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Abstract: Joining of Cu-based dispersion-strengthened alloys to Ni-based superalloys has garnered
increased attention for liquid rocket engine applications due to the high thermal conductivity of
Cu-based alloys and high temperature tensile strength of Ni-based superalloys. However, such
joints can suffer from cracking when joined via liquid state processes, leading to part failure. In
this work, compositions of 15-95 wt.% GRCop42 are alloyed with Inconel 625 and characterized
to better understand the root cause of cracking. Results indicate a lack of miscibility between Cu-
deprived and Cu-rich liquids in compositions corresponding to 30-95 wt.% GRCop42. Two distinct
morphologies are observed and explained by use of CALPHAD; Cu-deprived dendrites with Cu-rich
interdendritic zones at 30-50 wt.% GRCop42 and Cu-deprived spheres surrounded by a Cu-rich
matrix at 60-95 wt.% GRCop42. Phase analysis reveals brittle intermetallic phases precipitate in
the 60-95 wt.% GRCop42 Cu-deprived region. Three cracking mechanisms are proposed herein
that provide guidance on the avoidance of defects Ni-based superalloy to Cu-based dispersion
strengthened alloy joints.

Keywords: dissimlar metal joining; Inconel 625; GRCop42; cracking; liquid miscibility gap

1. Introduction

Fabrication by use of multi-materials is necessary where spatially dependent differing
properties are required for a given component application. Two alloys that provide such
multi-property functionality are GRCop42 and Inconel 625. GRCop42 is a high temperature
Cu-Cr-Nb alloy known for its high thermal conductivity and creep resistance due to
the formation of Cr,Nb precipitates [1]. Inconel 625 is a Ni-based superalloy known
for its high tensile strength at elevated temperatures coupled with excellent fatigue and
oxidation resistance [2,3]. The joining of GRCop and Ni-based superalloys has garnered
increased attention in recent years due to the high thermal conductivity of GRCop42
for thermal management and the superior mechanical properties of Inconel 625 for high
temperature applications [4-11]. One notable example lies in work performed at the NASA
Marshall Space Flight Center, where researchers have fabricated a rocket exhaust chamber
consisting of an outer Inconel 625 housing joined into a GRCop84 interlayer [12,13]. The
same research center has also reported on an assembly consisting of a nozzle made from
NASA-HR-1 (Ni-Fe-Cr) joined to a GRCop42 exhaust chamber [5]. In both cases, the
multi-property functionality allows for GRCop to provide an efficient medium for required
thermal dissipation, while the Ni-based superalloy provides required high temperature
strength and ductility.
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A number of researchers have reported cracking when joining GRCop with Inconel,
compromising the integrity of the joint to withstand load. Gradl et al. [14] reported
cracking when depositing Inconel 625 onto GRCop42 using wire electron beam welding.
The researchers [14] attributed cracking to residual stress. Hales et al. [6] conducted an
in-depth investigation of cracking observed when longitudinally joining Inconel 625 onto a
GRCop84 cylinder using electron beam welding. The researchers attributed cracking to
process-induced mixing of the GRCop84 and Inconel, resulting in a lesser yield strength Cu-
Ni30 phase susceptible to hot cracking. This explanation, however, does not explain why
cracking does not occur in phases with even more Cu (resulting in lesser yield strength).
Despite research reporting cracking in Inconel 625-GRCop42 joints, other researchers have
reported the fabrication of defect free GRCop-Inconel joints [4,5,7]. Hence, there is no
consensus among researchers as to under what conditions and for what reasons cracking
occurs in GRCop-Inconel joints.

When joining dissimilar metals using liquid state processes, remelting combined with
Marangoni mixing of the two parent materials results in the formation of new alloys [15].
Mixing-resultant alloys have been known to crack due to the precipitation of brittle inter-
metallic phases [16-18]. In addition, mixing-resultant alloys can have a higher liquidus—
solidus temperature range, which is known to increase susceptibility of solidification
cracking [19,20]. The composition of the mixing-resultant alloy depends on the extent of
remelting, which is a function of the joining process parameters along with thermal and
physical properties [21]. When investigating joining of two parent alloys, researchers have
accounted for all potential remelting /mixing conditions by fabricating and characterizing
individual gradient alloys (alloys that are mixtures of the parent alloys). By doing this,
it is possible to determine at what composition and for what reason failure can occur.
Jasthi et al. [22] fabricated via cold spray and characterized a number of GRCop42-HR1
(Fe-Ni-Cr alloy) gradient compositions in terms of microstructure and present phases. The
results suggest that increasing HR-1 content leads to a reduction in the o (Fe-Cr) brittle inter-
metallic phase. Kim et al. [23] printed a compositionally graded material (CGA, a material
which introduces gradual compositional changes from one alloy to another [24-26]) from
Inconel 718 to SS 316L. The researchers [23] found that from 20 wt.% to 30 wt.% Inconel
718 defects exist due to carbides and intermetallic phases; excluding these compositions
from the CGA showed a lack of defects. These studies [22,23] highlight the importance of
studying individual gradient alloys when joining dissimilar metals.

