface during liquid state joining. Results 
show that from 30 to 95 wt.% GRCop42, a lack of liquid state mixing 
(liquid-state immiscibility) occurs between a Cu-rich and Cu-deprived 
liquid, resulting in brittle phase formation from the Cu-deprived liquid 
at compositions corresponding to 60-95 wt.% GRCop42 [22]. This sug-
gests that a process strategy is needed to help avoid these phases in an 

effort to fabricate defect-free GRCop42 - Inconel 625 joints. However, 
no published study has been conducted on the influence of processing 
parameters such as laser power on GRCop42 - Inconel 625 joint mi-
crostructure, presenting a critical literature gap.

A fundamental difficulty in fine-tuning parameters for multi-
material AM is that the thermal conditions of a given laser pass are 
dependent on the thermal properties of the material surrounding the 
deposition zone. This means at a multi-material AM joint, the thermal 
history of a deposited material will depend on the thermal properties 
of a different material which was deposited in previous layers or laser 
passes. For example, Iams et al. [19] reported LDED of Inconel 718 
onto GRCop42 results in far less remelting (i.e. smaller melt pool) than 
GRCop42 onto Inconel 718, due to GRCop42 rapidly diffusing thermal 
energy. Further complexity is added by the fact that during the joining 
of dissimilar metals by use of AM, remelting leads to inhomogeneous 
metal mixtures which have compositionally dependent thermal prop-
erties [23]. The effect of dissimilar thermal properties on GRCop42 -
Inconel 625 joint properties are not available in literature.

In this work, an LDED system is used to fabricate GRCop42 - In-
conel 625 joints using various laser powers to study the effect of energy 
density on defect formation and microstructure. To study the effect of 
deposition sequence on defect formation and microstructure, both In-
conel 625 onto GRCop42 and GRCop42 onto Inconel 625 joints are 
fabricated. The joints are characterized in terms of defects (cracking 
and porosity), grain morphology, phases, and microhardness. The re-
sults of this work can be used as a processing strategy guide for the 
fabrication of crack free GRCop42 - Inconel 625 bimetallic joints.

2. Experimental methodology

2.1. Materials and LDED process

In this study, a Meltio M450 LDED machine was used for fabrication 
of GRCop42 - Inconel 625 joints. The M450 deposition head is equipped 
with six continuous wave lasers exhibiting a Gaussian distribution, each 
with a maximum power of 200 W (total maximum power 1200 W), and 
three powder delivery nozzles. Each laser is positioned at a 25◦ angle 
relative to the longitudinal axis (Z direction). A working distance of 7 
mm was used, corresponding to the point where the lasers converge 
forming a single spot with a diameter of 0.9 mm. An image of the M450 
system along with powder nozzles and laser exit ports is shown in Fig. 1.

Two deposition sequences were investigated: (1) Inconel 625 onto 
GRCop42 and (2) GRCop42 onto Inconel 625. The Inconel 625 substrate 
was fabricated by printing wire Inconel 625 using the M450 with a laser 
power of 500 W and a travel speed of 400 mm/min. The GRCop42 sub-
strate was fabricated by printing power GRCop42 using the M450 with 
a laser power of 800 W, a travel speed of 400 mm/min, and a power 
feed rate of 2 g/min. Each substrate was milled flat to create a smooth 
surface for further deposition. The composition of the Inconel 625 and 
GRCop42 substrates is shown in Table 1. The substrate build plate was 
held at 16 ◦C. For joint fabrication, six 20 mm x 20 mm layers of Inconel 
625 or GRCop42 powder were deposited onto the respective substrates, 
as shown in Fig. 2. Inconel 625 powder was purchased from Carpenter 
Additive, and the GRCop42 powder was purchased from Powder Al-
loy Corporation. The particle size distribution (PSD) of the powder was 
measured using a Malvern Particle size analyzer Mastersizer 3000. The 
composition and PSD of each feedstock can be referenced in Table 1. 
Optical micrographs of the powder are shown in Appendix A.

For all prints, a hatch spacing of 0.5 mm was used along with a pow-
der feed rate of 2 g/min and a travel speed of 400 mm/min. For each 
layer, the hatching direction was rotated by 90◦ as shown in Fig. 2a. 
The effect of processing parameters on the joint was studied by varying 
the laser power from 200 - 800 W in increments of 200 W. To protect 
against oxidation, nitrogen was used as shielding and carrier gas with a 
flow rate of 10 L/min.
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Fig. 1. Picture and schematic of Meltio M450 print head, powder nozzles, and laser exit locations.

