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Abstract: This study examines the diffusion behavior, thermal stability, and mechanical
properties of the bimetallic interface between additively manufactured copper alloy
GRCop-42 and nickel alloy 625 (UNS N06625) following elevated temperature exposure
at service-relevant conditions for high-temperature superalloys. The copper alloy was
additively manufactured using laser powder bed fusion. The nickel alloy was
subsequently deposited directly onto the copper alloy using powder-based directed
energy deposition. The samples were held at a temperature of 816 °C (1500° F) for varying
exposure times between 50 and 500 h. Significant material loss (averaging ~430 um at 50
h and ~1830 um at 500 h) due to oxidation was noted in the copper alloy. The bondline
interface was examined using optical microscopy as well as electron microprobe analysis.
Composition maps from the electron microprobe showed the formation of oxides in the
copper alloy and Laves phase in the nickel alloy at thermal exposure times of 200 h or
more. By analyzing diffusion across the bondline, this study demonstrates the ability of
machine learning-based diffusion models to predict diffusion coefficients of copper into
alloy 625 (2.38 x 107'2cm?/s) and of nickel into GRCop-42 (1.90 x 10~*2cm?/s) and the
ability of commercially available diffusion code (Pandat) to provide reasonably accurate
diffusion profiles for this system. Tensile and fatigue tests were performed in the as-built
and 200 h thermal exposure conditions. The thermally exposed samples exhibited an
average 18.6% reduction in yield strength compared to the as-built samples.
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1. Introduction

The combination of different materials into a single component is often a desired
engineering solution to problems involving specialized environments or conditions.
Additive manufacturing provides the opportunity to explore innovative solutions to
complex problems. When successful, this can lead to shorter lead times and reduced
waste. For example, one study showed that an Invar 36 gradient cladding that was
radially deposited onto a stainless steel 304 L rod in order to produce carbon fiber
composite inserts for spacecraft applications outperformed monolithic metal inserts [1].
In another example, 1-3 wt% of calcium phosphate (in the form of hydroxyapatite
powder) was added to cobalt-chromium-molybdenum alloy powder to enhance the wear
resistance for biomedical implants [2].

This study focuses on the additively manufactured, bimetallic structure of the nickel-
based alloy 625 (UNS N06625) and the copper-based alloy GRCop-42. The copper alloy
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was manufactured using powder bed fusion with a laser as the energy source (PBF-LB)
with the nickel alloy deposited on top using directed energy deposition (DED). PBF-LB is
an additive manufacturing method, in which components are built layer by layer by
selectively melting powder using a high-energy laser [3]. While some copper-based alloys
can be difficult to print using PBF-LB due to the high laser reflectivity of copper, these
issues can be overcome by adjusting process parameters or alloying the copper with laser-
absorbing elements [4]. In DED, thermal energy is directed to fuse the material while it is
simultaneously being deposited [3]. In this case, the alloy 625 material was deposited in
powder form and fused by a laser. Other DED methods may use other deposition and/or
fusion processes, such as wire deposition and plasma arc [3].

The copper-based alloy used in this research, GRCop-42, was originally developed
for use in applications such as liquid rocket engine combustion devices [5]. GRCop-42 was
developed as a higher-conductivity version of GRCop-84 [5,6]. In GRCop-42, the amounts
of chromium (4 at.%) and niobium (2 at.%) are halved compared to GRCop-84 (8 at.% Cr-
4 at.% Nb) to achieve the desired improvement in thermal conductivity [5]. Both alloys
consist of a high-purity copper matrix dispersion strengthened by Cr2Nb precipitates
[7,8], which provide relatively good oxidation resistance for the application (compared to
other copper-alloys) [6] and control the copper grain size [9]. At temperatures up to 800
°C (1472° F), the precipitates tend to be very stable (do not significantly coarsen or
dissolve), which allows the GRCop alloys to retain their strength at elevated temperatures
[9]. GRCop-84 forms a chromium-niobium oxide layer beneath a thick copper oxide
surface layer at temperatures up to 700 °C (1292° F), which inhibits oxidation by limiting
diffusion [9,10]. However, above 700 °C (1292° F), oxidation rate in GRCop-84 is shown to
increase by almost a full order of magnitude (to rates similar to pure copper) [9,10]. Due
to the differences in alloying concentrations, the volume fraction of Cr2Nb precipitates in
GRCop-42 (~7 vol% [6]) is approximately half of that in GRCop-84 (~14 vol% [9]) [11],
which results in slightly lower mechanical strength and constrains the formation of a
chromium-niobium oxide layer, thereby reducing the oxidation resistance [12]. A specific
PBF-LB technique was established for GRCop-42 which requires inert gas (argon) for
powder atomization and handling. This is vital since the alloy is very sensitive to oxygen
contamination as well as forming nitrides, especially when formed into a powder [6].
However, compared to other similar copper alloys, the GRCop alloys generally require
less post processing to achieve the desired properties [13,14].