To the authors’ knowledge, failure mechanisms that occur when a liquid miscibility gap
exists within the dissimilar metal joint material system have not been documented. From a
thermodynamic standpoint, miscibility is governed by the Gibbs free energy equation [27].
A liquid miscibility gap occurs when the Gibbs free energy of mixing (AGy,ixing) is positive
because of a highly endothermic enthalpy of mixing (AHyiying), which overrides the entropy
of mixing term (—TASixing) [27]. Despite Cu and Ni (the main constituent elements
of GRCop42 and Inconel 625, respectively) being able to form a solid solution, lack of
miscibility has been reported in supercooled Cu-Cr [28] and Cu-Nb [29] liquids (Cr and Nb
are constituent elements of Inconel 625). While evidence of a liquid miscibility gap in the
form of distinct Cu-rich and Cu-deprived structures is observed, no failures are reported in
these alloys.

The objective of this work is to evaluate and identify at what compositions and
due to what mechanisms failure occurs in Inconel 625-GRCop42 joints when processed
via liquid state joining methods. To do this, a method was chosen which utilizes arc
melting to simulate the dissimilar metal mixing that occurs in liquid joining of Inconel
625-GRCop42 joints. The use of arc melting represents a novel method of quickly isolating
individual gradient compositions for characterization without the inhomogeneity and
reheating that occurs in other processes, such as laser-based metal additive manufacturing.
The solidification path of each gradient composition is deduced through investigation of
morphology. Next, the underlying crystal structure and composition is investigated to
determine the presence of brittle crack-causing phases. Lastly, the mechanical properties of
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the present phases are investigated by use of microhardness. This work demonstrates the
feasibility of using the arc melting process to create specific gradient compositions, and
allows for the identification of failure within Inconel 625-GRCop42 joints due to a liquid
miscibility gap.

2. Materials and Methods
2.1. Materials and Arc Melting Process
Inconel 625 wire was provided by Arcos Industries. Powder GRCop42 feedstock was

provided by the Powder Alloy Corporation. The chemical composition of each material as
provided by the manufacturer, and is shown in Table 1.

Table 1. Composition of GRCop42 powder and Inconel 625 wire feedstock. All elements were
determined by optical emission spectroscopy. All values in weight percent.

Alloy Ni Cr Nb Ta Mo Cu Ti Fe Al Si Other
Inconel 625 64.8 222 3.49 8.6 0.016 0.21 0.26 0.14 0.09 0.194
GRCop42 - 3.3 2.7 - - Bal - - - - -

Arc melting was used to fabricate mixed Inconel 625-GRCop42 compositions [30].
The use of arc melting presents the following advantages: (1) arc melting allows for a
long (>3s) dwell time within the liquid state, minimizing lack of mixing between the
constituent metals (macrosegregation); (2) arc melting has a lower cost and is faster than
using additive methods. Desired amounts of each alloy were weighed, and then arc melted
together in an Edmund-Buhler AM200 arc melter using 300 A. The total weight of each
sample ranged from 10 g to 20 g, and upon melting created a "button” shape. Based on
the size of the melt pool, the arc melted sample cooling rate is higher than cast-iron mold
casting [31], but lower than wire arc additive manufacturing [32]. When melting dissimilar
compositions together, it is imperative that the constituents undergo sufficient mixing to
eliminate macrosegregation due to lack of mixing. Therefore, each sample was flipped
and remelted 7 times. The GRCop42 powder was consolidated for arc melting by pressing
into pellets and then sintering for 4 h at 800 C in a vacuum furnace. To gain an overview
of the phase diagram, compositions corresponding to 15, 30, 50, 60, 70, 75, 85, 90, and
95 wt.% GRCop42 were investigated. Specific compositions were chosen based off of the
results from each subsequent composition result in order to fully characterize the Inconel
625-GRCop42 system in terms of microstructural morphology and present phases.

2.2. Microstructural Characterization

After arc melting, the samples were cut using wire electric discharge machining (EDM),
mounted, and ground using SiC papers from 180 to 1200 grit. Afterwards, the samples were
polished using 1 pm and then 0.05 pm alumina slurry, followed by a 0.05 pum silica slurry
and a 12-h vibratory polish using a 0.02 pm silica slurry. The samples were chemically
etched with Ferric Chloride for 2 s to reveal the microstructure.

An 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 determine phase volume fraction.
For compositional measurements, a minimum of five scans were collected from different
regions to capture spatial variation. Both point and window wide spectra were collected
for a minimum of 3 min. A voltage of 15 kV and a working distance of 10 mm was used.
EBSD images were extracted from unetched samples and cleaned using the neighbor CI
correlation in AMETEK OIM software (version 8.0) with minimum confidence index of 0.1
(this is a dimensionless parameter in the software (version 8.0)). A minimum of three phase
maps were collected at different magnifications when determining phase volume fraction.