Table 1
Composition and PSD pertaining to GRCop42 and Inconel 625 powder along with substrate composition.

Material D10 D50 D90 Ni Cr Nb Ta Mo Cu Fe Al Other
μm μm μm wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%

Inconel 625 Substrate - - - 64.8 22.2 3.49 8.6 0.002 0.2 0.12 0.588
GRCop42 Substrate - - - - 3.3 2.7 - - Bal - - -

Inconel 625 Powder 40.5 72.7 124 63.2 21.5 3.97 9.2 - 0.85 0.24 1.04
GRCop42 Powder 44.4 65.4 95.7 - 3.3 2.7 - - Bal - - -

Fig. 2. (a) Schematic of deposition sequences investigated. (b) Inconel 625 deposited onto a GRCop42 substrate, and (c) GRCop42 deposited onto an Inconel 625 
substrate with an EDM cutout for microstructure characterization.

2.2. Microstructure characterization

To investigate the microstructure of the joints, samples were cut us-
ing wire electronic discharge machining to expose the surface along the 
build direction. The samples were mounted and ground using SiC pa-
pers from 180 to 1200 grit. The samples were then polished using a 1 
μm alumina slurry, followed by a 0.05 μm alumina slurry, and then a 
0.05 μm silica solution. Lastly, the samples were vibratory polished for 
12 hours using a 0.02 μm silica solution. To reveal the microstructure, 
the samples were chemically etched for 2 seconds using Ferric Chloride 
(FeCl3) which targets Cu-rich compositions. A Zeiss Axiotron optical mi-
croscope was used to investigate joint microstructure and morphology.

To identify present phases, a FEI Quanta 3D dual-beam focused ion 
beam (FIB)/ scanning electron microscope (SEM) was used to extract a 
lamellae from a region of interest and mill it to a thickness of <120 nm. 
Both sides of the lamella were milled with 2 kV Ga+ as a final step to 
minimize the FIB induced damage. The lamellas surfaces were cleaned 
using a Fischione Model 1040 Nanomill with a low beam energy of 
700 eV Ar+, to further remove the Ga+ damaged layers from the FIB 
process. A Thermo Fisher Spectra 300 scanning transmission electron 
microscope (S-TEM) with an accelerating voltage of 300 keV was used 
to extract selected area diffraction (SAD) patterns for crystal structure 
identification. All TEM sample preparation and analysis was carried out 
at the Microscopy and Characterization Suite at the Center for Advanced 
Energy Studies (CAES).

To characterize phase morphology, a Helios 650 Ultra Resolution 
Dual Beam SEM was used to collect electron backscatter images of 
the sample. A FEI Quanta 3D dual beam scanning electron microscope 
(SEM) equipped with energy dispersive X-ray spectroscopy (EDS) and 
electron backscatter diffraction (EBSD) detectors was used to measure 
elemental composition and characterize the grain morphology. An ac-

celerating voltage of 20 eV and a beam current of 1.8 nA was used. The 
EBSD images were collected using a step size of 1.4 μm and cleaned us-
ing grain dilation in AMETEK OIM software with a minimum grain size 
of 1 and a grain tolerance angle of 5 (these are dimensionless parame-
ters in the software).

To scan for defects in three dimensions, computer tomographic (CT) 
imaging was performed using a Zeiss Xradia Context MicroCT. A volt-
age of 160 kV and a voxel size of 2.6 μm was used. Visualization and 
analysis was conducted using the Dragonfly software.

Vickers microhardness was used to gauge local mechanical proper-
ties within the joint. A Leco LM-248AT machine was used with a load of 
500 gf and a 15 s dwell time. A minimum of 10 indents were collected 
to obtain the average and standard deviation for each region of interest.