Alloy 625 (UNS NO06625) is a nickel-based superalloy alloyed with chromium,
molybdenum, niobium, and iron [15,16]. Alloy 625 was originally developed for high-
strength main steam-line piping in the 1950s and 1960s [17]. Alloy 625 is often used in
extreme environments due to its high-temperature corrosion resistance and ability to
maintain good mechanical properties, even with prolonged exposure to harsh
environments and conditions [18]. Alloy 625 is known to have good weldability, due in
part to its low aluminum and titanium content, which also makes it a suitable alloy for
additive manufacturing [19]. Alloy 625 is strengthened by solid-solution-hardening
enhanced by chromium, molybdenum, niobium, and iron as well as some precipitation-
hardening effects of intermetallic phases [20]. There are many different types of
precipitates that can form in the alloy 625 matrix, such as v, o, MC, M6C, and M23C6
carbides, Laves phase, and Si-rich particles [21]. During the solidification process,
niobium tends to segregate to interdendritic liquid, which upon complete solidification,
can result in the niobium-rich Laves phase, niobium carbides, or both [22]. Compositional
differences, within the alloy specification ranges, can change the precipitation behavior;
for example, silicon has been shown to increase sensitivity to fusion-zone cracking in
welding since increased silicon concentration increases the stability and the kinetics for
the formation of the Laves phase in nickel-based alloys [23]. A study by Floreen, Fuchs,
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and Yang showed that decreasing iron and silicon content in weld wire significantly
decreased the amount of NbC particles and Laves phase that were observed in the weld,
which consequently showed an increase in toughness compared to traditional weld wire
[19]. However, even when the Laves phase is initially avoided in welding, enrichment in
the interdendritic regions has been shown to lead to accelerated precipitation reactions
upon additional heating [23]. Due to similarities in cooling rates and non-equilibrium
solidification profiles, welding and additive manufacturing often produce similar
microstructures [24]. In a study involving additive manufacturing with DED, A625 was
seen to form epitaxial columnar grains with fine dendritic substructure [25]. Similarly to
welding, Laves phase and carbides were formed in the interdendritic regions due to
micro-segregation in the DED process [25]. A study on the effects of high temperature on
the microstructure of AM PBF-LB alloy 625 showed that at temperatures around 700-800
°C, 0 phase, M23C6 carbides, and Laves phase particles precipitate and grow [26].
Similarly to phenomena seen in welds, when the high temperature was held for longer
periods, Laves phase was shown to nucleate in regions close to d phase and M23C6
carbides, which would inhibit carbide growth and result in niobium enrichment in the
surrounding matrix causing growth of the 6 phase [26].

In their study of AM GRCop-42, Gradl et al. tested thrust chamber assemblies with
PBF-LB GRCop-42, one of which accumulated 168 starts and 7,400 s in conditions
including chamber pressures of up to 8.6 MPa and peak wall temperatures up to 727 °C
[6]. AM GRCop-42 has also shown excellent heat flux capabilities in subcooling with
condensation heat transfer for applications such as distillation, water harvesting, and
thermal management of power plants [27]. In a study on conditions of hypersonic
vehicles, the integration of a planar heat pipe into the leading edge structure was found
to significantly reduce the temperatures and analytically predicted thermostructural
performance found alloy 625 to be a viable material for a metallic leading edge for Mach
6 at approximately 870 °C [28]. Joining GRCop-42 and alloy 625 allows a combination of
the very high thermal conductivity and low thermal expansion of GRCop-42 with the
high-temperature strength and corrosion resistance seen in alloy 625. Creating bimetallic
structures involving an interface between a nickel-based superalloy and a copper alloy
have been explored to investigate improvements in thermophysical properties and
corrosion resistance for aerospace applications [29]. In the study by Onuike et al., the
bimetallic joint of alloy 718 and GRCop-84 showed a 250% increase in thermal diffusivity
and 300% increase in conductivity compared to alloy 718 alone in temperatures between
50 and 300 °C [29]. In a study by Pérez-Alvarez et al., bimetallic composite tubes made of
GRCop-84 and 316 stainless steel were tested with supercritical CO: flowing at
temperatures between 500 and 700 °C, representative of receiver tubes in solar power
tower plants, which showed that the bimetallic configuration enhanced thermal efficiency
while reducing stresses on the absorber tubes [30]. Heat exchangers, in general, can benefit
from similar improvements to cooling. Examining desirable material combinations for
longer times at high temperature is needed to understand the effect on the material itself
for its viability in applications requiring continual or repeated use.

There exists a diverse set of applications for which the bimetallic copper alloy to
nickel superalloy could provide potential benefits. The scope of this work is to investigate
the effects of long-term thermal exposure on the specific material combination of
additively manufactured GRCop-42 and alloy 625. This includes examining diffusion
across the boundary, compositional analysis, oxidation effects, and mechanical properties
for the as-built joint as well as various thermal exposure durations at 816 °C.
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2. Materials and Methods

In this study, bimetallic blocks of 1.8 cm thickness and 16.5 cm width with 5 cm of
GRCop-42 and 1.5 cm of alloy 625 were examined at room temperature in the as-built
condition as well as after various times at an elevated temperature of 816 °C (1500° F).
GRCop-42 is nominally 4 at.% chromium and 2 at.% niobium, with the remainder being
copper. Alloy 625 (UNS N06625) is defined by the composition listed in Table 1 [15]. A
block of the as-received sample is shown in Figure 1. The samples were produced using
PBF-LB of GRCop-42 and subsequently depositing the alloy 625 using powder DED
directly onto the PBF-LB-printed copper alloy. The parameters used to print the material
in both the PBF-LB and DED processes are proprietary to the manufacturer and were not
provided for this research. The goal of this investigation is to examine the metallurgical
features and mechanical properties at and near the bondline between the nickel and
copper alloys. The bimetallic joint and surrounding material are studied visually via
optical microscopy, compositionally characterized via electron microprobe, and
mechanically tested via tensile and fatigue testing. The test bars for mechanical testing
were machined from a similar block to that shown in Figure 1, with the exception that the
heights of the alloy 625 and GRCop-42 were both 5 cm.

