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A B S T R A C T   

Additive manufacturing (AM) has enabled new opportunities of high-performance alloys for use in complex 
components across the aerospace, industrial, automotive, and energy industries. These industries have growing 
interest in copper alloys and AM for high-performance heat exchangers such as rocket engine combustion 
chambers. GRCop copper alloys, such as GRCop-84 (Cu-8Cr-4 Nb at%) and GRCop-42 (Cu-4Cr-2 Nb at%), have 
high thermal conductivity and high mechanical properties at elevated operating temperatures. In this paper, 
thermophysical properties for GRCop-84 and GRCop-42 produced using laser powder bed fusion (L-PBF) are 
examined. While L-PBF parameters and resulting microstructures can be achieved in a laboratory environment, 
those parameters do not always translate well into a production environment, and the variations across multiple 
machines and powder chemistries must be understood. The repeatability and reproducibility of samples across 
the commercial supply chain is critical for designers to ensure parts meet operational requirements. Thermo
physical properties, such as thermal conductivity and thermal expansion are key design attributes. Thermal 
conductivities for eight GRCop-42 blocks and two GRCop-84 blocks were measured from room temperature up to 
700 ℃. Thermal expansion was also measured from 20 ◦C to 1000 ◦C. These GRCop alloy parts were made with 
gas atomized powders from different vendors and with different L-PBF systems and parameters. Equations for the 
thermal conductivity and expansion are given. The variation of thermal conductivities for L-PBF GRCop parts is 
estimated to be less than + /− 4%. Based on phase analysis, compositional analysis, and thermal conductivity 
measurements, the small variations in thermal conductivities for the L-PBF GRCop parts are elucidated. The 
thermophysical property variations can be used to establish process capabilities and design guidelines for 
ongoing commercial use and further research.   

1. Introduction 

Metal additive manufacturing alloys are commonly used in various 
applications for medical, industrial, automotive, energy, and aerospace. 
Copper and its alloys are indispensable in many industries because of 
their high conductivity and corrosion resistance that make them useful 
for heat exchangers and other high thermal and electrical conductivity 
applications [1–6]. Multiple alloying elements, such as Cr, Zr, Al, Fe, Ti, 
and Nb, are commonly used to produce different copper alloys. For 
example, the Cu-Cr alloy has excellent mechanical performance [7–9]. 
With the addition of Nb, Zr, or Ag, the Cu-Cr alloys developed into a 

ternary system (Cu-Cr-X) [10–12]. Compared to Cu-Cr-Ag and Cu-Cr-Zr 
ternary systems, Cu-Cr-Nb ternary alloy system exhibits significant ad
vantages, such as high strength and excellent conductivity [13–16]. 
Furthermore, this ternary alloy system has high oxidation resistance [17, 
18]. 

Among the Cu-Cr-Nb ternary alloys, the most prominent ones are 
GRCop-84 (Cu-8Cr-4 Nb at%) and GRCop-42 (Cu-4Cr-2 Nb at%). They 
were developed by NASA for regeneratively cooled rocket engine com
bustion chamber liners that require high-strength and high conductivity 
at elevated temperatures [19–21]. These GRCop alloys mainly depend 
on the Cr2Nb Laves phases with the Cr and Nb atomic ratio of 2:1. For 
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both GRCop-84 and GRCop-42, Cr and Nb are mostly kept in the Cr2Nb 
Laves phases, and therefore, the matrix of the alloy is nearly pure copper 
and thus has an outstanding electrical and thermal conductivity [19,20]. 
GRCop-84 shows exceptional microstructural stability, creep resistance, 
good thermal conductivity, good low cycle fatigue life, and high tensile 
strength that are optimized for 500–800 ◦C. GRCop-84 also has a lower 
thermal expansion than Cu and dilute Cu-based alloys from room tem
perature up to 1000 ◦C [22]. Due to those characteristics, GRCop-84 
exhibits good potential for high heat flux applications such as rocket 
combustion chambers, permanent metal casting mold, fusion reactors, 
welding electrodes, and high temperature heat exchangers [23,24]. 

GRCop-42 was created by decreasing the Cr2Nb volume fraction to 
trade mechanical properties for improved thermal conductivity. The 
thermal conductivity of GRCop-42 is about 15% higher than GRCop-84. 
NASA widely adopted GRCop alloys for high heat flux applications [25] 
due to the capability of repeated use under high strain conditions with 
elevated wall temperatures. For example, GRCop-42 has been selected 
and is being flown on launch vehicles as the material for building 
additively manufactured channel-cooled combustion chambers for 
rocket engines [26,27]. 

Most materials expand upon heating. This thermal expansion can 
cause three issues for rocket engine liners. The first issue is the thermally 
induced stresses. The liner is typically constrained by a high-strength 
jacket that remains relatively cool. The liner cannot expand freely and 
the thermal expansion results in thermally induced stresses. For a liner 
application, the stresses can often exceed the yield strength of GRCop-42 
and GRCop-84. The second issue is the permanent deformation of the 
material from these thermal stresses that can permanently change the 
shape of the liner. This can include the so-called “doghouse” effect [28] 
that can contribute to failure in the hot wall within a cooling channel. 
The third issue is low cycle fatigue (LCF), where a combustion chamber 
liner is repeatedly cycled for qualification or operation. The liner will be 
subjected to repeated strains locally from thermal expansion that can 
exceed 1%. This is one of the major contributors to liner failure [29]. 

The thermal conductivity and thermal expansion of GRCop alloys are 
controlled largely by the dissolved trace elements in the copper matrix 
and the amount and type of secondary phases present, respectively. The 
presence of Cr and Cr2Nb precipitates reduces the thermal expansion of 
GRCop alloys relative to pure Cu [30], because these phases have lower 
thermal expansion than Cu [31]. The primary elements of concern for 
lowering the thermal conductivity are O from the environment, Fe from 
the Cr feedstock, and Al and Si from ceramic refractories used in melting 
the alloys [32]. Any excess Cr that is not precipitated will affect the 
thermal conductivity and thermal expansion. 