2.3. Thermal conductivity profile

The thermal conductivity of the GRCop42 - Inconel 625 joint 
structure was characterized by a frequency domain thermoreflectance 
(FDTR) system. The FDTR system achieves fast and non-contact thermal 
characterizations through a pair of lasers aligned at the measurement 
point [24]. A pump laser with wavelength of 405 nm inputs a periodi-
cally modulated heat flux on the sample surface, while a probe laser 
with wavelength of 532 nm detects the surface temperature change 
induced by the pump laser. The two lasers have calibrated radii of 
16.50 μm. For each location of interest, the phase difference between 
the modulated pump laser and reflected probe laser was recorded un-
der different modulation frequencies, and the thermal conductivity of 
the sample was determined through a curve-fitting process to an an-
alytical heat conduction model [25]. To maximize the signal to noise 
ratio during the pump-probe measurement, a 120-nm thick gold film 
was deposited as the transducer on the polished samples by sputter-
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Fig. 3. Optical micrographs of Inconel 625 deposited onto a GRCop42 substrate at (a) 600 W unetched, (b) 800 W in the first layer of Inconel 625 followed by 600 
W for subsequent layers unetched, and (c) etched high magnification image of the joint shown in (b). For the etched micrograph, dark regions are Cu-rich while 
gray regions are Cu-deprived.

Table 2
Summary of Inconel 625 onto GRCop42 and GRCop42 onto Inconel 
625 joint defects for each laser power tested.

Laser Power W Inconel onto GRCop42 GRCop42 onto Inconel

200 No adhesion LOF in layers 2+
400 No adhesion Cracking in islands
600 LOF at interface Cracking in islands
800* No defects No cracking, islands present

* For the 800 W Inconel 625 onto GRCop42 sample, the laser power was 
decreased to 600 W in layers 2+ to prevent vaporization of the material.

ing. For each GRCop - Inconel joint sample, the thermal conductivity 
was scanned across the material interface with the increment of 0.5 
mm, revealing the transition from the low thermal conductivity Inconel 
625 region towards the GRCop-42 region with relatively higher thermal 
conductivity.

2.4. Computation

The CALculation of PHAse Diagrams (CALPHAD) approach was used 
to conduct a computational study of equilibrium and non-equilibrium 
(Scheil without back-diffusion) phases in order to assist in analysis of 
the solidification path at each composition of interest. To extract phases 
as a function of temperature and composition, Thermo-Calc (version 
2023a) TC-python API was used in conjunction with a Python code. 
Both TCCU5 (Cu-based alloys optimized database) [26] and TCNI12 
(Ni-based alloys optimized database) [27] were used. To limit compu-
tational cost, only Cu, Ni, Cr, Mo, and Nb were considered.

3. Results

3.1. Joint defects

Table 2 provides an overview of the Inconel 625 onto GRCop42 joint 
defects for the tested laser powers. For the Inconel 625 onto GRCop42 
joint, no adhesion was observed between the Inconel 625 and GRCop42 
substrate at laser powers of 200 W and 400 W. At 600 W, lack-of-fusion 
(LOF) was observed within the first layer of the deposited Inconel 625 
as shown in Fig. 3a. This is attributed to the high thermal diffusivity of 
the GRCop42 substrate (80 mm2/s for GRCop42, 2.9 mm2/s for Inconel 
625), discussed in Section 4.1. When Inconel 625 was deposited using 
800 W, the added energy resulted in no LOF as shown in Fig. 3b. After 
the first 800 W layer, the laser power was decreased to 600 W to avoid 
vaporization of the material which occurs when the melt pool reaches 
an excessively high temperature. The etched high magnification image 
of the 800 W joint in Fig. 3c shows bonding along with a lack of mixing-
induced brittle phases, indicating a defect-free joint was achieved.

Fig. 4a-d shows etched optical micrographs of GRCop42 deposited 
onto Inconel 625 using 200, 400, 600 and 800 W respectively. Two 
Cu-deprived (gray in Fig. 4a-d) microstructural features are of interest; 
peninsulas and islands. The mechanism of island and peninsula forma-
tion will be further discussed in section 4.2. Peninsulas extend from the 
Inconel 625 into the deposited GRCop42 along the interface. Islands are 

Fig. 4. Etched optical micrographs of GRCop42 deposited onto a Inconel 625 
substrate at (a) 200 W, (b) 400 W, (c) 600 W, and (d) 800 W. Dark regions are 
Cu-rich while gray regions are Cu-deprived.