To provide a 3D view for volume analysis of the arc melted samples, computer tomo-
graphic (CT) imaging was performed using a Zeiss Xradia Context MicroCT. An effective
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voxel size of 9.5 pm and a voltage of 160 kV was used. Three dimensional visualization
and quantification of volume was performed using Dragonfly software (version 2022.2).

In order to gain insight into crystal structure, XRD was performed using a Rigaku
Smartlab XRD with a Cu source on unmounted samples. An aperture width of 2 mm was
used to select the exposure region. A generator voltage of 40 kV and current of 44 mA was
used. The 260 from 20° to 80°was measured with an increment of 0.02° with a step time
of 4s.

An FEI Titan 80-200 TEM/STEM with an accelerating voltage of 200 keV was used
to extract selected area diffraction (SAD) patterns to provide additional insights into the
crystal structure. The TEM is equipped with four Bruker SDD detectors, allowing for
additional measurement of elemental composition and generation of elemental distribution
maps. The TEM sample was etched to a thickness of <120 nm by use of a focused ion beam
installed onto a Helios 650 Ultra Resolution Dual Beam FEG SEM.

To gauge mechanical properties, Vickers microhardness values were measured using
a Leco LM-248AT machine with a load of 500 gf and a 15 s dwell time. A minimum of
10 indents were collected to obtain the average and uncertainty range of hardness for each
region of interest.

2.3. Computation

The Calculation of Phase Diagrams (CALPHAD) approach was used to conduct a
computational study of equilibrium phases in order to aid in analysis of the solidification
path at each composition of interest [27,33,34]. Thermo-Calc (version 2022a) was used
in conjunction with python coding via the TC-python APIL. The TCCU4 database [35],
which is assessed for the Cu-Ni-Cr system, was used as simulation input. Only non-
impurity elements (Cu, Ni, Cr, Mo, Nb) were considered within the simulation to limit
computational cost.

3. Results
3.1. Microstructure Morphology and Composition

The 15 wt.% GRCop42 sample consists of a solid solution with a dendritic microstruc-
ture, as shown in Figure la. In the 30 and 50 wt.% GRCop42 samples, Cu-deprived
dendrites were observed with Cu-rich interdendritic regions as shown in Figure 1b,c.
Cracking of the type shown in Figure 1b was observed towards the top of the 30 and 50
wt.% GRCop42 samples.

At 60 wt.% GRCop42, Cu-deprived regions embody both a spherical and dendritic
morphology, as shown in Figure 1d. The 70-95 wt.% samples show no Cu-deprived
dendrites; only spherical Cu-deprived regions were observed towards the bottom of the
samples. Within spherical Cu-deprived regions, porosity was found at the top of Cu-
rich bubbles trapped within Cu-deprived regions, as shown in Figure le. Cracking, as
shown in Figure 1f, was observed within the Cu-deprived regions of the 70-95 wt.%
GRCop42 samples. Within the Cu-rich region of the 60-95 wt.% GRCop42 samples, Cu-
deprived precipitates are observed. A summary of the morphologies, defects observed,
and Cu-deprived volume fraction as a function of composition is shown in Table 2. The
Cu-deprived region volume fraction was calculated based off EDS measurements and was
further validated using CT scanning as specified in Appendix A.
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Figure 1. Optical micrographs of (a) 15 wt.% GRCop42, (b) cracking at the top of 30 wt.% GRCop42,
(c) 50 wt.% GRCop42, (d) 60 wt.% GRCop42, (e) porosity 75 wt.% GRCop42, (f) cracking in 85 wt.%
GRCop42, and (g) 95 wt.% GRCop42. For the etched samples (c,d,g), dark regions are Cu-rich while
gray regions are Cu-deprived. The bold numbers at the top right of each micrograph correspond to
the wt.% of GRCop42.

Table 2. Summary of observed morphology, defects, and calculated Cu-deprived volume fraction
per sample. The methodology for volume fraction calculations is provided in Appendix A.

Sample Microstructure Morphology Macro Defects Cu-Dep. Amount
wt.% GRCop42 vol. frac.
15 Dendritic solid solution None 1
Cu-deprived dendrites with .
30 Cu-rich interdendritic regions Cracking at top of part 0-79
50 ! ! 0.55
Cu-deprived spherical region o .
60 and Cu-deprived dendrites in PorOS}ty " C.u ~deprived 0.27
- . spherical regions
Cu-rich matrix
Cu-deprived spherical region ~ Porosity and cracking in
70 . . . . . 0.16
in Cu-rich matrix Cu-deprived region
75 ! ! 0.14
85 ! ! 0.07
90 " " 0.05
95 ! ! 0.02