To achieve the desired microstructure, thermophysical properties, 
and mechanical properties, GRCop alloys require high cooling rates 
during solidification. This is due to the Cr2Nb quickly forming when the 
temperature drops just below the alloy liquidus temperature while 
copper is still in the molten state[33]. High cooling rates limit the size of 
Cr2Nb phase and ensure a uniform distribution of the Cr2Nb phase 
precipitates in the copper matrix. Conventionally, GRCop powders are 
manufactured by the gas atomization technique, which has a cooling 
rate of 104 K/s[34]. More traditional manufacturing techniques, such as 
extrusion and hot isostatic pressing (HIPing), were used to consolidate 
GRCop powders. Subsequently, the consolidated material could be 
processed conventionally using methods such as rolling, forging, and 
tube drawing [35]. In comparison to GRCop-84, GRCop-42 can mitigate 
some of the high temperature requirements during the powder atomi
zation process due to the lower liquidus temperature (1460 ◦C vs 
1580 ◦C) resulting from the reduced content of Cr and Nb [26]. 

Metal additive manufacturing (AM) is a process that makes metallic 
parts layer by layer and has various build methods, including powder 
bed fusion, directed energy deposition, cold spray, additive friction stir 
deposition, and binder jetting [36]. In this paper, the GRCop samples are 
manufactured by laser powder bed fusion (L-PBF) AM. During the L-PBF 
process, thin layers of powder are spread on a build plate and scanned by 

a high energy laser beam to melt localized areas. The laser fuses the 
powders and generates the specific geometry. After one layer is 
completed, another layer of powders is spread, and the same procedure 
repeated until the part is finished. Due to the small molten track size and 
rapid laser scanning, L-PBF process has a high cooling rate of 104 K/s to 
106 K/s [37]. In the L-PBF AM process, the layer thickness of GRCop-42 
is generally increased compared to GRCop-84, thus increasing the pro
duction rate [26]. 

While L-PBF processing can be demonstrated under controlled lab
oratory conditions, the process and inputs may experience variations 
when translated into a full production environment. The differences can 
be compounded when there are multiple producers using their own 
proprietary methods that may or may not be similar. 

In this study, eight unique GRCop-42 samples and two unique 
GRCop-84 samples were built using different lots of gas atomized 
powders. The samples were produced using eight different vendors with 
their differing proprietary operating procedures including the use of 
mixed virgin and recycled powder. The use of recycled powder and 
multiple vendors is a realistic programmatic consideration to control 
production costs. As the GRCop alloys moved from laboratory into 
production environments, it was critical to understand these process 
capabilities and capture the resulting differences in microstructure, ge
ometry, and properties. Samples were built by several vendors using 
various L-PBF machine platforms in the form of a feature build plate, 
which test specimens were excised from. The objective of this study was 
to analyze and compare the thermophysical properties, specifically 
thermal conductivity and thermal expansion, of samples produced by 
various vendors using different L-PBF platforms and powder batches. 
The aim was to assess the potential variability in thermophysical prop
erties within the commercial vendor supply chain and establish process 
capabilities and design guidelines accordingly [38]. The intrinsic factors 
that influence the thermophysical properties of the GRCop alloys were 
also examined. 

2. Materials and methods 

2.1. Sample production 

In this study, GRCop-42 and GRCop-84 copper-alloy feature build 
plates were produced by eight different vendors utilizing the Laser 
Powder Bed Fusion (L-PBF) process. Each vendor employed their spe
cific L-PBF machines and slightly different parameters, often considered 
proprietary, to manufacture the plates. Standard L-PBF scan strategies 
were varied across platforms and recoater materials were used based on 
the vendor preferences [39]. The powder feedstock followed the 
GRCop-42 specification chemistry and powder size distribution (PSD) 
provided by Gradl et al. [40]. The powder feedstock included a mix of 
virgin powder and reuse per standard procedures for each of the sup
pliers. The reused powder was sieved to meet the 10–45 µm PSD with 
particles smaller than 10 µm limited to less than 5% cumulative volume 
(per ASTM B214) and particles greater than + 325 mesh limited to less 
than 1% weight (per ASTM B822). A mix of virgin and reuse powder is 
typical for production of parts to allow for the process to be economical. 
While the chemical composition was provided in powder certifications, 
the as-built chemistries are critical to understand the thermophysical 
properties and was measured as described in Section 3.1. 

The L-PBF feature build plates were identical to those built under a 
prior study to assess geometric process capability of the commercial 
supply chain [38]. 

2.2. Chemical analysis 

Chemical analysis of the metallic elements was conducted using 
inductively coupled plasma – atomic emission spectroscopy (ICP-AES) 
per CAP-017S and inert gas fusion (IGF) per ASTM E1019–18 using 
Perkin Elmer Optima 8300 and 7300. In addition to the major elements, 
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trace elements such as Fe that can reduce thermal conductivity were 
examined. A LECO Model ONH 836 is used to determine the amount of 
oxygen and nitrogen in the samples. 

2.3. The apparatus and theory for thermal diffusivity/conductivity 
measurements 

A Netzsch LFA 467 HT apparatus was used for thermal diffusivity/ 
conductivity measurements. The schematic diagram of LFA test cell is 
shown in Fig. 1(a). It is designed as a vertical system with the energy 
(light) entering the cell from the bottom window. The sample is posi
tioned in the center, and the infrared (IR) detector is above the top 
window. A xenon lamp works as a flash source. Software controls this 
flash with a pulse range of 20–1200 µs. After the flash of the xenon lamp 
irradiates the lower face of the sample, the temperature rise of the 
opposite side is measured as a function of time using the IR detector. 
Thermal diffusivity of the sample was determined from the temperature 
trace using the equation. 

a = 0.1388 × l2/
t1/2 (1)  

where. 
a is the thermal diffusivity in cm2/s. 
l is the thickness of the test piece in cm. 
t1/2 is the time (in second) at 50% of the temperature increase, 

measured on the top surface of the test piece. 
The specific heat (Cp) of samples was determined by the Netzsch LFA 

467 HT apparatus via a comparison measurement with a reference 
sample [41]. Thermal conductivity was calculated using the following 
equation: 

K(T) = Cp(T) × a(T) × ρ(T) (1)  

where. 
K(T) is the temperature-dependent thermal conductivity of the 

testing sample. 
Cp(T) is the temperature-dependent specific heat. 
a(T) is the temperature-dependent thermal diffusivity. 
ρ(T) is the temperature-dependent density of the testing samples. 

2.4. Thermal Diffusivity/Conductivity Measurements: Sample 
Preparation and Testing 

The sample details are described in Table 1. Three disk-shaped 
samples were excised from each of the feature build plates following 
HIP, with a diameter of 12.56 mm and a thickness of ~2.5 mm. Prior to 
the thermal diffusivity/conductivity testing, the disks were ground with 

400 grit SiC sandpaper to remove the surface contaminant layer. Den
sities of the samples at room temperature were measured based on 
Archimedes principle. The elevated temperature densities were deter
mined using thermal expansion data based on a previous study [42]. For 
each run, three samples from a GRCop build and a copper reference 
sample (99.999% purity) were sprayed with graphite. This was to ensure 
identical energy absorption during the thermal diffusivity/conductivity 
test process described in Section 2.3. Detailed thermal conductivity test 
procedures can be found in prior studies [43]. 