GRCop-42

Figure 1. As-received sample— A625 on GRCop-42—with perpendicular cut locations marked.

Table 1. Composition definitions in percentages by weight of alloy 625 (UNS N06625) [16].

Element Minimum Maximum
Carbon - 0.10
Manganese - 0.50
Silicon - 0.50
Phosphorus - 0.015
Sulfur - 0.015
Chromium 20.00 23.00
Molybdenum 8.00 10.00
Niobium 3.15 4.15
Iron - 5.00
Cobalt - 1.00
Titanium - 0.40
Aluminum - 0.40

Nickel Remainder

2.1. As-Built Samples
2.1.1. Sample Preparation

In order to examine the bondline of the sample in the as-built condition, five sections
were cut. These five sections were cut perpendicular to the deposition direction and
numbered one through five (referred to as samples 1-5). Each sample was mounted and



J. Manuf. Mater. Process. 2025, 9, 34

5 of 32

polished to 0.05 micron (final) using alumina solution. After completing optical
microscopy of the five perpendicular cut samples, two samples were prepared using a
transverse cut (with respect to the deposition direction) for comparison. These samples
were prepared from the original block between cuts 1 and 2 and 3 and 4.

2.1.2. Optical Microscopy

After mounting and polishing, each sample was examined via optical microscopy
using a Keyence VHX-7000 series digital microscope.

2.1.3. Electron Microprobe

Electron probe microanalysis (EPMA) can be used to quantitatively analyze the
composition of a given solid specimen. Source electrons interact with the subject material
and excite characteristic x-rays from the sample [31]. The microprobe combines two
related analytical techniques; wavelength-dispersive (WDS) and energy-dispersive
spectroscopy (EDS). Both EDS and WDS analyze the characteristic x-rays that are excited
from the sample either by separating the emissions via energy or wavelength, respectively
[32]. Although WDS has better spatial resolution, EDS can be used to conduct quick initial
compositional analysis of the sample. Two of the five original samples (samples 1 and 3)
were examined with EPMA using a Cameca SX-100 electron microprobe. EDS was used
for an initial compositional analysis on sample 1 at three locations: in the bulk of the
nickel-based alloy, along the bondline, and within the copper-based alloy. A 500-micron
scan was then completed across the bimetallic interface of the sample using WDS. For
sample 3, a 500-micron scan was taken in the same way, followed by mapping of back-
scattered electrons (BSEs) as well as for the compositions of the major constituents and the
alloying elements.

2.2. Thermally Exposed Samples
2.2.1. Sample Preparation

Five additional samples were thermally exposed at 816 °C (1500° F) for 50, 100, 200,
and 500 h, respectively. Each thermally exposed sample was prepared and examined in
the same manner as the original, non-exposed samples. The 50 h and 100 h samples were
both left in air for approximately two weeks after initial optical microscopy. Additional
examination revealed noticeable surface oxidation, especially of the copper alloy as seen
in Figure 2. For these samples, polishing was re-performed before further analysis was
conducted. For the subsequent 200 and 500 h samples, the final polishing, optical
microscopy, and electron microprobe analysis were performed in a timely manner in
order to avoid additional oxidation.
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Figure 2. The 50 h thermal exposure sample (a) ~2 weeks after initial sample prep and (b) re-
polished.

2.2.2. Optical Microscopy

Optical microscopy was performed using a Keyence VHX-7000 series digital
microscope for each of the thermally exposed samples. Surface corrosion was noted
above, and the 50 h sample is shown in Figure 2 before and after re-polishing. Optical
microscopy was re-performed after the second polishing for both the 50 h and 100 h
thermally exposed samples.

2.2.3. Electron Probe Microanalysis

A 500-micron composition scan across the interface using WDS was performed for
the 50, 100, and 200 h samples using Cameca SX-100 electron microprobe. For the 200 h
sample, a secondary composition line scan was run over about 50 microns. For the 500 h
sample, a higher resolution composition scan was performed over 100 microns across the
bondline. Maps for BSEs and compositions of interest were also taken for each sample.
High-resolution BSE and composition mapping was completed for the 200 and 500 h
samples. EDS was also performed in two locations of interest in the 500 h sample.

2.3. Mechanical Testing

For mechanical testing, two sets of samples were also considered: the as-built
bimetallic material and the same material after exposure to 816 °C (1500° F) for 200 h. Six
round, tapered, and threaded bars were produced from each set, as shown in Figure 3.
Each mechanical test bar had a gauge diameter of approximately 5 mm and a 20 mm gauge
length. For each set of samples (as-built and thermally exposed), two tensile tests and four
fatigue tests were performed using a Shimadzu Servopulser EHF-EV101K1. Tensile
testing was executed at a test speed of 0.3 mm/min. Fatigue testing was load-controlled,
fully reversed, with a range of 300 MPa (+/- 150 MPa) at 20 hertz. All mechanical tests
were performed at approximately 100F. Following mechanical testing, the fracture surface
was examined using a MIRA3 TESCAN scanning electron microscope (SEM) with an
Oxford EDS.
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GRCop-42 A625

Figure 3. Bimetallic mechanical test bar for tensile and fatigue testing.