3.2. Phase Analysis
3.2.1. Cu-Rich Regions

For all arc melted compositions, the Cu-rich region was found to consist of an FCC
crystal structure. In the 60-95 wt.% GRCop42 samples, the Cu-rich region was found to
contain Cr-Ni islands along with Nb-Mo precipitates. A representative EDS map of the
75 wt.% GRCop42 Cu-rich region is provided in Figure 2a. The Cr-Ni islands and Nb-Mo
precipitates did not contain a sufficient volume fraction to be detectable by XRD in any of
the samples; the XRD spectrum of the 75 wt.% GRCop42 sample Cu-rich region with only
FCC peaks is shown in Figure 3a.
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75 wt. %,
Cu rich

Figure 2. SEM-EDS maps of (a) the Cu-rich region of the 75 wt.% GRCop42 sample and (b) the
50 wt.% GRCop42 sample. The bold number to the top right corresponds to the wt.% of GRCop42.
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Figure 3. XRD spectrum of (a) the 75 wt.% GRCop42 Cu-rich region and (b) 50 wt.% GRCop42. Both
spectra show only FCC peaks.

3.2.2. 15-50 wt.% GRCop42 Cu-Deprived Regions

In 15-50 wt.% GRCop42 compositions the Cu-deprived region was found to consist
of a Ni-rich solid solution with an FCC crystal structure. A representative EDS map of
the 50 wt.% GRCop42 sample is provided in Figure 2b, and shows that Cr, Mo, and Nb
are dissolved within the Ni solid solution. The corresponding XRD spectrum is shown
in Figure 3b. The Cu-deprived regions of the 60-95 wt.% GRCop42 samples did not oc-
cupy enough area to investigate via XRD, and therefore were investigated using electron
microscopy as shown in the following section.

3.2.3. 60-95 wt.% GRCop42 Cu-Deprived Regions

The 60-90 wt.% GRCop42 Cu-deprived regions were found to contain Ni-Nb-Cr-Mo,
Nb-Ni, and Mo-Nb-Cr intermetallic phases. To investigate these further, TEM samples
were extracted from the 85 and 95 wt.% GRCop42 Cu-deprived regions for EDS spectra and
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SAD pattern collection. Figure 4a shows the STEM-EDS map of the Ni-Nb-Cr-Mo phase.
The corresponding SAD pattern in Figure 4b is identified as belonging to a hexagonal
closed packed (HCP) P63/mmc crystal structure [36]. This crystal structure was reported
in Inconel 718 GRCop42 joints by Iams et al. [37], and is commonly referred to as HCP C14
Laves or high temperature CrpNb [38,39]. STEM-EDS composition data in Table 3 shows
that from 85 to 95 wt.% GRCop42, the HCP C14 Laves decreases in Ni content and increases
in Nb content. The Nb-Ni rich zone is identified as having a face centered (FCC) Fd-3m
crystal structure [40], as shown in Figure 4c,d. This phase has a stoichiometric composition
of NiNbs, and was reported by Nash et al. [41] to be a non-equilibrium phase which forms
at 1350 °C. The SAD pattern and EDS map in Figure 4e,f show that the Mo-Nb-Cr rich zone
corresponds to a body centered (BCC) Im-3m phase [42]. This phase is referred to as the
phase in the Mo-Nb-Cr ternary system, and is observed at equilibrium [42].

85 wt. %,
Cu dep.

“ HCP C14-Laves
. il Zone Axis : [201]
[1-1-2] g2

i3] [10;2] %
*

[0-10] "
-

.

»
010] 4
[020] i .] L
‘ ) o (102] [»1;1;] 5
Lz .
.
95 wt. %,
Cu dep. ;
i
BCC a Mo-Nb-Cr
- Zone Axis: [314]
®(-312]
.
‘ *-130]

20 1/nm

Figure 4. STEM-EDS maps showing the (a) HCP C14-Laves in the 85 wt.% GRCop42 Cu-deprived
region along with (b) the corresponding SAD pattern in the [201] zone axis, (¢) FCC NiNbs phase in
the 95 wt.% GRCop42 Cu-deprived region along with (d) the corresponding SAD pattern in the [102]
zone axis, and BCC « Mo-Nb-Cr phase in the 95 wt.% GRCop42 Cu-deprived region with (e) the
corresponding SAD pattern in the [314] zone axis. The arrows in (a,c,e) point to the location of SAD
pattern collection. The circled spots in (d) are attributed to double diffraction.
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Table 3. STEM-EDS measured elemental compositions of phases in the 85 and 95 wt.% GRCop42 samples.