Following an initial run of each sample, the samples and the refer
ence sample were rinsed with ethanol in an ultrasonic tank to remove 
the graphite layer. After thorough drying, the samples together with the 
reference sample were once again spray coated with graphite before the 
repeated testing of thermal diffusivity/conductivity. 

Eight GRCop-42 and two GRCop-84 L-PBF sample groups were 
examined. For each group, three samples from each alloy block were 
measured at 25 ◦C, 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, and 
700 ◦C. At each measurement temperature, three measurements for 
each sample were taken (nine measurements total). After the first cycle 
of tests was finished, a second test cycle was repeated from 25 ◦C to 
700 ◦C. 

2.5. Phase Identification 

To simplify the analysis of the phases and determine the total amount 
present, the phases were extracted from the copper matrix. The 
concentrated precipitates also allowed for a higher probability of finding 
small amounts of a phase that would be masked by the Cu matrix in x-ray 
diffraction (XRD). 

Approximately 1 g of sample was placed in concentrated nitric acid. 
The acid dissolved the copper matrix but did not attack any of the phases 
of interest. The samples were allowed to react until all the copper was 
dissolved. The remaining material was filtered through a 0.45 µm filter 
paper. Using the weights of the original sample and filtrate, the total 
amount of precipitates in the samples were calculated. 

Some of the filtrate was removed from the filter paper with a razor 
blade and transferred to a low background XRD holder. Isopropyl 
alcohol was used to disperse the precipitates in a thin, uniform layer. 
Data were gathered on a D8 Advance diffractometer using Cu Ka radi
ation. Four-hour scans were performed to help find any trace phases. 

Quantitative phase analysis (QPA) was performed using whole 
pattern fitting (WPF, aka, Rietveld refinement) as implemented in the 
JADE analysis program. In addition, the materials were examined before 
and after extraction using a TESCAN MAIA-3 scanning electron micro
scope (SEM). An energy dispersive spectrometer (EDS) unit on the SEM 
was used to determine the chemistry of the precipitates and help identify 

Fig. 1. (a) Schematic diagram of LFA testing cell. (b) LFA 467 HT has four testing cells, the Top Window of the top-right cell is removed for sample installation.  
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them. 

2.6. Thermal expansion 

Ten samples nominally 20–22 mm long were cut from portions of the 
feature build plates. The cross-sections were roughly rectangular, but no 
effort was made to have a consistent, uniform cross-section for the 
samples as it is not required for thermal expansion measurements. The 
ends were parallel and were confirmed to have the same area. 

The samples were cycled three times in a Netsch model DIL402C 
dilatometer. The samples were heated in argon to prevent oxidation. A 
thermocouple placed near the sample recorded the temperature while a 
linear variable differential transformer (LVDT) measured the displace
ment of the sample as it heated. The contribution of the furnace tube, 
push rod, and other parts of the heated section expanding was mathe
matically removed using a calibration run with alumina to calculate the 
net thermal expansion of the instrument. The difference was the change 
in length for the sample (ΔL). The thermal expansion or thermal strain at 
a temperature T (εT) was calculated as 

εT = ΔLT /L0 (3)  

where. 
L0 is the initial length of the sample. 
ΔLT is the measured change in length at temperature T; and. 
εT is the thermal expansion at temperature T. 
The coefficient of thermal expansion (CTE) is often used to calculate 

the thermal expansion of a part. There are two types of thermal 
expansion coefficients. The first and more commonly used one is the 
average thermal expansion. The average CTE (CT Average) at a given 
temperature is defined as 

CTEAverageT = εT
/

(T − TRef ) (1)  

where. 
T is the temperature of interest; and. 
TRef is the reference temperature where the thermal expansion is 

defined as 0. For this study, TRef was defined as 293 K or 20 ◦C. 
The instantaneous CTE (CTEInstant) is the derivative of the thermal 

expansion curve at a given temperature and is independent of the 
reference temperature. The value was approximated by the slope of the 
curve over five data points centered at the temperature of interest. A 
least squares residual fit of a line was made to the points, and the slope 
calculated by Microsoft Excel. 

3. Results 

3.1. Chemistry 

The results of the chemical analysis are show in Table 2. The main 
source of chemical difference is the normal lot-to-lot variability in 
powder composition. This is recognized in the specifications for most 
alloys that include a range rather than a single value for each element. In 
the case of GRCop, the main source is likely problems encountered with 
dissolving the Nb into molten Cu, which results in low Nb. The Cr also 
was at the low end of the specified range, likely for the same reason, 
which is why the ratios are generally acceptable. Other elements are 
generally associated with trace contaminant in the melt stock, e.g., Ag in 
Cu and Fe in Cr. In addition to the major elements of Cu, Cr, and Nb, 
some trace elements like Fe, Al and Si were also detected. The oxygen 
content is higher in the GRCop-84 samples since older, off-the-shelf 
GRCop-84 powders were used that might have more oxidation from its 
time in storage [44]. There are various sources for the oxygen in the 
powder feedstock as copper is prone to oxidation, even at room tem
perature. The objective of this study was to capture the variations of the 
powder across the supply chain, which includes the oxygen content. The 
sources of the oxygen pickup include: 1) Incorporation of refractory 
ceramic particles (alumina, niobia) into the atomization of the powder, 
2) Recycling of the powder and exposure to air outside the build 
chamber during sieving, 3) Powder handling and surface oxidation, and 
4) Atmosphere control during printing. 

3.2. Thermal Conductivity of GRCop Alloys 

As shown in Fig. 2, the thermal conductivity of the GRCop alloys 
normally decreases with increasing test temperature. Based on the 
average of the measured values for the eight GRCop-42 samples, the 

Table 1 
GRCop L-PBF blocks tested for thermal conductivities.  