Cu-deprived structures observed above the interface fully surrounded 
by GRCop42. The 200 W joint (Fig. 4a) shows small peninsulas and a 
near complete lack of islands, along with LOF in the GRCop42 due to 
the low energy density used. In the 400 W and 600 W joint, cracking 
was observed within the islands as shown in Fig. 4b. To confirm no 
cracking is present within the 800 W joint, the sample was CT scanned 
for defects in three dimensions. The results, shown in Appendix B, indi-
cate no cracking in the 800 W joint islands.

3.2. Compositional profile

EDS line scans were collected at the interface for both deposition se-
quences. For the Inconel 625 onto GRCop42 joint, the 800 W parameter 
is the only LOF free joint and was therefore selected for EDS analysis. 
For the GRCop42 onto Inconel 625 joint, both the 400 W and 800 W 
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Fig. 5. EDS line scan directly above the interface of (a) Inconel 625 deposited onto GRCop42 and (b) GRCop42 deposited onto Inconel 625. The dashed lines show 
the compositional range measured for each laser power. The GRCop42 wt. % shown in the graph was calculated based on the measured Cu wt. %.

Fig. 6. (a) STEM-EDS maps with corresponding SAD patters of the (b) the Cr-Ni-Mo P-phase along the [412] zone axis, (c) the Ni-Cu phase along the [112] zone 
axis, and (d) Cr-Ni-Nb C14-Laves phase along the [101] zone axis. The numbers in (a) indicate region of SAD pattern collection.

joints were subject to EDS line scans to understand the impact of laser 
power on the distribution of the composition directly above the inter-
face. The results are shown in Fig. 5a, b, with dashed lines specifying 
the measured compositional range. As shown in Fig. 5a, for the 800 
W Inconel 625 onto GRCop42 joint, the composition reaches a maxi-
mum value of 20 wt.% GRCop42. For the GRCop42 onto Inconel 625 
joint, a greater GRCop42 amount is measured above the interface for 
the 400 W joint (between 60 and 80 wt.% GRCop42) as compared with 
the 800 W joint (between 40 and 60 wt.% GRCop42). This result can be 
explained the higher laser power in the 800 W joint resulting in an in-
creased amount of the Inconel 625 substrate remelting, leading to the 
proportionally lower GRCop42 amount measured above the interface. 
EDS line scans showing the elemental distributions on a larger length 
scale are provided in Appendix C.

3.3. Phase analysis and microhardness

The Inconel 625 onto GRCop42 joint showed only FCC phases, and 
was therefore not subject to further phase analysis. To further inves-
tigate cracking in the islands and characterize present phases in the 

GRCop42 onto Inconel 625 joint, a TEM sample was extracted from 
the middle of an island within the 400 W sample (i.e. the sample con-
sisted completely of material from the island). The STEM image along 
with corresponding TEM-EDS images in Fig. 6a indicates the presence 
of three phases within the islands; a Cr-Ni-Mo rich phase (region 1), 
Ni-rich phase (region 2), and Cr-Ni-Nb rich phase (region 3). The TEM-
EDS measured elemental compositions of each phase are provided in 
Table 3. The SAD pattern of the Cr-Ni-Mo rich phase (region 1) is pre-
sented in Fig. 6b and shows a primitive orthorhombic Pbnm-type crystal 
structure with a stoichiometric composition of Cr18Ni40Mo42 [28]. This 
phase is commonly referred to as the P-phase in the Cr-Ni-Mo ternary 
phase diagram and is an equilibrium high temperature phase [28]. The 
Ni-Cu phase (region 2) constitutes a face centered cubic (FCC) solid 
solution as shown in Fig. 6c. The Cr-Ni-Nb phase in (region 3) has a 
hexagonal closed packed (HCP) P63/mmc crystal structure [29], previ-
ously identified in GRCop42 - Inconel joints by both Preis et al. [22]
and Iams et al. [19]. This phase is commonly referred to a C14-Laves or 
high temp Cr2Nb [19]. Both the Cr-Ni-Mo P-phase and Cr-Ni-Nb C14-
Laves phase are intermetallic and can contribute to the embrittlement 
of a material [18].
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Table 3
STEM-EDS measured elemental compositions of regions from an island in the 400 W GRCop42 onto 
Inconel 625 sample.