Sample Phase Cu Ni Cr Mo Nb

wt.% GRCop42 wt.% wt.% wt.% wt.% wt.%

85 HCP Cl14-Laves - 349 £31 199+ 1.8 153 £ 4.6 298 £2.7

95 HCP Cl14-Laves - 226+21 182+ 1.7 59 +1.84 53.2+53

95 FCC NiNbs - 182+ 1.8 13.1+13 - 68.7 £ 6.8
BCC«

95 Mo-Nb-Cr 1.0+£0.1 45+04 499 + 4.6 446 £4.7

EBSD phase maps of the 60-95 wt.% GRCop42 Cu-deprived regions with correspond-
ing phase area fractions are shown in Figure 5a—f. As can be seen in Figure 5a, the 60 wt.%
GRCop42 Cu-deprived region is composed of Ni-rich FCC grains with the HCP C14-Laves
phase occupying grain boundaries. As the wt.% of GRCop42 increases, the HCP C14-Laves
phase volume fraction increases (Figure 5a—d). Once 85 wt.% GRCop42 is reached, the
Ni-rich FCC phase occupies the HCP C14-Laves phase grain boundaries (Figure 5d). At
90 wt.% GRCop42, BCC &« Mo-Nb-Cr and FCC NiNbs phases replace the Ni-rich phase at
the HCP C14-Laves phase boundaries. In the 95 wt.% GRCop42 Cu-deprived region, the
BCC « Mo-Nb-Cr and FCC NiNbs phases grow in area fraction. The Cu-rich FCC phase
was found in the Cu-deprived region of the 90 and 95 wt.% GRCop42, shown in Figure 5e,f.
Since this Cu-rich phase appears to result from entrapped Cu-rich liquid and not precipitate
from Cu-deprived liquid, its area fraction was disregarded and the area fractions provided
in Figure 5 are normalized to exclude the FCC Cu. Further details on Cu-deprived and
Cu-rich liquids are provided in Section 4.1.

60 wt. %,
Cu dep.

HCP grain boundaries -

Ni-Rich FCC

O

Cu-Rich FCC

FCC grains

0.816+0.102 0.58440.143 0.411+0.090
0.184+0.102 0.415+0.143 0.588 4 0.090

BCC a Mo-Nb-Cr 0 0 0
FCC NiNbg 0 0 0

85 wt. %,
Cu dep.

HCP grains

, HCP C14-Laves
95 wt. %,

FCC & BCC grain boundaries

‘n. " “:"
- &
._ = :

- e
L e

FCC NiNb

;
ﬁ : o O
0.183 40259 0 0 BCC o Mo-Nb-Cr
0.816+0.259 0.764+0.323 0,486+ 0.161
0 0.134+0.194 0363 +0.225
0 0.100+0.189 0.150 + 0.090

Figure 5. EBSD phase maps of the Cu-deprived region in the (a) 60, (b) 70, (c) 75, (d) 85, (e) 90, and
(f) 95 wt.% GRCop42 samples. The bold number in the top left corner of each image corresponds to
the wt.% of GRCop42. The table below each image shows the area fraction of the present phases. For
(e,f) the area fraction is normalized to exclude the entrapped Cu FCC phase.
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3.2.4. Microhardness

Figure 6 shows measured Vickers microhardness of Cu-deprived and Cu-rich re-
gions. The measurements are overlaid onto an Inconel 625-GRCop42 phase diagram
constructed by interpolating the Cu-deprived volume fraction in Table 2 combined with
the Cu-deprived phase fractions reported in Figure 5. In the 30 and 50 wt.% GRCop42
sample, the hardness indenter covers both Cu-rich and Cu-deprived regions. In the 15-50
wt.% GRCop42 samples, the hardness is slightly lower than that of pure Inconel 625. The
increase in microhardness in the Cu-deprived region of the 60, 70, 75, and 85 wt.% GR-
Cop42 samples correlates with the increase in HCP C14-Laves phase volume fraction. The
microhardness of the Cu-rich region in the 60-95 wt.% GRCop42 sample is roughly equal
to that of pure GRCop42.

1.05 800
1.00 A
0.95 A
0.90 A
0.85
0.80 1
0.75 A
0.70 A
0.65 A
0.60 A
0.55 A
0.50 A
0.45 A
0.40 A
0.35 A1
0.30 A
0.25 A
0.20 A
0.15 A
0.10 A
0.05 A
0.00 -

- 700

- 600

- 500

- 400

- 300

Phase Amount [vol. frac]

- 200

Vickers microhardness [HV.5]

- 100

0 20 40 60 100\
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/

- @ - Cu-dep. microhardness 4 \
- @~ - Cu-dep. + Cu rich microhardness 7 \
- - - Cu-rich microhardness / \

Cu-Rich FCC
Cr,Nb Laves

Ni-Rich FCC 0.05
HCP C14-Laves
FCC NiNb;

BCC o Mo-Nb-Cr 0.00

20

HETOEEOC

0

Phases from solidified
Cu-dep. liquid

85 90 95 100

Figure 6. Vickers microhardness of the Cu-deprived region and Cu-rich region from Table 2 and
overlaid onto phase volume fractions from Figure 5.