3. Results
3.1. As-Built Samples
3.1.1. Optical Microscopy/Porosity

Images were taken of each as-built sample using optical microscopy. These images
were used to investigate any potential porosity or indications within the build volume.
Figure 4 shows an overview of sample 3 at 50x magnification. The 50x-magnification
overview image of the transverse cut from between sample 1 and 2 is shown in Figure 5.

Figure 4. Location 3 overview in optical microscopy at 50x magniﬁcation; scale bar is 1000 pm.

Figure 5. Optical micrograph (50x) of transverse cut (1-2) overview. The scale bar is 1000 pm.
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3.1.2. Electron Probe Microanalysis

Figure 6 shows the initial compositional analysis of the as-built sample in the nickel
alloy, copper alloy, and at the boundary layer for sample 1. The 500-micron composition
scan line for the samples from sample 1 and sample 3 began in the copper alloy and
traveled across the boundary and ended on the nickel alloy side. The results of the line
scan for sample 3 are shown in Figure 7.

10?2 =]
o
8 A
10! * x
o
> N “ H
B 0
& 10° o
.8
=]
5
=
9 107!
5 o wt% Cu
o " o wt% Ni
> «  wt% Fe
10 o s wt%Cr
o wt% Nb
x  wt% Mo
1073

Cu Alloy Boundary Layer Ni Alloy

Figure 6. Initial composition of as-built sample 1 in three locations relative to the boundary (log
scale).
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Figure 7. A 500-micron EPMA line scan of the as-built sample 3 across the boundary.

3.2. Thermally Exposed Samples
3.2.1. Optical Microscopy/Copper Alloy Oxidation

Figures 8 and 9 highlight the material degredation of GRCop-42 (copper alloy) due
to oxidation during exposure at 816 °C. Figure 8 shows an overview of the increasing
material loss with longer thermal exposures. Measurements of the linear loss of material
were taken from each side, as shown for the 200 h thermally exposed sample in Figure 9.

One-sided linear material loss measurements and averages are recorded in Table 2 for
each thermal exposure.
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Table 2. Linear material loss measurements in copper alloy for each exposure time.

Exposure Time (816 °C)  Copper Loss-Side 1 (nm)  Copper Loss-Side 2 (um)  Copper Loss-Average (um)

50 h 383 470 426.5
100 h 764 690 727
200 h 1075 1013 1044
500 h 1710 1942 1826

Figure 8. Optical microscope images of (a) 50, (b) 100, (c) 200, and (d) 500 h thermally exposed

samples.
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1000.00pm -

Hol30m o
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Figure 9. Linear material loss measurements in Cu for 200 h thermally exposed sample.

A625
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GRCop-42 J

3.2.2. Electron Probe Microanalysis

Each of the thermally exposed samples (held at 816 °C for a range of 50 to 500 h) was
analyzed for composition profile using the EPMA line scan across the nickel-copper
boundary. Figure 10 shows the copper and nickel compositions over the scans of all the
different thermally exposed samples. For distances farther than about 50 microns from the
boundary, the composition becomes essentially constant. Figure 10, therefore, shows the
locations of interest near the boundary. Additionally, for the 500 h sample, composition
data were not collected for distances further than 50 microns from the boundary line.
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Figure 10. Comparison data for the thermally exposed samples in (a) copper and (b) nickel.

3.3. Comparison Between As-Built and Thermally Exposed Samples

Distance (um)

EPMA mapping results are shown in Figure 11 for both the as-built and 500 h
exposed materials. Particles enriched in chromium and niobum are more evident through
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either formation or coarsening of precipitates within the GRCop-42 material. EMPA
mapping of the bondline region also provides a visual representation of the changing
diffusion profile across the interface measured by the line scans shown in Figure 10.
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Figure 11. Mapping for the as-built sample and the 816 °C/500 h thermal exposure sample at the

100 pm X/io La (Sp 3) T 15 kV 40 nA

bondline. All images are oriented with copper alloy on top and nickel alloy on bottom: (a) BSE map
as-built, (b) BSE map thermal exposure, (c) copper map as-built, (d) copper map thermal exposure,
(e) nickel map as-built, (f) nickel map thermal exposure, (g) chromium map as-built, (h) chromium
map thermal exposure, (i) niobium map as-built, (j) niobium map thermal exposure, (k)

molybdenum map as-built, (I) molybdenum map thermal exposure.
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3.4. Mechanical Testing

Ambient-temperature mechanical testing was performed on two sets of samples: the
“as-built” sample set was machined from the as-built, additively manufactured, bimetallic
material, and the “thermal exposure” sample set was produced from the same bimetallic
material with the same manufacturing conditions, after thermal exposure at 816 °C for 200
h. The manufacturing method for both sets was the same as that for the microscopy
samples (PBF-LB on the copper alloy side and DED for the nickel alloy side). For all
mechanical testing —tensile and fatigue —every sample broke either on the GRCop-42 side
or at the interface. There were no instances where the sample failed on the alloy 625 side.
Therefore, results are shown as compared with additively manufactured GRCop-42’s
properties [12,33].