Identifier Alloy Company Machine Layer Height (um) Recoater Type Energy Density (J/mm^3) Scan Strategy[39] 

GRCop-42–1 GRCop-42 A EOS M280  40 Rubber 75.0 Continuous 
GRCop-42–2 GRCop-42 B EOS M290  45 Steel 90.3 Stripes 
GRCop-42–3 GRCop-42 B EOS M400–1  60 Steel 83.3 Stripes 
GRCop-42–4 GRCop-42 C EOS M400–1  40 Rubber 75.0 Continuous 
GRCop-42–5 GRCop-42 A EOS M280  40 Steel 75.0 Continuous 
GRCop-42–6 GRCop-42 D EOS M290  40 Carbon Fiber Brush - - 
GRCop-42–7 GRCop-42 E EOS M400–4  60 Steel 83.3 Stripes 
GRCop-42–8 GRCop-42 F EOS M290  45 Carbide 90.3 - 
GRCop-84–1 GRCop-84 G Concept M2  30 Rubber 100.0 Checkered 
GRCop-84–2 GRCop-84 H EOS M290  40 Steel 107.1 Stripes 

The parameters not provided were considered proprietary and not publishable. 

Table 2 
Weight percentage of elements in the tested GRCop alloys.  

Element GRCop-42–1 GRCop-42–2 GRCop-42–3 GRCop-42–4 GRCop-42–5 GRCop-42–6 GRCop-42–7 GRCop-42–8 GRCop-84–1 GRCop-84–2 

Ag  0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01 
Al  0.06  0.06  0.06  0.06  0.06  0.07  0.04  0.06  0.01  0.03 
Co  0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01 
Cr  3.25  3.30  3.29  3.37  3.26  3.28  3.28  3.38  6.61  6.59 
Fe  0.01  < 0.01  < 0.01  < 0.01  0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01 
Nb  2.65  2.82  2.77  2.81  2.65  2.92  2.73  2.92  5.68  5.47 
Ni  0.03  < 0.01  < 0.01  0.01  0.02  < 0.01  0.01  < 0.01  < 0.01  < 0.01 
O  0.08  0.05  0.04  0.06  0.1  0.05  0.08  0.05  0.13  0.12 
P  < 0.005  < 0.005  < 0.005  < 0.005  < 0.005  < 0.005  < 0.005  < 0.005  < 0.005  0.011 
Si  0.02  0.01  < 0.01  0.03  0.04  0.01  < 0.01  0.02  < 0.01  < 0.01  
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conductivity value can be curve-fitted to the equation over the tem
perature range of 25 ºC to 700 ºC 

k(T) = − 39.86T3 + 4.17T2 + 0.97x + 329.14 (3)  

where T is temperature in K/1000. 
It was observed that the range of the thermal conductivities of all 

GRCop-42 alloys, except sample GRCop-42–7, fall within the unit’s 
specified uncertainty of 3% in the equipment manual. As for GRCop- 
42–7, its thermal conductivity values are about 8% higher than the 
sample GRCop-42–1, the lowest thermal conductivity sample. For 
GRCop-84, there were only two samples. As presented in Fig. 2(b), there 
is a difference up to 7% observed between GRCop-84–1 and GRCop- 
84–2. 

The directly measured thermal diffusivities for all GRCop samples 
are presented in Fig. 3. According to the equation K(T)=Cp (T)× α(T)× ρ 
(T) as we mentioned, the α is proportional to K at a specific temperature. 
Therefore, thermal diffusivities have the same variation trend as thermal 
conductivities. 

3.3. Problem Encountered During Thermal Conductivity Testing: Specific 
Heat Measurement 

During the data analysis, numerous specific heat measurement 
datasets were identified to be inaccurate due to contamination of the 
bottom windows in the test cells. As stated in 2.3, the signal obtained 
from the sample is compared with the signal generated on the reference 
for specific heat measurements. The assumption is that the same amount 
of energy was absorbed by both the samples and the reference. This 
assumption is valid if the optical transparencies for all four of the testing 
cells are the same. The top windows of the test cells are easily accessible, 
and they are cleaned regularly to maintain the identical optical trans
parency. The bottom windows of the test cells are not readily accessible 
since that involves the dismantlement of the machine. Typically, win
dow contamination should not occur. Unfortunately, the LFA 467 HT 

system was also used to measure thermal conductivities of bio-derived 
particles during prior research. Some bio particles, mainly soot, 
contaminated the bottom windows of the test cells. 

As shown in Fig. 3, a clean window allows much more energy to pass 
through into the test cell. In contrast, for a contaminated window, a 
reduced amount of energy would pass through into the test cell. This 
would lead to a reduced sample temperature rise and a wrongly inter
preted high specific heat value. For example, one GRCop specimen and a 
Cu reference sample were placed into the contaminated equipment. The 
reported specific heat of this specimen in the contaminated cell was 
around 0.520 J/(g K), which is much larger than the theoretical value of 
0.383 J/(g K) at 25 ◦C. To diagnose the issue, the specimen and refer
ence sample positions were swapped, and the test repeated. In the sec
ond run, the specimen exhibited a specific heat of 0.303 J/(g K) at 25 ◦C, 
which confirms the diagnostics that the test cell windows were 
contaminated and would influence the specific heat result. 

As a comparison to the experimental results, the specific heat values 
of Cu, Cr, and Nb from NIST [45] can be used to estimate the specific 
heat values for GRCop-42 and GRCop-84. NIST provides specific heat of 
the elements at different temperatures. The specific heat can be calcu
lated using the following equation: 

Cp(alloy) = m1Cp(Cu) + m2Cp(Cr) + m3Cp(Nb) (6)  

where. 
Cp(Cu), Cp(Cr), and Cp(Nb) are the specific heat capacity at the 

corresponding temperatures; and m1, m2, and m3 are the mass fraction of 
the related metal elements. 

The specific heats of Cu, Cr, and Nb and the calculated specific heats 
of GRCop-42 and GRCop-84 are shown in Table 3. Curve fitting can be 
used to describe the specific heat of GRCop-42 and GRCop-84 over the 
temperature range of 25 ºC to 700 ºC. The resulting equations were 

GRCop − 42 : Cp = 0.153T3 − 0.33T2 + 0.312T + 0.316 (7)  

Fig. 2. (a) Thermal conductivity of different GRCop-42 L-PBF samples. (b) Thermal conductivity of GRCop-84 L-PBF samples.  

Fig. 3. (a) Thermal diffusivity of different GRCop-42 L-PBF samples. (b) Thermal diffusivity of GRCop-84 L-PBF samples.  
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GRCop − 84 : Cp = 0.165T3 − 0.353T2 + 0.329T + 0.311 (8)  

where x is the temperature in K/1000. 
A plot displaying GRCop specific heats is shown in Fig. 4. 