4. Discussion

4.1. A Liquid Miscibility Gap in Inconel 625-GRCop42 Mixtures and Formation of Cu-Deprived
and Cu-Rich Regions

The presence of Cu-deprived and Cu-rich regions in the 30-95 wt.% GRCop42 samples
is explained for the first time in this study by the existence of a liquid miscibility gap (i.e., un-
mixable liquids) in the Inconel 625-GRCop42 system. In contrast to the reported literature,
which considers miscibility gaps in Cu-Cr and Cu-Nb binary supercooled systems [28,29],
in this work, CALPHAD modeling (which is able to account for the quinary elemental
system) shows a lack of liquid state miscibility above the liquidus (Figure 7a-d). The
liquidus phase volume fraction plotted as a function of GRCop42 composition in Figure 7a
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CALPHAD predicted liquid

indicates that the miscibility gap is predicted to start at 20 wt.% GRCop42 and end at
80 wt.%. In contrast, results from Table 2 (overlaid onto Figure 7a) show the existence of a
Cu-deprived region in the 85-95 wt.% GRCop42 samples, indicating a discrepancy between
the CALPHAD model and experimental results. This could indicate that further refinement
of the TCCU4 database is necessary to accurately model the formation of Cu-deprived
Cu-rich regions through the entire Inconel 625-GRCop42 system.

- @ - Experimental results [ Cu-deprived liquid

miscibility gap [0 cu-richliquid

A —

[ solid phases

Phase Amount (vol. frac)

| S—

Liquidus temp |£|

Cu-rich

[ T S T S S S T N S SO S SO T Y SN S N S

40 60
GRCop Amount (wt. %)

1000 1200 Tl 1400 T 1600 1800 2000

Temperature (C)

Phase Amount (vol. frac.)

i 70 wt. %

1000 1200

1
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Figure 7. Equilibrium modeling of phase volume fractions as a function of (a) GRCop42 wt.% at
each composition’s liquidus and as a function of temperature at (b) 30 wt.% GRCop42, (c) 50 wt.%
GRCop42, and (d) 70 wt.% GRCop42. For (a), the estimated volume fraction of the Cu-deprived
region from Table 2 was overlaid.

According to Figure 1 and Table 2, the solidification path in Inconel 625-GRCop42
miscibility gap compositions (30-95 wt.% GRCop42) results in two distinct morphologies:
(1) Cu-rich Cu-deprived dendritic in 30-50 wt.% GRCop42 samples (Figure 1 b,c) and
(2) Cu-deprived spherical in 60-95 wt.% GRCop42 samples (Figure 1 d—g). The presence of
these two morphologies can be explained by considering the critical temperature (T, the
maximum temperature at which two liquids are present) and the volume fraction of each
liquid. Spherical morphologies can only form when both the Cu-deprived and Cu-rich
compositions are in the liquid state (when the temperature is above the liquidus; T > Tj).
Liquid separation only occurs below the critical temperature (below maximum temperature
at which two liquids are present; T < T,;). CALPHAD modeling in Figure 7b—d shows that
as the GRCop42 content increases, the T, — T) temperature range increases due to increase
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in T,, and decrease in T;. In addition, Table 2 shows that as GRCop42 content increases,
the Cu-deprived volume fraction decreases (at 60 wt.% GRCop42 the Cu-deprived volume
fraction is 0.27). It is hypothesized that from 60 to 95 wt.% GRCop42, the T;, — T; range
is high enough and the Cu-deprived volume fraction is low enough to allow for density
differences and surface energy minimization to result in liquid coalescence and therefore
the forming of a Cu-deprived spherical morphology. This is supported by research by
Ohnuma et al. [43], who showed the liquid with the lesser volume fraction tends to form
spherical structures. Liquid separation due to density differences and surface energy
minimization has been previously reported by Wang et al. [31]. From 30 to 50 wt.%
GRCop42, T.r — T is relatively lower, meaning that the liquids do not have enough time to
separate and coalesce. At these compositions, the Cu-deprived liquid also solidifies prior
to the Cu-rich liquid (Figure 7b,c). As the Cu-deprived liquid solidifies from the bottom of
the sample upward, it pushes the Cu-rich liquid aside, resulting in the observed Cu-rich
Cu-deprived dendritic microstructure.

4.2. Failure Mechanisms in Inconel 625-GRCop42 Alloys

Three Inconel 625-GRCop42 alloy failure mechanisms are proposed (Figure 8a—c):
(1) cracking due to Cu-rich liquid entrapment, (2) porosity due to Cu-rich liquid entrap-
ment, (3) cracking due the combined presence of brittle phases and thermal stress. In the
first failure mechanism, after undergoing separation the Cu-deprived liquid solidifies prior
to the Cu-rich liquid. In the 30 wt.% and 50 wt.% GRCop42 samples, the earlier solidifi-
cation of Cu-deprived liquid results in Cu-rich liquid being caught within the solidified
Cu-deprived dendrite arms. This Cu-rich liquid entrapment leads to a lack of Cu-rich liquid
at the final region of solidification, which in the case of arc melted samples is located at the
top of the part as shown in Figure 1b. A schematic of this cracking mechanism is shown
in Figure 8a. The herein described cracking mechanism is similar to the one described by
Kou [20], where cracking due to lack of interdendritic liquid in single liquid solidification
is outlined.