3.4.1. Tensile Testing

Figure 12 shows the direct output from the tensile testing of an as-built sample (SN5),
and Figure 13 shows the test bar before and after testing for the same sample. Table 3
contains the results from the bimetallic tensile tests compared to cited data for GRCop-42.

400

350

300

Stress (N/mm?)
N ~
3 I
o o

-
&
o

0 2 4 6 8 10 12 14 16 18
Strain %

Figure 12. Tensile test data from as-built sample SN5.

Figure 13. As-built sample SN5 before and after tensile test.

Table 3. Results from the tensile testing of bimetallic test bars with and without thermal exposure.

Tensile Test Results Thermal Exposure 816 °C/200 h As-Built Samples Literature [12,33]
Sample Number TE2 TE5 SN1 SN5 Range As-Built
Elastic Modulus (MPa) 39,682 44,144 50,887 44,932 52,000-84,500
Yield Strength (MPa) 212.87 208.00 242.81 273.92 173-305
Max/Ultimate Strength (MPa)  339.16 342.22 363.93 357.58 355-495
Break Location Interface Interface Interface Copper Copper only

3.4.2. Fatigue Testing

Table 4 shows the results of fatigue testing for the as-built sample set, and Table 5
shows the results for the thermal exposure sample set. Figure 14 shows the results of the



J. Manuf. Mater. Process. 2025, 9, 34

18 of 32

fatigue testing graphically compared with that of wrought GRCop-42 tested at various
temperatures, as presented by Gradl [6].

Table 4. Results of fatigue testing for the as-built sample set.

As-Built Samples

Sample SN2 SN3 SN4 SN6
Cycles to Failure 45,935 71,615 55,984-95,000 * 48,663
Fracture Location Copper Copper Copper Interface/Copper

* Due to a controller error during the testing of SN4, the count ended at 55,984, although the sample
was not broken yet. Based on the testing speed (20 Hz) and the time of fracture, the actual number

of cycles to failure could be up to 95,000.

Table 5. Results of fatigue testing for the thermally exposed sample set.

Thermally Exposed (816 °C/200 h) Samples

Sample TE1 TE3 TE4 TE6
Cycles to Failure 55,507 164,580 23,111 18,519
Fracture Location Copper Copper Copper Interface
103
o GRCop-42, Wrought: RT [Gradl, 2019]
o GRCop-42, Wrought: 400C [Gradl, 2019]
# GRCop-42, Wrought: 600C [Gradl, 2019]
s A625/GrCop-42, TE(816C/200hrs) AM: RT
6x10° ¢ A625/GrCop-42, As-built AM: RT
o
o
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Figure 14. Fatigue data comparison with wrought GRCop-42 data from Gradl [6].

3.4.3. Fatigue Fracture Analysis

After completion of the fatigue testing, the fracture surface of each sample was
examined using SEM. This allowed for the identification of the crack initiation features as
well as further characterization using EDS. Figures 15-20 show images for as-built
samples, SN4 and SN6, and Figures 21-28 are for thermally exposed samples TE1 and
TE6. For each sample, there is an image of the sample after fracture, an overview SEM
image of the fracture surface of the copper side of the sample, and a higher-magnification
SEM image from the fracture surface.
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Figure 16. As-built SN4 fatigue fracture surface SEM overview (40x).
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Figure 17. As-built SN4 fatigue fracture surface SEM 1000x magnification.



J. Manuf. Mater. Process. 2025, 9, 34 20 of 32

SEM HV: 20.0 kV SEMMAG:40x | | | MIRA3 TESCAN
WD: 5.25 mm Det: SE 2 mm
View field: 6.92 mm | Date(m/d/y): 08/11/23 University of Arizona

Figure 19. As-built SN6 fatigue fracture surface SEM overview (40x).
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WD: 14.67 mm Det: SE 500 uym
View field: 1.85 mm | Date(m/dly): 08/11/23 University of Arizona I |

500pm

Figure 20. As-built SN6 fatigue fracture crack initiation site (150%) (a) SEM image, (b) EDS nickel

map, indicating crack initiation on the boundary.
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Figure 22. Thermally exposed TE1 fatigue fracture surface SEM overview (40x).
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SEM HV: 20.0 kV SEM MAG: 1.01 kx MIRA3 TESCAN|
WD: 14.91 mm
View field: 273 um | Date(m/d/y): 08/16/23 University of Arizona

Figure 23. Thermally exposed TE1 fatigue fracture surface SEM 1000x.

O Ka1l

SEM HV: 20.0 kV SEM MAG: 2.94 kx MIRA3 TESCAN|
WD: 15.07 mm Det: SE 20 ym

View field: 94.3 um | Date(m/d/y): 08/16/23 University of Arizona l |
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Nb Lal /N Cr Ka1

25um ' : 25pm :
Figure 24. Thermally exposed sample TE1 fatigue fracture surface 3000x (a) SEM image, and EDS
maps of (b) oxygen and (c) niobium and (d) chromium. The red circles in (b-d) indicate oxides on
the fracture surface. Niobium oxide is identified in the top right of (b) and (c) and chromium oxide
on the left in (b) and (d)
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SEM HV:20.0kV | SEM MAG: 40 x 7 MIRA3 TESCAN

View field: 6.92 mm | Date(m/d/y): 08/16/23 University of Arizona

Figure 26. Thermally exposed TE6 fatigue fracture surface SEM overview (40x).
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View field: 556 ym | Date(m/d/y): 08/16/23 University of Arizona
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Figure 27. Thermally exposed sample TE6 fatigue fracture surface 500 (a) SEM image and EDS

maps of (b) oxygen and (c) chromium.
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Figure 28. The averages from the one-sided material loss measurements in the copper alloy are

plotted. The curve of best fit is proportional to the square root of thermal exposure time as shown.