3.4. Phase Identification 

Representative SEM images from Sample GRCop-42–4 are shown in  
Fig. 5. The larger spherical particles were identified as NbO using EDS 
and XRD. The smaller particles were identified as primarily Cr2Nb. Cr 
precipitates do not image well in secondary electron (SE) mode due to 
low atomic number (Z) contrast with Cu. Fig. 5(a) shows that there is a 
uniform distribution of Cr2Nb throughout the Cu matrix. There appears 
to be variability in the size of the Cr2Nb particles, and this is confirmed 
in the extracted particles recovered from the filtrate (Fig. 5b). Full 
particle size analysis was not conducted, but most precipitates are 
< 1 µm in diameter. 

The XRD scans were combined into a single plot that is presented in  
Fig. 6. 

It was observed that Samples GRCop-42–4 and GRCop-42–1 had a 
very poor fit to their NbO peaks that resulted in an overestimation of the 
amount present (Fig. 7). The cause for the peak fitting issue could not be 
identified, and repeats of each sample were tested. The results again 
showed an unusually broad NbO peak that was not present in Samples 
GRCop-42–2 and GRCop-42–7. The decision was made to note that NbO 
had been found but not report the absolute value. The remaining phases 
were normalized so that they summed to 100%. The error was deemed to 
be acceptable as the amount of NbO was clearly small. 

The total amount of precipitate and the phases present for each 
sample are listed in Table 4. As expected, there was a significant dif
ference in the total amount of precipitates between the GRCop-42 and 
GRCop-84 samples. Also as expected based upon the chemistries, those 
with high Cr:Nb ratios had significant amounts of elemental Cr. 

Small amounts of CuO were observed in some samples. Most likely 
this is leftover matrix that had oxidized while the filtrate was exposed to 
air. Significant amounts of NbO were found in three samples with three 

other samples having detectable amounts present. The NbO particles 
were observed in the SEM to have an alumina core from detection. The 
NbO appears to have been thick enough to shield the alumina in XRD. 
The NbO was believed to come from reaction between the Nb in the 
molten alloy and alumina crucible used for the melting process [46]. 

GRCop alloys are designed to have a small excess of Cr to drive down 
the activity of the Nb in Cr2Nb and prevent hydrogen embrittlement 
[47]. The amount of elemental Cr is typically "1 wt% in extruded 
GRCop-84 and should be similar in GRCop-42. Considering the fraction 
of the total amount of precipitates that are elemental Cr, the total weight 
fraction of Cr ranged from 0.34 to 1.48 wt%. This is generally consistent 
with past work although the ratio of Cr to Cr2Nb for Samples 
GRCop-42–5 and GRCop-84–6 were much higher than the average 0.08 
for the other samples. Samples GRCop-42–5 and GRCop-42–6 had 
roughly a quarter of their precipitates being Cr. 

While not ideal, the chemistries of the samples and the phases pre
sent are generally representative of what should be expected in AM 
GRCop alloys and consistent with past extruded GRCop alloy samples 
tested for thermal conductivity and thermal expansion. 

3.5. Thermal Expansion 

The average thermal expansion curves using the data from Cycles 2 
and 3 are shown in Fig. 8. A 50 ◦C interval was chosen for reporting the 
data. The average and instantaneous CTEs are presented in in Fig. 9 and  
Fig. 10, respectively. 

The individual plots for the average and instantaneous thermal 
expansion cycles of each of the samples are provided in Appendices C 
through H for GRCop-42 and for GRCop-84. There are many details 
provided in the individual graphs that are not captured in the summary 
plots. The first cycle in each case was slightly different from the second 

Table 3 
Calculated specific heat of Cu, Cr, Nb, GRCop-42, and GRCop-84 at different 
temperatures.  

Temperature 
(◦C) 

Cu (J/ 
(g K)) 

Cr (J/ 
(g K)) 

Nb (J/ 
(g K)) 

GRCop-42 
(J/ (g K)) 

GRCop-84 
(J/ (g K)) 

25  0.385  0.451  0.266  0.384  0.383 
100  0.395  0.477  0.271  0.394  0.393 
200  0.407  0.506  0.277  0.406  0.405 
300  0.416  0.528  0.282  0.416  0.415 
400  0.424  0.542  0.287  0.424  0.423 
500  0.431  0.558  0.292  0.431  0.431 
600  0.438  0.580  0.296  0.439  0.439 
700  0.448  0.607  0.301  0.449  0.449  

Fig. 4. (left) Testing cell window with minor contamination. (right) Testing cell window with overloaded contaminations.  

Heat Capacities

Temperature, °C

100 300 500 7000 200 400 600
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Nb 
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Fig. 5. Calculated Specific heat for Cu, Cr, Nb, GRCop-42, and GRCop-84.  
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and third cycles. The results tended to be similar for all three cycles 
above 300 ◦C, but the data was still not consistent. The first cycle can 
include precipitation of Cr, physical shifting of the sample, and creep. It 
was decided to not use the first cycle in calculations of the thermal ex
pansions and CTEs and instead average the values for Cycles 2 and 3. 

Above 900 ◦C, the force applied by the push rod can result in creep. 
This is most obvious in the instantaneous CTE curves where there is a 
distinct, dramatic decrease in the CTE values. While a correct mea
surement, the values do not reflect the thermal expansion alone. For that 
reason, the data points were not used for calculating the average of all 

samples for the average and instantaneous CTEs. These data points are 
shown in orange in the individual plot in the appendices. 

Polynomial regression was conducted using SigmaStat 3.5 to deter
mine the order for fitting each curve. The order selected was determined 
using either the Mean Square Residual (MSR) decreasing with higher 
orders or engineering judgement when MSR became essentially con
stant. Where one alloy showed decrease in MSR while the other did not, 
the order of the equation for the first alloy was used. 

The confidence interval can be estimated by multiplying the stan
dard error of estimate (SY.X) by the t-value for the desired probability (1- 
α) and number of observations (n) minus the order of the equation. The 
fitted equations with the approximate confidence intervals for each alloy 
are. 