In the second failure mechanism, in samples with Cu-deprived spherical microstruc-
ture (60-95 wt.% GRCop42), Cu-rich spherical satellites become trapped in the Cu-deprived
region due to Marangoni mixing, which occurs due to a surface tension gradient in the
liquid as it cools [21]. As mentioned previously, the Cu-deprived region solidifies first
entrapping the Cu-rich liquid. The subsequent solidification shrinkage of the Cu-rich
liquid results in porosity, as shown in Figures le and 8b. Porosity can serve as a stress
concentration zone upon load application, allowing for crack initiation [44].

For the third failure mechanism, the Cu-deprived spherical microstructure regions
(60-95 wt.% GRCop42) experience a high thermal gradient during solidification due to
being surrounded by a highly conductive Cu-rich matrix. This induces a thermal stress
onto the Cu-deprived regions. Thermal stresses in high thermal gradient process (such
as AM processes) have been shown to be on the order of 1000 MPa [45]. As shown in
Sections 3.2 and 3.2.4, the intermetallic HCP C14-Laves, FCC NiNbs, and BCC &« Mo-Nb-Cr
phases lead to increased hardness due to impediment of dislocation motion (embrittlement).
The cracking observed in the 70-95 wt.% samples (Figure 1£,g) is due to the intermetallic
phases preventing resolution of the thermal stress, as shown in Figure 8c. The lack of
observed cracking in the 60 wt.% GRCop42 sample can be explained by the relatively low
intermetallic phase volume fraction (Figure 5), which allows for the Ni-rich FCC phase
to resolve thermal stress. This is confirmed by the lower microhardness values of the
Cu-deprived region of the 60 wt.% GRCop42 (Figure 6). Our results align with the findings
of Hales et al. [6], where failure in Inconel 625 deposited onto GRCop84 was reported at a
composition corresponding to ~70 wt.% GRCop84. However, the explanation provided by
Hales et al. [6] attributed failure to hot cracking, whereas in this study it is found that brittle
HCP C14-Laves, FCC NiNbs, and BCC « Mo-Nb-Cr phases exist near this composition
which could lead to the observed fracture.
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a Failure mechanism 1:
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Porosity due to Cu-rich
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Figure 8. Illustration of proposed miscibility gap failure mechanisms in Inconel 625-GRCop42 mixtures.

5. Conclusions

In this study, compositions corresponding to 15, 30, 50, 60, 70, 75, 85, 90, and 95 wt.%
GRCop42 alloyed with Inconel 625 were arc melted and characterized with the goal of
identifying cracking mechanisms. Findings show evidence of a liquid miscibility gap
between a Cu-rich and Cu-deprived liquid in the 30-95 wt.% GRCop42 samples. For the
30 and 50 wt.% GRCop42 samples, the miscibility gap results in Cu-deprived dendrites
with Cu-rich interdendritic regions. For the 60-95 wt.% GRCop42 samples, the miscibility
gap results in consolidated spherical Cu-deprived regions which contain HCP C14-Laves,
FCC NiNbs, and BCC &« Mo-Nb-Cr brittle intermetallic phases. The difference between
the Cu-deprived Cu-rich dendritic morphology and Cu-deprived spherical morphology is
hypothesized to be governed by the T;; — T; temperature range and the volume fraction
of each liquid. The following failure mechanisms are proposed for cracking in Inconel
625-GRCop42 alloys:

1. At30-50 wt.% GRCop42, Cu-rich liquid is entrapped within interdendritic boundaries,
resulting in a Cu-rich liquid deficiency and cracking at the last region of solidification.

2. At 60-95 wt.% Cu-rich liquid can become entrapped within Cu-deprived regions,
leading to porosity due to solidification shrinkage.

3. At60-95wt.% GRCop42, cracking occurs in Cu-deprived regions due to a combination
of a brittle intermetallic phases and high thermal strain induced by arc melting.

Based on the listed failure mechanisms, it can be concluded that joining Inconel
625 and GRCop42 should be conducted with as little liquid state mixing as possible to
avoid liquid miscibility gap inducing compositions and subsequent failure mechanisms.
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Further optimization is required to optimize process-induced mixing or develop a transition
composition that allows for the miscibility gap to be avoided.
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Appendix A

EDS measurements of the Cu-deprived region are provided in Table Al. These com-
positions were used to estimate the weight fraction of the Cu-deprived region using
Equation (A1), which is derived from conservation of mass.

Crotal — frienCri
fdep __ tota erzch rich (Al)
ep

Table A1l. SEM-EDS measured elemental compositions of Cu-deprived regions within the 30, 50, 70,
75, 85,90 and 95 wt.% GRCop42 samples.