Region Phase Cu Ni Cr Mo Nb
wt.% wt.% wt.% wt.% wt.%

1 Cr-Ni-Mo P-Phase 11.1 ± 1.57 28.1 ± 3.29 33.0 ± 3.36 19.6 ± 2.27 8.1 ± 1.05
2 Ni-rich FCC 23.1 ± 3.02 43.1 ± 4.09 20.7 ± 2.66 5.0 ± 0.71 7.9 ± 1.08
3 Cr-Ni-Nb C14-Laves 11.5 ± 1.55 29.7 ± 3.26 20.7 ± 2.39 15.7 ± 1.81 22.3 ± 2.38

Fig. 7. Backscatter images of (a) the peninsula and (b) and island of the 800 W GRCop42 onto Inconel 625 sample.

Fig. 8. EBSD crystal orientation maps of (a) Inconel 625 onto GRCop42 and (b) GRCop42 onto Inconel 625. Dashed lines specify bead cross section outlines along 
with location of the interface.

Table 4
Microhardness of islands and peninsulas in LDED GR-
Cop42 deposited onto Inconel 625 as a function of laser 
power with Inconel 625 and GRCop42 microhardness 
values provided for reference.

Sample Peninsula Island
HV.5 HV.5

GRCop42 onto Inconel 400 W 382 ± 75 718 ± 159
GRCop42 onto Inconel 600 W 400 ± 105 665 ± 216
GRCop42 onto Inconel 800 W 401 ± 134 590 ± 215
Pure GRCop42 114 ± 28
Pure Inconel 625 262 ± 27

To gauge brittle phase impact on mechanical properties, the micro-
hardness of islands and peninsulas in the 400, 600, and 800 W samples 
was measured as shown in Table 4. Both peninsulas and islands show 
a microhardness significantly higher than Inconel 625 (microhardness 
of pure LDED Inconel 625 was measured to be 271 ± 35 HV.5), sug-
gesting embrittlement due to the presence of the intermetallic Cr-Ni-Nb 
C14-Laves phase and Cr-Ni-Mo P-phase. While the microhardness value 
of peninsulas is relatively constant for each laser power used, the island 
microhardness shows a decreasing trend with increased laser power. 
This effect is further discussed in section 4.2.

The 800 W sample is considered the best GRCop42 onto Inconel 
625 joint and was subject to further characterization given that: (1) 

optical micrographs (Fig. 4d) show a lack of cracking and (2) micro-
hardness values (Table 4) indicate a minimum value of embrittlement 
in the islands. To investigate phase morphology within the peninsula 
and islands above the interface, backscatter imaging was used as shown 
in Fig. 7a-b. In the peninsulas (Fig. 7a), the Cr-Ni-Nb C14-Laves phase is 
pushed toward the Ni-rich phase grain boundaries. The islands (Fig. 7b), 
by contrast, show irregular globular Cr-Ni-Mo P-phase regions, along 
with the Cr-Ni-Nb C14-Laves phase occupying the refined Ni-rich FCC 
grain boundaries.

3.4. Grain morphology

To further investigate the microstructure of the crack and LOF-free 
joints, an EBSD scan was performed on the 800 W Inconel 625 onto 
GRCop42 and GRCop42 onto Inconel 625 joints as shown in Fig. 8. 
The results show a lack of epitaxial growth in both joints. In the In-
conel 625 onto GRCop42 joint (Fig. 8a), the GRCop42 substrate below 
the interface shows large grains elongated in the build direction, sug-
gesting grain growth occurred due to the high energy density input 
when depositing the Inconel 625. The deposited Inconel 625 has re-
fined equiaxed grains directly above the interface. Further above the 
interface, columnar grains elongated in the build direction are observed.

In the GRCop42 onto Inconel 625 joint (Fig. 8b), the GRCop42 shows 
a refined microstructure towards the left side of each bead, with colum-
nar grains elongated along the axis parallel to the interface. This is 
explained by the fact that the beads are deposited left to right. When a 
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Table 5
Thermal and physical properties of GRCop42 and Inconel 625. The thermal diffusivity 
is calculated from the thermal conductivity, specific heat, and density.