Thermal Expansion: 

εT,GRCop−42 = − 5.89 × 10−4 + 1.51 × 10−5(T − 273) + 6.28

× 10−9(T − 273)
2

− 1.88 × 10−12(T − 273)
3

± 1.88

× 10−4 t(1 − α
/

2, 324) (9)  

εT,GRCop−84 = − 6.92 × 10−4 + 1.59 × 10−5(T − 273) + 1.63

× 10−9(T − 273)
2

+ 1.58 × 10−12(T − 273)
3

± 1.14

× 10−4t(1 − α
/

2, 78) (10) 

Instantaneous CTE: 

CTEInstant,GRCop−42(ppm/K) = − 8.55 + 0498(T − 273) + 3.49

× 10−3(T − 273)
2

+ 1.24

× 10−5(T − 273)
3

− 2.47

× 10−8(T − 273)
4

+ 2.77

× 10−11(T − 273)
5

− 1.65

× 10−14(T − 273)
6

+ 4.03 × 10−18(T − 273)
7

± 0.580t(1 − α
/

2, 304)

(11)  

(a) Typical SE Image Showing Precipitates (b) Typical Filtrate 

Fig. 6. SEM Images of Particles.  

Uniden�fied peak

(seen in some 
samples, not others, 

unknown phase)

K beta peak (~39° 2theta) 
associated with

K alpha 1 & 2 peaks 
(~43° 2theta)

Fig. 7. X-ray Diffraction (XRD) Scans of the Extracted Precipitates.  

Table 4 
Amount and Types of Phases Present.  

Sample Alloy Total (wt%) Cr2Nb Cr NbO Cu2O 

GRCop-42–1 GRCop-42  6.83  83.9  7.3 -  5.5 
GRCop-42–2 GRCop-42  7.12  90.7  8.7 0.6   
GRCop-42–3 GRCop-42  7.26  94.4  5.6    
GRCop-42–4 GRCop-42  6.05  93.5  5.6   1.9 
GRCop-42–5 GRCop-42  6.27  74.7  23.6   1.7 
GRCop-42–6 GRCop-42  4.92  74.7  23.6   1.7 
GRCop-42–7 GRCop-42  7.55  86.2  7.8 6.0   
GRCop-42–8 GRCop-42  7.17  94.0  6.0     

Average  6.64  86.5  11.0    
Nominal Cr2Nb 6.1        
GRCop-84–1 GRCop-84  12.69  82.7  10.0 7.3   
GRCop-84–2 GRCop-84  12.70  81.4  11.2 7.5    

Average  12.70  82.1  10.6    
Nominal Cr2Nb 12.3         
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CTEInstant,GRCop−84(ppm/K) = − 15.1 + 0.719T − 6.13

× 10−3(T − 273)
2

+ 2.74

× 10−5(T − 273)
3

− 7.12

× 10−8(T − 273) + 1.12

× 10−10T(T − 273)
5

− 1.04

× 10−13(T − 273)
6

+ 5.31

× 10−17(T − 273)
7

− 1.14 × 10−20(T − 273)
2

± 0.426t(1 − α
/

2, 72)

(12) 

Average CTE: 

CTEAverage,GRCop−42(ppm/
◦C) = − 2.04 + 0.160(T − 273) − 5.42

× 10−4(T − 273)
2

+ 9.00

× 10−7(T − 273)
3

− 7.18

× 10−10(T − 273)
4

+ 2.21 × 10−13(T − 273)
5

± 0.411t(1 − α
/

2, 318)

(13)  

CTEAverage,GRCop−84(ppm/
◦C) = − 5.49 + 0.201(T − 273) − 7.34

× 10−4(T − 273)
2

+ 1.30

× 10−6(T − 273)
3

− 1.09

× 10−9(T − 273)
4

+ 3.52 × 10−13(T − 273)
5

± 0.408t(1 − α
/

2, 75)

(14) 

The plots of the combined data and regressions are shown in Fig. 8 
through Fig. 10. No confidence interval lines are shown in Fig. 8 because 
the confidence interval falls within the width of the regression line. 

4. Discussion 

4.1. Thermal Stability of GRCop Alloys 

The phase structures as a function of temperature under equilibrium 
state for both the GRCop-42 and GRCop-84 alloys were simulated using 
Thermo-Calc software with the TCCU3 database. Mole ratios of 94:4:2 
(GRCop-42) and 88:8:4 (GRCop-84) were applied for the calculation. 
For GRCop-42 alloy and GRCop-84 alloy, it was found that the solidus 
temperatures were around 1040 ℃ and 1080 ◦C, respectively. As the 
maximum thermal conductivity test temperature was 700 ◦C, no liquid 
phase should form in the GRCop alloy system during the thermal con
ductivity testing. Thus, the possibility of components dissolving in the 
liquid phase leading to the thermal diffusivity change could be excluded. 

There are three phases existing in the diagram at room temperature, 

Fig. 8. Poor Fit of NbO Peaks for Sample GRCop-42–4.  

Fig. 9. Average Thermal Expansion of all samples.  

Fig. 10. Average CTE and Regression Lines of all samples.  
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namely Cr2Nb phase (C15_LAVES), α-Cu phase (˃99 wt% Cu, FCC_L12) 
and trace amounts of Cr phase (BCC_B2). As illustrated by Fig. 11, the 
temperature ranges within which the phases exist are listed in Table 5. 
For the GRCop-42 alloy, the Cr2Nb phase predominantly maintains a 
consistent mole fraction of approximately 6% over the temperature 
range of 0–1040 ◦C. Above this threshold, the mole fraction begins to 
decrease gradually, eventually diminishing to zero at 1480 ◦C. Concur
rently, at precisely 1040 ◦C, the α-Cu phase undergoes a phase transition 
to a liquid state, while the Cr2Nb phase experiences a gradual trans
formation to the liquid state between 1040 and 1480 ◦C. 

GRCop-84 exhibits the same phases as GRCop-42, and its phase di
agram demonstrates a similar behavior to that of GRCop-42. As depicted 
in Fig. 11(b), during equilibrium cooling, the formation of the Cr2Nb 
phase commences at a temperature of 1580 ◦C. In a manner akin to 
GRCop-42, the Cr2Nb phase maintains a nearly consistent quantity from 
room temperature (RT) to 1080 ◦C. Furthermore, the quantity of the 
Cr2Nb phase steadily decreases from 1080 ◦C to 1580 ◦C, ultimately 
vanishing. The findings derived from the phase structures corroborate 
the persistent thermal conductivity and thermal expansion results, 
which remained stable across multiple testing cycles from room tem
perature to 700 ◦C. 

4.2. Possible Reason for the Variations in Thermal conductivities 

With different powder sources and different L-PBF systems/param
eters, the variations of GRCop thermal conductivities are up to about 
+ /- 4% of the mean value (Fig. 2), which is slightly higher than the 
equipment uncertainty associated with the thermal conductivity mea
surements (+/- 3%). These small variations could be explained partially 
by the difference in contents of alloying elements. 