4. Discussion
4.1. As-Built Samples
4.1.1. Optical Microscopy/Porosity

As seen in Figures 4 and 5, the nickel alloy exhibits some pores visible in the optical
microscope. Some porosity is expected in the as-built condition due to the entrapment of
carrier gas during the blown powder directed energy deposition process [34]. The
porosity observed is reasonable compared to porosity studies of additively manufactured
nickel-based alloys [34,35] with an average pore diameter less than 50 microns. Some
minor indications are visible on the bondline as well, but not larger than 100 microns.
Additionally, no significant differences in porosity or other indications were observed
between the five samples. The transverse cut samples were also examined using optical
microscopy. Porosity in the nickel-based alloy and near the bondline is comparable to that
observed in the perpendicular cuts.
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4.1.2. Electron Probe Microanalysis

There were no major differences noted in the compositions found in sample 1, which
was cut from the edge, compared to sample 3, which was cut from the center of the as-
built block. The interface between the two materials in the as-built condition consists of
two compositionally distinct regions with no evidence of mixing or interdiffusion between
the nickel and copper alloys beyond the bondline itself.

4.2. Thermally Exposed Samples
Optical Microscopy/Copper Alloy Oxidation

As seen in Figures 8 and 9, the GRCop-42 (copper alloy) experienced substantial loss
of material due to oxidation during exposure at 816 °C. One-sided linear material loss
measurements show the average material loss trend is proportional to the square root of
time. For parabolic oxidation kinetics, common in metals such as copper, the thickness of
the oxide layer increases proportionally to Vkt, where k is a scaling constant, and t is time
at temperature [36]. Since the material loss is due to oxidation, this provides a rough
approximation of the material loss in the copper alloy due to the heating process at 816 °C
in air, suggesting that any oxide formation that occurs is ineffective at passivating the
surface against continuing degradation. This is important to note for application
purposes, as the GRCop-42 is not suitable for sustained use at high temperature in air.

4.3. Diffusion Modeling and Computational Methods

The composition data obtained for the thermally exposed samples were used to
inform an approximation of the diffusion model of the main constituents of each alloy
(copper and nickel) into the other alloy using a simplified semi-infinite boundary
condition to solve Fick’s second law [36]:

ac 9%¢C
o Poez @)

The approximate solution used, solved for composition, is of the form [36]:

Cx,b) = C,— (C, — co)erf<2jm) @)

where x is position relative to the boundary, ¢t is time, D is diffusion coefficient, C is
concentration (composition), Cs is the composition at the boundary (or half of the max
concentration), and Co is the initial concentration of the element of interest. A Monte Carlo
random sampling method was used in Python (pymc3) to calculate the diffusion
coefficient of copper into the nickel alloy to be 2.381 x 10~*2cm?/s and of nickel into the
copper alloy to be 1.897 x 10"*?cm?/s. A comparison of the diffusion curves calculated
by this model with the raw data for the 50 h thermal exposure sample is shown in Figure
29.
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Figure 29. Pymc3-calculated diffusion curves with recorded data after 50 h at 816 °C.

For comparison, the diffusion coefficients for the pure elements can be calculated
using [37,38] the following:

D = Dyexp (— RQ—T) @)

According to diffusion data for pure copper into pure nickel [37], Dy = 0.61 cm?s™!
and Q = 255 K]J * mol~. Using these values and the test temperature of 816 °C (1089 K) in
Equation 3 gives 3.584 x 10~**cm?/s. Diffusion database data for pure nickel in pure
copper [38] give Dy =0.38cm?s™* and Q =2.36eV, which results in a diffusion
coefficient of 4.549 x 10712cm?/s.

The diffusion coefficient can be used to approximate the diffusion length of the
material for a given time at the specified temperature. Since all samples were thermally
exposed to the same temperature, the diffusion coefficient is the same, and diffusion
length Li can be approximated using a semi-infinite model by the following [36]:

Ly =Dt (4)

This leads to a diffusion length in the 500 h sample of about 21 pum for copper into
the nickel alloy and about 18 um for nickel into the copper alloy. While this analytical
method allows for rough estimate calculation of the diffusion coefficient, it is limited by
its simplified assumptions. The method analyzes the collected data to calculate a best-
fitting diffusion coefficient.

The experimental results were also compared to simulations using a commercially
available CALPHAD software code. The diffusion module of Pandat software by
Computherm LLC Version 2023 was also used to simulate the elemental diffusion of
GRCop-42 and alloy 625 based on the actual compositional values recorded from the
EPMA (Figure 6). This simulation includes the main constituents as well as the various
alloying elements in each material, which were not specifically calculated for in the first
analytical method. A comparison of the diffusion curve for nickel estimated by the Pandat
software with the measured EPMA data for the 50 h thermal exposure (816 °C) is shown
in Figure 30. The Pandat model was able to predict the general diffusion behavior for this
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diffusion couple, including more nuanced behavior caused by interactions of both major
and alloying elements.
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Figure 30. Pandat predicted and actual diffusion curves for nickel after 50 h at 816 °C.