Alloy Thermal Conductivity Specific heat Density Thermal diffusivity
W/mK J/gK g/cm3 mm2/s

GRCop42 275 [4] 0.384 [34] 8.85 [12] 80
Inconel 625 10 [35] 0.41 [35] 8.40 [35] 2.9

given GRCop42 bead is deposited, nucleation begins off of its previously 
deposited GRCop42 neighbor rather than the Inconel 625 lying below it 
due to the high thermal diffusivity of GRCop42 (thermal diffusivity of 
GRCop42 is 80 mm2/s as shown in Table 5) resulting in a high cooling 
rate. This cooling rate combined with grain refinement through pres-
ence of Cr2Nb precipitates results in refined grains observed towards 
the left side of the melt pool. Larger grains are observed to the right of 
each GRCop42 deposited bead due to grain growth which occurs from 
heat in subsequent bead deposition.

3.5. Thermal conductivity profile

The thermal conductivity line scan of the GRCop42 onto Inconel 625 
joint was measured to understand the impact of Inconel 625 mixing on 
the thermal performance of the deposited GRCop42. The results, shown 
in Fig. 9, indicate a higher thermal conductivity for the 400 W joint as 
compared with the 800 W joint for all distances above the interface. 
This phenomenon can be explained by considering the EDS line scan in 
Fig. 5, which shows a lower GRCop42 wt.% in the 800 W joint than the 
400 W joint due to increased Inconel 625 substrate remelting. Neither 
the 400 W nor the 800 W joint achieve the literature reported value of 
275 W/mK [5] for thermal conductivity. The thermal conductivity of Cu 
has been shown to be very sensitive to Ni content; data by Ackerman 
et al. [30] reports a concentration as low as 3 wt.% Ni decreases the 
thermal conductivity of Cu by 50%. This highlights the importance of 
minimizing substrate remelting to allow for thermal efficiency of the 
GRCop42 in GRCop42 Inconel 625 joints.

4. Discussion

4.1. Implication of deposition sequence on thermal history and 
microstructure of dissimilar GRCop42 - Inconel 625 joints

When depositing material using powder LDED, the substrate ma-
terial properties constitute the lower boundary condition of the joint 
through which the heat from the laser is diffused. The adhesion of the 
material onto the substrate depends on the melt pool dimensions and 
peak temperature [31]. Previous works [32,33] have shown that de-
positing on a higher thermal diffusivity substrate decreases melt pool 
dimensions and peak melt pool temperature. As shown in Table 5 the 
thermal diffusivity of GRCop42 is 27 times higher than that of Inconel 
625. This explains why no adhesion was observed when depositing In-
conel 625 onto GRCop42 using 200 W and 400 W, while at the same 
laser powers the first layer of GRCop42 was successfully deposited onto 
Inconel 625 as shown in Table 2. In addition, the LOF observed in 
the 600 W Inconel onto GRCop42 joint can be explained by this con-
cept; the high thermal diffusivity of GRCop42 results in a smaller melt 
pool and lower peak temperature, leading to insufficient melting of the 
Inconel 625 powder to create a continuous metallic bond at the inter-
face.

In addition to affecting deposited material adhesion and LOF defects, 
the substrate material properties also govern the solidification charac-
teristics (thermal gradient and solidification rate) at the joint, which in 
turn effect the grain morphology. As shown in Fig. 8a, when deposit-
ing Inconel 625 onto GRCop42 a lack of epitaxial growth is observed, 
with equiaxed grains observed directly above the interface. The pres-
ence of equiaxed grains can be attributed to a fast cooling rate when 

Fig. 9. Thermal conductivity profile above the interface for GRCop42 deposited 
onto Inconel 625. The thermal conductivity was not measured at 1.5 mm for 
the 400 W joint because the height of the deposited GRCop42 in this joint is 
less than 1.5 mm.

depositing onto the GRCop42 substrate. A lack of epitaxial growth in 
dissimilar metal joining has been shown to occur when there is a mis-
match in crystal structure [36] (i.e. joining ferritic and austenitic steels), 
or when equiaxed grains are nucleated at the interface [37–39]. Since 
Inconel 625 and GRCop42 have a matching (FCC) crystal structure and 
have been shown to have a similar lattice constant (.360 nm for Inconel 
625 [40] and .362 nm for GRCop42 [12]), it is likely the high thermal 
diffusivity of the GRCop42 substrate results in solidification conditions 
such that equiaxed grains are precipitated, preventing further epitaxial 
growth.

The lack of epitaxial growth in the GRCop42 onto Inconel 625 joint 
can be explained by the fact that the deposited GRCop42 has a higher 
thermal diffusivity than the Inconel 625 below it. As a subsequent GR-
Cop42 bead is deposited, it solidifies off of the previously deposited 
bead (i.e. solidification occurs off of the left boundary), resulting in 
columnar grains elongated from left to right as shown in Fig. 8b. This 
prevents epitaxial growth, since the GRCop42 grains do not grow up-
ward from the Inconel 625 interface.