For the tested GRCop-42 and GRCop-84 alloys, the mass percentages 
of compositional elements were tested using inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) and inert gas fusion (IGF), and 
the test results are shown in Table 2. Apart from Cu, Cr, and Nb, the 
remaining elements listed in Table 2 are impurities. According to 
Table 2, the concentrations for Ag, Al, Co, Fe, Ni, O, P, and Si are low. 

The binary phase diagrams for Ag-Cu, Al-Cu, Co-Cu, Fe-Cu, Ni-Cu, O-Cu, 
P-Cu, and Si-Cu were also analyzed to discover the range of solubility of 
different elements in copper over different temperature ranges, which is 
shown in Table 6. According to Table 6, nickel can completely dissolve 
in copper and up to 5% Si can dissolve in copper at high temperatures. 
The other elements have a high solubility in copper at elevated tem
perature that decreases to very low solubility when the temperature 
drops. L-PBF process is an extremely fast melting and solidification 
process, which could be far from equilibrium state shown in Fig. 11. To 
thermodynamically simulate the fast-cooling process, Scheil Solidifica
tion Mode was applied, through which the content of alloying elements 
in Cu matrix was estimated, and the calculation results are shown in  
Table 7. 

According to prior research, in the case of a Cu-10Sn alloy, the 
presence of a dual-phase constituent (comprising both a Cu-rich phase 
and a Sn-rich phase) significantly reduces the number of solute atoms in 
the α-Cu phase (which is nearly pure Cu). This reduction has a marked 
effect on enhancing the alloy’s thermal conductivity, largely due to the 
increased thermal conductivity (due to reduced Sn solution atoms) 
within the α-Cu phase itself. Thus, a Cu alloy that contains an α-Cu phase 
with a smaller quantity of solute atoms has a higher likelihood of 
exhibiting enhanced thermal conductivity [43]. Solution atoms affect 
thermal conductivity through two ways. As is widely accepted that 
thermal conductivity is mainly composed of two parts, namely elec
tronic thermal conductivity governed by electrons, and lattice thermal 
conductivity conducted by crystal lattice. Solute atoms are strong scat
tering centers for electrons, in which directly increases electrical re
sistivity [48]. With the help of Wiedemann-Franz Law [49], over the 
thermophysical property test temperatures in this study, the increase of 
electrical resistivity indicates the increase of electronic thermal resis
tance, consequently reducing electronic thermal conductivity. Further
more, the presence of solute atoms disrupts the regularity of the crystal 
lattice, impeding the efficient transfer of thermal energy by phonons 
and, in turn, lowering the lattice thermal conductivity of the alloy [50]. 
Phosphorous is a potent element for decreasing the thermal conductivity 
of Cu with Fe, Co, and Si being only slightly less deleterious [51]. Other 
elements such as Ag, Al, and Ni have much less effect on thermal con
ductivity [51]. Based on the discussion above, and by comparing ther
mal conductivity values of GRCop-84–1 and GRCop-84–2 alloy samples, 
it is very likely that the higher thermal conductivity of the former is due 
to the clearly reduced Phosphorous level. 

The three low thermal conductivity samples for GRCop-42 alloys 
(Fig. 2(a)) are GRCop-42–1, GRCop-42–2, and GRCop-42–6. Coinci
dently, GRCop-42–1 has slightly higher Ni content, GRCop-42–2 pos
sesses a high level of Cr content, while GRCop-42–6 has the highest Al 
content (Table 7). Specifically, based upon the effects of Cr on electrical 
conductivity [48], a linear decrease in thermal conductivity of 28% or 
about 110 W/(mK) for a 0.01 wt% Cr dissolved in the Cu matrix was 
expected [43]. However, for GRCop-42 alloy samples, only analyzing 
from the perspective of solution atom contents is not enough. One 
discrepancy is the sample GRCop-42–3, which has high levels of Al and 
Cr elements, but still with high thermal conductivity values over the test 

Fig. 11. Instantaneous CTE and Regression Lines of all samples.  

Table 5 
Phase structures for the GRCop-42 and GRCop-84 alloys and the corresponding 
temperature ranges the phases exist under equilibrium states.  

Phases with Thermo-Calc IDs Phase Stable temperature range (℃) 

GRCop-42 GRCop-84 

FCC_L12 α-Cu RT-1040 RT-1080 
C15_LAVES Cr2Nb RT-1480 RT-1580 
BCC_B2 Cr RT-70 RT-75  

Table 6 
Solubility of elements in Cu.  

Element Composition wt% in Cu 

Ag 0–8.8 
Al 0–9.4 
Co 0–7 
Cr 0–0.73 
Fe 0–4.1 
Nb 0–0.15 
Ni Up to 100 
O 0–0.008 
P 0–1.7 
Si 0–5  
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temperatures (as shown in Fig. 2). As thermal conductivity is also 
affected by the density of dislocations, grain boundaries, and the 
amounts of defects (i.e., porosity, cracks), more detailed microstructure 
tests, including atomic-level defect observations using transmission 
electron microscopy (TEM), positron lifetime annihilation spectroscopy 
(PALS), and micro-scale defect observations, i.e., X-ray computed to
mography, and scanning electron microscopy (SEM), need to be per
formed, which remain as the future research work. 

4.3. Thermal Expansion 

The results for thermal expansion, average CTE, and instantaneous 
CTE all show excellent agreement between samples with very small 
variations in the values as exemplified by the small standard error of 
estimate. Based upon these results, the thermal expansion properties of 
AM GRCop-42 and GRCop-84 have excellent reproducibility regardless 
of starting powder, parameters, or machine. 

Prior measurements were conducted for extruded GRCop-42 and 
GRCop-84 for the Reusable Launch Vehicle Second Generation program 
at NASA [30]. These samples from two GRCop-42 and five GRCop-84 
powder lots also showed excellent reproducibility with similar stan
dard errors of estimate as their AM counterparts. The extruded and AM 
thermal expansion curves are compared in Fig. 12. No 95% confidence 
interval is plotted because it again fell within the width of the line. 
Fig. 13. 

Examination of the regression lines indicated that there is a 

difference in behavior. For GRCop-84, there is no overlap in the thermal 
expansion curves except at 20 ◦C. Otherwise, the AM GRCop-84 samples 
show a consistently lower thermal expansion than the extruded samples. 

The amount of Cr2Nb was generally lower for the AM samples than 
the extruded samples based upon the extraction data and calculated 
weight fraction of the extruded GRCop-84 samples. Given that the 
thermal expansion generally decreases with increasing Cr2Nb, this is an 
unexpected result. Strong crystallographic texture is likely in these 
samples and may play a role in this result. Additional work is ongoing 
using electron backscattered diffraction (EBSD) to quantify the degree 
and orientation of any texture. 