Sample Cu Ni Cr Mo Nb

wt.% GRCop42 wt.% wt.% wt. % wt.% wt.%

30 16.6 £2.0 523+19 19.6 £1.7 76+12 37+25
50 16.5 £ 2.0 509 +1.3 199 £2.7 79427 47 +£3.8
60 118+ 14 443 +138 222+12 125+ 15 9.3+09
70 93+26 389+19 214+09 16.2 £0.3 142 +£0.3
75 64+18 384+1.0 23.0+13 155£25 16.6 £ 0.9
85 28+12 283 £4.6 22.0+£25 193+ 14 27.6 £2.4
90 44+£30 252477 172 £25 19.4 £ 134 340+ 45
95 51+12 141£23 137 £1.2 192 £45 479 £1.9

In Equation (A1), fg, is the weight fraction of the Cu-deprived region, f,, is the
weight fraction of the Cu-rich region, Cyy,; is the weight percentage an element in the
overall alloy, Cge) is the weight percentage of that element in the Cu-deprived region, and
Crich is the weight percentage of that element in the Cu-rich region. Since solubility of
Mo in Cu is nearly 0 [46], the Mo wt.% was used to estimate the weight fraction of the
Cu-deprived region by setting C,;;, = 0. This assumption is backed up by EDS spectra
which showed a Mo content in the Cu-deprived region of < 0.8 wt.% in all samples. The
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weight fraction of the Cu-deprived region as calculated using Equation (A1) is provided
in Table A2.

Table A2. Calculated Cu-deprived region amounts in weight fraction and volume fraction.

Sample Cu-dep. Amount Cu-dep. Amount
wt.% GRCop42 wt. frac. vol. frac

30 0.79 £+ 0.126 0.79 £0.124

50 0.55 £ 0.189 0.55 4 0.188

60 0.27 £ 0.034 0.27 £ 0.034

70 0.16 £ 0.003 0.16 £ 0.003

75 0.14 £ 0.024 0.14 £ 0.024

85 0.07 £ 0.005 0.07 £ 0.005

90 0.05 £ 0.032 0.05 £ 0.034

95 0.02 £ 0.005 0.02 £ 0.005

To convert from weight fraction to volume fraction, Equation (A2) was first used to
calculate the composition of the Cu-rich region. This method was determined as more
robust than directly measuring the composition of the Cu-rich region, because precipitates
within the Cu-rich region added noise to spectrum results.

Ctotal — Cdeprived * fdep
Crich = 1
- f dep

The calculated Cu-rich and measured Cu-deprived (Table A1) compositions were
then input into Thermocalc to find the density of the Cu-rich and Cu-deprived regions.
The results are provided in Table A3. For the Cu-deprived region, the TCNI11 (Ni-based
alloys) database was used, while for the Cu-rich region the TCCU4 (Cu-based alloys)
database was used. The volume fraction of the Cu-deprived region was then calculated
using Equation (A3).

(A2)

fdepprich
fdepprich + frichpdep

Vdep = (A3)

In Equation (A3), pyicp, is the density of the Cu-rich region while py,), is the density
of the Cu-deprived region (values provided in Table A3). The volume fraction of the
Cu-deprived region calculated using Equation (A3) is provided in Table A2. As can be
observed, the Cu-deprived weight fraction and volume fraction are found to be similar.
This is because the density of the Cu-deprived and Cu-rich region are found to be similar,
per Table A3.

Table A3. Density values at 500 K as calculated using Thermocalc. The TCNI11 database was used for
the Cu-deprived region density, while the TCCU4 database was used for the Cu-rich region density.

Sample Cu-Rich Density Cu-Deprived Density
wt.% GRCop42 g/em’ g/cm?®

30 8.73 8.50

50 8.75 8.49

60 8.71 8.49

70 8.71 8.51

75 8.73 8.45

85 8.73 8.29

90 8.74 8.33

95 8.74 8.48

In order to verify the accuracy of the presented method, an 85 wt.% GRCop42 sample
as CT scanned as outlined in Section 2.2. A side view and top view of the sample with
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corresponding view cutout locations is provided in Figure Ala,b, respectively. Based of
the contrast difference between the Cu-rich and Cu-deprived regions, the volume of the
Cu-deprived region was found and divided by the total volume of the sample. Using this
method, the Cu-deprived phase volume fraction was found to be 0.074. By comparing
this value to the volume fraction as obtained by the presented composition-based method
(0.07 £ 0.005, Table A2), good agreement is found between the presented composition-
based method and the ground truth CT scanning method.

85 wt. %

Cu-rich

85 wt. %

Cu-rich

Cu-deprived

Section cut line

Figure Al. CT scan of the 85 wt.% GRCop42 sample showing (a) a side view and (b) a top view.
The dotted lines show corresponding view cutout locations. The light gray region corresponds to a
Cu-deprived composition, while the dark gray region corresponds to a Cu-rich region.
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