4.2. Mechanism of island formation

When depositing GRCop42 onto Inconel 625, remelting of the In-
conel 625 substrate along with Marangoni motion results in a liquid 
GRCop42 - Inconel 625 mixture within the melt pool. Within such 
mixtures, Preis et al. [22] show liquid state separation (liquid-state im-
miscibility) occurs between a Cu-deprived (<17 wt.% Cu) and a Cu-rich 
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Fig. 10. CALPHAD software prediction of the volume fraction of the Cu-
deprived and Cu-rich liquid phases as a function of GRCop42 wt.% at each 
composition’s liquidus temperature. The dashed lines indicate the composition 
range from Fig. 5 above the interface for the Inconel 625 onto GRCop42 and 
GRCop42 onto Inconel 625 joints.

(>70 wt.% Cu) liquid phase. Fig. 10 shows the volume fraction of the 
Cu-deprived and Cu-rich liquid phases as predicted by CALPHAD at 
each compositions liquidus. For example, at 50 wt.% GRCop42, Fig. 10
shows that the volume fraction of the Cu-deprived liquid phase is .4 
and the volume fraction of the Cu-rich liquid phase is .6. From Fig. 10, 
it can be seen that the liquid-state immiscibility is predicted to start 
at compositions corresponding to 20 wt.% GRCop42 and end at com-
positions corresponding to 98 wt.% GRCop42. Cu-deprived islands of 
the type shown in the GRCop42 onto Inconel 625 joint (Fig. 4b-d) have 
been previously observed in GRCop42 onto Inconel 718 joints via LDED 
[19], and are for the first time within the present study attributed to the 
presence of the liquid-state immiscibility. Within the melt pool, the Cu-
deprived liquid separates and forms spherical structures (i.e. islands) to 
minimize surface energy. The lack of islands in the Inconel 625 onto 
GRCop42 joints (Fig. 3) is attributed to the fact that not enough GR-
Cop42 substrate is remelted to elicit a miscibility gap. This is confirmed 
by the EDS line scan in Fig. 5a, which shows the GRCop42 wt.% is 
under 20 wt.% GRCop42 above the interface, and therefore under the 
threshold required to avoid the miscibility gap in the 800 W Inconel 
onto GRCop42 joint.

Upon separation, both the Cu-rich and Cu-deprived liquids follow 
independent solidification paths. The Cu-rich liquid forms a FCC Cu-
rich phase [22]. The Cu-deprived liquid has been shown to form a 
number of intermetallic phases (i.e. C14-Laves, Nb5Ni) [22]. To fur-
ther understand at what compositions brittle intermetallic phases are 
predicted to form, CALPHAD was used to model equilibrium at solidus 
and Scheil (non-equilibrium) predicted phases as shown in Fig. 11. The 
equilibrium predictions assume an infinitely slow cooling rate, while 
the Scheil predictions assume an infinitely fast cooling rate [18]. There-
fore, these two predictions represent extremes and the actual LDED 
cooling rate lies in between the equilibrium and Scheil assumptions. It 
should be noted that the TEM SAD pattern in Fig. 6b indicates the pres-
ence of the Cr-Ni-Mo P-phase, which is not predicted by the CALPHAD 
modeling in Fig. 11. In addition, CALPHAD modeling in Fig. 11a-b pre-
dicts three intermetallic phases (Mo-Nb-Cr BCC, NbNi5, and Mo-Cr-Nb 
Rhombohedral) that were not detected within the LDED samples in this 
study. These inconsistencies could be due to the CALPHAD assumptions 
(i.e. slow cooling rate for equilibrium and infinitely fast cooling rate 

for scheil) or due to inaccuracies within the thermodynamic database 
used.