4.4. Comparison Between As-Built and Thermally Exposed Samples
EPMA Mapping

The composition maps were compared between as-built and thermal exposure
samples. The back-scattered electron (BSE) images and composition maps are shown in
Figure 11 as a comparison between the boundary with no thermal exposure (as-built) and
the longest thermal exposure performed, which is 500 h at 816 °C (1500° F).
Microstructural changes due to thermal exposure are noted.

In Figure 11a,b, the formation of oxides in the copper alloy during thermal exposure
can be seen by dark spots (low density) in the BSE map that were not present in the as-
built sample. This can be seen further in Figure 11c,d by a depletion of copper in the same
locations after thermal exposure. These oxides are rich in chromium and niobium as
shown in Figure 11g—j. Analysis of the composition in one of these oxides near the
bondline showed oxygen, chromium, and niobium peaks. The Cr2Nb precipitated in
GRCop-42 [8], which is generally resistant to coarsening at high temperatures, pins the
copper matrix grain boundaries, and slows grain boundary growth. Chromium and
niobium also tend to form protective oxides beneath the copper oxide [9,10], which were
formed on the outside and resulted in the noted material loss. The slight excess of
chromium tends to consume excess oxygen introduced during the high temperature
exposure to form more chromium oxides [10]. In addition, the EPMA indicates diffusion
from the nickel alloy, evident by small amounts of nickel, iron and molybdenum.

In the nickel alloy, additional microstructural changes are noted as well. The BSE
maps in Figure 11a,b shows dendritic structures form of higher density (bright) after
thermal exposure. This secondary phase also exhibits nickel depletion (dark) in Figure
11e,f as well as increased chromium, niobium, and molybdenum concentrations noted in
Figure 11g-1. This is indicative of the formation of Laves phase on the alloy 625 side of the
boundary. Additional EDS analysis from within the secondary phase indicates that
niobium, molybdenum, and chromium segregated to the interdendritic regions, and
thermal exposure changed the microstructure similarly to what is seen in weld metal or
castings of nickel-based superalloys as well as in past studies on DED alloy 625 [22,23,25].

Similarly to welding [23] and thermal exposures of other AM alloy 625 studies [26],
the Laves phase was initially avoided during the manufacturing process, but the
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enrichment in the interdendritic regions led to accelerated precipitation reactions after
prolonged exposure to elevated temperatures [23,26]. Additionally, silicon is controlled
within alloy 625 to no more than 0.5% [39], but a silicon peak was noted in the EDS
spectrum, which indicates some silicon segregation also occurred. Silicon is known to
increase the stability and the kinetics for the formation of the Laves phase in nickel-based
alloys [23].

4.5. Mechanical Testing
4.5.1. Tensile Testing

The results from the tensile testing in Table 3 show that the bimetallic sample
performs similarly to additively manufactured GRCop-42 [12,33]. The yield and ultimate
strength values were both lower for the thermally exposed samples compared to the as-
built samples and both failed at the nickel alloy to copper alloy interface. On average, the
yield strength of the thermally exposed samples was about 210.4 MPa, which represents
an 18.6% reduction in yield strength compared to the average yield strength of 258.4 MPa
for the as-built samples.

As seen in the image of the post-fracture tensile specimen (Figure 13), most or all of
the strain occurred on the GRCop-42 side of the sample. Because of this, a more accurate
calculation of strain would only account for the original gauge length of the copper alloy
(10 mm instead of 20 mm) to isolate the strain in the copper alloy. Post-fracture
measurements indicate approximately 32% elongation on the copper alloy side and only
about 1% from the nickel alloy side in the as-built sample SN5, while the thermally
exposed sample TE5 showed about 16% elongation in the copper alloy and less than 1%
in the nickel alloy.

4.5.2. Fatigue Testing

The fatigue data are similar for the as-built and thermally exposed samples, but the
thermally exposed samples show more variance in the number of cycles to failure. Of the
six thermally exposed mechanical test samples, three of them failed at the interface;
however, of the six as-built mechanical test samples, only one failed completely at the
interface. Excluding the as-built sample SN4 due to uncertainty on the exact fatigue life
and thermally exposed sample TE3 as an outlier, the average fatigue life of the thermally
exposed samples was 32,379 cycles to failure, which is 41.6% shorter than the average
55,404 cycles to failure for the as-built samples. The tensile testing showed lower strength
in the thermally exposed samples compared to the as-built samples, which may contribute
to a reduction in the fatigue capability of the material.

4.5.3. Fatigue Fracture Analysis

Figures 15-17 show the characteristics of the as-built sample SN4 (~95,000 cycles)
fracture. As seen in Figure 15, the fracture occurred very far into the copper alloy, away
from the interface. Figure 16 shows a 40x magnified SEM image of the fracture surface.
Crack initiation can be identified at the top left of the surface, as identified in Figure 16.
Figure 17 shows a 1000x magnified SEM image from the center of the fracture surface.