The results for AM GRCop-42 are more complex as the thermal 
expansion is less than the extruded GRCop-42 up to ~750–800 ◦C and 
then becomes slightly greater above ~850–900 ◦C. The initially lower 
thermal expansion may be partially explained by the slightly higher than 
nominal Cr2Nb content of some AM GRCop-42 samples. This is not a 
total explanation as Samples GRCop-42–4, GRCop-42–1, GRCop-42–5, 
and GRCop-42–6 have lower Cr2Nb contents with Samples GRCop-42–1, 
GRCop-42–5, and GRCop-42–6 being notable because of their low Cr2Nb 
and high Cr precipitate weight fractions. Texture may also play a role in 
this phenomenon. 

The total weight fractions of Cr2Nb and Cr precipitates in the AM 
GRCop-42 samples were greater than the nominal amount of Cr2Nb in 
the extruded GRCop-42 samples. Samples GRCop-42–4 and GRCop-42–6 
had slightly lower total Cr2Nb and Cr precipitates. The Cr2Nb and Cr 
may combine to reduce the thermal expansion at lower temperatures. 

Table 7 
Contents of alloying elements in α-Cu phase under fast cooling state (Scheil solidification model).  

Element in FCC_L12 (wt 
%) 

GRCop- 
42–1 

GRCop- 
42–2 

GRCop- 
42–3 

GRCop- 
42–4 

GRCop- 
42–5 

GRCop- 
42–6 

GRCop- 
42–7 

GRCop- 
42–8 

GRCop- 
84–1 

GRCop- 
84–2 

Ag  0.0715  0.0639  0.0629  0.0713  0.0716  0.0657  0.0715  0.0654  0.0692  0.0753 
Al  0.0000  0.0037  0.0148  0.0000  0.0000  0.0136  0.0000  0.0037  0.0000  0.0000 
Co  0.0001  0.0001  0.0001  0.0001  0.0001  0.0001  0.0001  0.0001  0.0001  0.0001 
Cr  0.5212  0.6024  0.6042  0.5134  0.5398  0.5978  0.5421  0.5809  0.5464  0.5121 
Fe  0.0044  0.0037  0.0038  0.0035  0.0053  0.0036  0.0048  0.0038  0.0064  0.0057 
Nb  0.0000  0.0001  0.0001  0.0000  0.0000  0.0001  0.0000  0.0001  0.0001  0.0000 
Ni  0.0090  0.0028  0.0028  0.0025  0.0068  0.0027  0.0032  0.0028  0.0047  0.0039 
O  0.0043  0.0000  0.0000  0.0043  0.0043  0.0000  0.0043  0.0000  0.0043  0.0038 
P  0.0257  0.0239  0.0237  0.0273  0.0260  0.0242  0.0262  0.0242  0.0269  0.0621 
Si  0.0095  0.0059  0.0053  0.0128  0.0021  0.0074  0.0015  0.0168  0.0005  0.0001  

Fig. 12. Phases at different temperatures (a): GRCop-42. (b): GRCop-84.  
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However, as the temperature increases, the solubility of Cr in the copper 
matrix increases, and the amount of Cr precipitates decreases. Based 
upon standard Cu-1 Cr alloy heat treatments [30], all Cr should be 
dissolved into the Cu matrix somewhere between 900 ◦C and 1000 ◦C. 
The loss of Cr precipitates should increase the average and instantaneous 
CTEs relative to the extruded GRCop-42 and creates a crossover in the 
thermal expansion. The dissolving of the Cr appears to be the likely 
reason for the crossover. 

Regardless of the small differences, both AM GRCop-42 and GRCop- 
84 are similar to past wrought measurements and extremely consistent 
with regards to each other. This strongly indicates that the thermal 
expansion variability from differing AM processing parameters, ma
chines, and parameters will be minimal in a production environment. 

5. Conclusions 

Thermal conductivities and thermal expansion coefficients (CTE) for 
eight GRCop-42 samples and two GRCop-84 samples were measured 
from room temperature to 700 ℃ for thermal conductivity and 1000 ℃ 
for thermal expansion. These GRCop alloy samples were made with 
powders from different feedstock lots and with various L-PBF machines 
at several vendors. Equations were developed over the temperature 
range of 25–700 ◦C to predict thermal conductivity and 20–1000 ◦C for 
CTE (average and instantaneous). Several observations and conclusions 
can be drawn from these experimental results.  

• The results demonstrated that thermophysical properties of GRCop- 
42 and GRCop-84 alloys produced with L-PBF demonstrate highly 
repeatable results independent of processing parameters, powder 
feedstock differences, and machine type. This implies consistency 
within parts and between parts and provides designers higher con
fidence in meeting design minimum values during the manufacturing 
process, which means increased reliability and risk reduction.  

• The thermal conductivities of the GRCop-42 samples exhibited a 
variation of ± 4%, which marginally surpasses the inherent instru
ment variability of ± 3%. This additional variation between samples, 
exceeding the known instrument variability, could potentially be 
associated with the amounts of solute atoms dissolved in the Cu 
matrix. While no explicit correlation was identified, it was demon
strated that these elements could be significant factors. Further 
research, employing comprehensive atomic-scale and micro-scale 
studies, is required in the future to fully elucidate the variations in 
thermal conductivity.  

• For the AM GRCop-42 and GRCop-84 thermal expansion samples, the 
AM L-PBF thermal expansion behavior was statistically significantly 
different from the extruded material but was consistent for each 

alloy. The mostly lower thermal expansion would result in lower 
thermally induced stresses, less permanent deformation from ther
mally induced strains, and longer LCF lives. 

It is important to recognize that while L-PBF parts can be successfully 
built in a controlled laboratory setting, the translation to a production 
environment is not always seamless. The presence of variations across 
many machines and powder lots necessitates a comprehensive under
standing of the variability of properties across multiple vendors oper
ating independent of each other. The repeatability and reproducibility 
throughout the commercial supply chain holds paramount significance 
for designers aiming to ensure that parts align with expected properties 
and operational requirements. Specifically, the thermal conductivity 
and thermal expansion emerge as crucial in the design process. By 
leveraging the knowledge of variations in thermal properties, it becomes 
possible to establish process capabilities and design guidelines that 
facilitate ongoing commercial utilization and further research 
endeavors. 
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