The lower hardness values in the 800 W GRCop42 onto Inconel 625 
islands as compared to the 400 W and 600 W islands can be explained 
by the Cu-deprived liquid CALPHAD results in Fig. 11. As shown in 
Fig. 5, when using 400 W the composition above the interface of the 
GRCop42 onto Inconel 625 joint is between 60 and 80 wt.% GRCop42. 
When using 800 W, greater Inconel 625 substrate remelting results in 
a composition which is between 40 and 60 wt.% GRCop42. By map-
ping these compositions onto the CALPHAD predictions in Fig. 11a-b, it 
can be seen that the volume fraction of brittle phases (i.e. non Ni-rich 
FCC phases) is significantly lower at the compositional range induced at 
800 W (i.e. greater Inconel 625 content, less GRCop42) as compared to 
the compositional range induced at 400 W. It should be noted that ad-
vanced coupled thermo-fluid modeling of dissimilar metal joining has 
shown the melt pool composition above interface can be inhomoge-
neous due to insufficient melt pool mixing [23]. This explains the large 
standard deviation observed in the island microhardness (Table 4). 
Depending on the localized composition within the melt pool, the Cu-
deprived liquid can solidify to form islands with varying levels of brittle 
intermetallic phases.

Cracking in the 400 W and 600 W islands in the GRCop42 onto 
Inconel 625 joints occurs due to the high thermal strain induced during 
the LDED process [41]. The high volume fraction of the brittle (non 
Ni-FCC) phases in the islands impedes dislocation motion, resulting in 
the inability to resolve the thermal strain [18]. In contrast, the 800 
W islands contain sufficient Ni-FCC volume fraction in the islands to 
resolve the thermal strain and prevent cracking.

5. Conclusion

In this study, the effect of laser power and deposition sequence 
on the defects and microstructure of GRCop42 - Inconel 625 joints 
was investigated. A summary of the findings is provided as fol-
lows:

• When depositing Inconel 625 onto GRCop42, lack of fusion oc-
curs due to the high thermal diffusivity of the GRCop42 substrate. 
This is mitigated by increasing the laser power in the first layer 
of Inconel 625 deposition. If < 20 wt.% of the GRCop42 substrate 
is remelted, liquid-state immiscibility is avoided and a crack free 
bimetal joint can be fabricated.

• When depositing GRCop42 onto Inconel 625, remelting of the In-
conel 625 substrate results in melt pool compositions which induce 
a lack of liquid state mixing between a Cu-rich and Cu-deprived liq-
uid. The Cu-deprived liquid solidifies to form islands with Cr-Ni-Nb 
C14-Laves (HCP) and Cr-Ni-Mo P-phase (orthorhombic) intermetal-
lic phases which are prone to cracking.

• Island embrittlement in GRCop42 onto Inconel 625 joints can be 
decreased by increasing laser power, leading to a greater amount 
of Inconel 625 substrate remelting in the first layer. This results 
in a greater volume fraction of Ni-rich FCC phase and lesser vol-
ume fraction of brittle intermetallic phases in the islands, thereby 
decreasing susceptibility of cracking.

While a Inconel onto GRCop42 joint was fabricated with no LOF 
and brittle phases, islands with brittle phases could not be completely 
eliminated from the GRCop42 onto Inconel 625 joint due to existence 
of liquid-state immiscibility in GRCop42 - Inconel 625 liquid mixtures. 
Therefore, future efforts should focus on developing transition compo-
sitions to be used between Inconel 625 and GRCop42 to avoid a liquid 
state separation (miscibility gap) and subsequent brittle phase forma-
tion.
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Fig. 11. Phases deriving from Cu-deprived liquid as a function of GRCop42 wt.%, as predicted by CALPHAD for (a) equilibrium at the solidus and (b) Scheil. The 
dashed line boxes indicate the composition from Fig. 5 above the interface for the GRCop42 onto Inconel 625 joints for 400 W and 800 W.
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Appendix A. Powder micrographs

See Fig. A.1.

Fig. A.1. SEM micrographs of (a) Inconel 625 powder and (b) GRCop42 powder.
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Appendix B. CT scanning of joint

See Fig. B.1.

Fig. B.1. CT scan of the 800 W GRCop42 onto Inconel 625 sample showing (a) build direction view and (b) view orthogonal to the build direction (looking 
downward). The light gray regions correspond to a Cu-deprived composition, while the darker gray region corresponds to Cu-rich composition.

Appendix C. Elemental distribution above the interface

See Fig. C.1.

Fig. C.1. EDS line scans above the interface of (a) Cu in Inconel 625 deposited onto GRCop42 and (b) Ni in GRCop42 deposited onto Inconel 625.
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