The as-built sample SN6 (~46,000 cycles) was the only fatigue specimen to fracture at
the interface for the as-built samples. However, as seen in Figure 18, the fracture still
occurred partially on the copper alloy side of the specimen. The overview (40x) SEM
image in Figure 19 shows that the crack initiation occurred at the interface, but then
continued to propagate increasingly into the copper alloy side. Crack initiation can be
identified at the top right of the surface, as identified in Figure 19. The center from top
right to bottom left slopes downwards (deeper into copper alloy), while two ridges
(connection to interface) can be seen on the top and bottom of the image. Figure 20a shows



J. Manuf. Mater. Process. 2025, 9, 34

29 of 32

a 150x magnified SEM image from the crack initiation site. Figure 20b shows EDS
composition mapping for nickel, which confirms that the crack initiated at the interface.

The thermally exposed sample TE1 (~56,000 cycles) fractured on the copper alloy side
of the specimen, as seen in Figure 21. The overview (40x) SEM image in Figure 22 shows
that the crack initiation occurred on the left side of the specimen as identified. Figure 23
shows a 1000x-magnification SEM image from just right of center with respect to the
overview in Figure 22. The image in Figure 23 demonstrates a clear dimpling on the
fracture surface away from the crack tip, indicating a transition from incremental crack
growth to overload failure. Figure 24 shows an increased-magnification (3000x) SEM
image of the TE1 fracture surface with EDS mapping of oxygen, niobium, and chromium,
which demonstrates where oxides have formed and are found on the fracture surface. In
Figure 24b,c, in the two circles on the top right, some niobium oxides are identified. In
Figure 24b,d in the circle on the left, there is some chromium oxide. These are similar to
the oxides identified in the EPMA of the 200 and 500 h thermal exposure samples such as
those seen in Figure 11 near the interface.

The thermally exposed sample TE6 (~19,000 cycles) fractured completely across the
interface between the copper and nickel alloys, as seen in Figure 25. Figure 26 shows the
fracture surface at 40x magnification in the SEM, where there is no clear crack initiation
or crack growth pattern. Macroscopically, the fracture appears flat, but at 500x
magnification in Figure 27a, various voids and plateaus can be identified on the fracture
surface. Figure 27b,c show EDS mapping oxygen and chromium, respectively, which
display evidence of chromium oxides on the fracture surface for the thermally exposed
fatigue test sample TE6. These oxides are similar to those seen in the thermally exposed
block samples observed with EPMA, identified in Figure 11h.

The oxides observed in Figures 24 and 27 indicate the formation of niobium and
chromium oxides, which are commonly known to form in GRCop alloys [9,10]. These
oxides were not identified on the fracture surfaces of the as-built samples. The presence
of oxides across the fracture surface is important to note as the specimens were tested at
ambient temperature, which suggests oxygen diffusion during the thermal exposure is
sufficient to penetrate through the sample thickness and likely contributes to the
decreased mechanical properties.

5. Conclusions

In this paper, the additively manufactured bimetallic joint between PBF-LB copper
alloy GRCop-42 and DED nickel alloy 625 was studied to investigate the effects of long-
term thermal exposure at 816 °C. The as-built joint as well as various thermal exposure
durations at 816 °C were examined for porosity, diffusion across the boundary,
compositional analysis, oxidation effects, and mechanical properties. The as-built junction
showed good fusion and reasonable porosity for the manufacturing method.
Commercially available diffusion modeling software was able to provide a good
approximation of behavior at the thermal exposure temperature. A machine learning-
based diffusion model calculated the diffusion coefficient of copper into alloy 625 to be
2.38 x 107 *2cm?/s and that of nickel into GRCop-42 as 1.90 x 10~ *2cm?/s. These models
can be used to predict diffusion behavior at longer times for continual use applications.

While GRCop-42 has good oxidation resistance compared to pure copper, high-
temperature thermal exposure in air results in detrimental oxidation. Keeping the
material out of oxidizing environments will increase durability of the copper alloy, which
is why pairing with the high-corrosion-resistance alloy 625 is desirable. At elevated
temperatures, the copper alloy side of the joint exhibited significant material loss due to
oxidation, resulting in a linear loss measurement of 1830 microns from the surface after a
500 h thermal exposure. After thermal exposure times of 200 h or more, chromium and
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niobium oxides were observed within the copper alloy as well as the Laves phase in the
nickel alloy.

In mechanical testing, two of eight fatigue samples and three of four tensile samples
fractured at the bimetallic joint with the remainder fracturing on the GRCop-42 side. The
thermally exposed (816 °C for 200 h) samples all had lower strength than the as-built
samples. On average, the thermally exposed samples exhibited an 18.6% reduction in
yield strength compared to the as-built samples. Additionally, the fatigue lives for the
thermally exposed samples were more scattered than the as-built samples, and the
samples with the two lowest fatigue lives were both thermally exposed samples.
Excluding the as-built sample SN4 due to the uncertainty in the exact fatigue life and
thermally exposed sample TE3 as an outlier, the fatigue life of the thermally exposed
samples is an average of 41.6% shorter than that of the as-built samples. SEM and EDS of
the thermally exposed fatigue samples showed evidence of some oxides in the copper
alloy present on the fracture surface and throughout the volume of the copper alloy, which
contribute to the reduction in mechanical properties. Although potentially detrimental
secondary phases were identified in alloy 625, there was no effect seen in mechanical
testing due to the GRCop-42 and the joint itself being comparatively weaker.
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