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Abstract 
In situ alloying of elemental Cu, Cr, and Nb to form GRCop-42 (Cu-4at.% Cr-2at.% Nb) using laser 

powder bed fusion (LPBF) additive manufacturing (AM) was successful. Evaluation of the in situ alloyed 
GRCop-42 (ISGRCop-42) was conducted using phase extraction to explore the effects of AM process 
conditions on the formation of Cr2Nb precipitates from elemental powders. It was found that ISGRCop-42 
successfully and repeatedly formed Cr2Nb at a yield as high as 89% of potential Cr2Nb content. Initial work 
shows that powder preparation was the most influential factor in alloying success, followed by laser power. 

Introduction 
GRCop-42, a Cu-4 at.% Cr-2 at.% Nb alloy, was designed for high temperature mechanical properties 

and high thermal conductivity (Refs. 1 and 2). The GRCop alloy family has a nearly pure Cu matrix with 
Cr2Nb precipitates that provide dispersion strengthening. The nearly pure matrix of Cu allows for high 
thermal conductivity while the precipitates contribute high temperature mechanical properties to make the 
alloy viable in combustion chambers (Ref. 1). GRCop alloys require high cooling rates during 
solidification because the formation of Cr2Nb occurs rapidly when below the liquidus temperature of the 
compound. Historically, this alloy has been made by gas atomization for conventional manufacturing 
techniques. Gas atomization typically has cooling rates in the 104 K/s range (Refs. 2 and 3). This process 
creates pre-alloyed powders containing Cr2Nb precipitates that are then consolidated via HIP, extrusion, etc. 

However, laser-based AM processes can produce cooling rates between 104 K/s and 106 K/s (Ref. 4) 
while also providing more design freedom, finer details, and better yield than conventional processing 
techniques. Recent work has used pre-alloyed powders for AM to produce GRCop rocket engine 
combustion chambers (Ref. 5). Further exploration of the capabilities of AM, with the goal of in-situ 
alloying with elemental powders, is desired to reduce cost and quickly tailor alloy properties within a 
component to optimize performance. In addition, AM processes may provide small-batch explorations 
into new alloys for improved material capabilities across industries. 

The high cooling rates of AM suggest it may be possible to use elemental powders to form Cr2Nb in 
situ while fabricating components with similar properties as those produced using gas atomized GRCop 
powders. This work explores the effects of different elemental powder preparations and printing 
parameters on the formation of Cr2Nb using LPBF.  
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Experimental Procedures 
Elemental powders were acquired from American Elements. The copper powder was 10 to 50 μm in 

diameter, typical for LPBF processing. The niobium powder came in two lots, both of which were under 
10 μm in size. The chromium also came in two lots. The first lot had a diameter range of 30 to 100 μm 
with a mean particle diameter greater than 50 μm, and the second lot was finer than 10 μm. Due to the 
eventual focus on milling of just Cr and Nb and the small proportion needed for GRCop-42 (~7 vol% 
combined Cr and Nb), the powder runs used in the builds can be considered to follow the Cu powder flow 
and size metrics, which are purchased specifically for LPBF. 

Powders for LPBF builds were prepared by a combination of high energy ball milling and rolling to 
achieve uniform spatial distributions of Cr and Nb in the Cu. A schematic of the preparation process for 
each build is shown in Figure 1. As of the writing of this report, Builds 1 through 10 have been 
completed. To get an idea of impacts of parameter sets on the alloying process, 11 specimens that 
represent the outer boundary of all parameter sets used were analyzed. The specimens and their 
normalized milling and printing parameters are summarized in Table 1. 

All milling was conducted with 6.6 mm stainless steel balls in stainless steel chambers backfilled with 
high purity Ar. Powders for Builds 1 and 3 were milled on a 4-position planetary mill and the Cu, first lot 
of Cr, and first lot of Nb were milled together. Build 5 milled the first lots of Cr and Nb together and then 
added Cu via rolling. The milling of Cr and Nb was done on a single position planetary mill with 6.6 mm 
stainless steel balls in a stainless steel chamber. Builds 7, 8, and 10 incorporated the same powder 
preparation process as build 5 but used the second lots of Cr and Nb powders of smaller size.  
 

 
Figure 1.—Schematic of the powder preparation for builds analyzed. 

 
TABLE 1.—NORMALIZED MILLING AND PRINTING PARAMETERS OF EACH SPECIMEN 
Specimen Power Scan speed Powder run Cr+Nb Milled? Milling time, 

τ 
PBR RPM 

01F 0.50 1.00 3 & 4 No 1 5 115 
01B 0.75 0.75 3 & 4 No 1 5 115 
03J 1.54 0.39 6 No 10 5 115 
05H 1.10 0.56 7 Yes 1 10 50 
05P 1.10 0.25 7 Yes 1 10 50 
05U 0.44 0.08 7 Yes 1 10 50 
07AA 1.21 1.00 8 Yes 1 10 50 
08C 1.25 1.25 8 Yes 1 10 50 
10AJ 1.87 0.44 8 Yes 1 10 50 
10AN 1.37 0.67 8 Yes 1 10 50 
10AP 1.87 0.67 8 Yes 1 10 50 
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Once prepared, the powders were consolidated in an EOS M100 at NASA Glenn Research Center 
(GRC) utilizing a wide array of laser powers and scan speeds. The labeling scheme used in this report is 
[number][number][letter][letter] where the numbers are the build number and the letter(s) refer to a laser 
parameter set used to build the specimen, as described below. 

To investigate build parameter effects on alloying, 1 cm cubes (Gao parameter blocks) were built 
using differing laser power and scan speed settings (Ref. 6). Data collected from x-ray diffraction (XRD) 
on a Bruker D8 ADVANCE with Cu Kα radiation showed that the Cu matrix (93 vol% of the material) 
dominated the detectors, eliminating any possibility for detailed examination of the precipitates. In an 
effort to increase the clarity of the data collected from the precipitates a phase extraction was conducted 
to remove the Cu matrix. The phase extraction allowed for detailed study of the precipitates phases as a 
result of the in situ process (Ref. 7). 

For the phase extraction the parameter blocks were first sectioned to obtain samples with a mass of 
0.617 to 1.900 g, which corresponds to volumes between 70 and 215 mm3. These pieces were dissolved in 
30 ml of nitric acid and the residue was vacuum filtered through a Buchner funnel with 0.450 μm filter 
paper. Best extractions were achieved using a mass between 1.2 and 1.5 g. These masses gathered a 
sufficient amount of precipitates but did not clog the filter paper. The precipitates that remained on the 
filter paper were scraped into sample jars using a razor. The amount of precipitates collected was between 
0.0972 and 0.2471 g. These weights did not include losses during transfer. In addition to the ISGRCop 
extractions, an extraction was done on AM GRCop-42 (AMGRCop), made from conventionally gas 
atomized powders, for comparison between the precipitates of ISGRCop-42 and AMGRCop-42. The one 
specimen of AMGRCop was manufactured by a contractor for NASA Marshall Space Flight Center 
(MSFC) for the purposes of identifying AMGRCop-42 printing parameters similar to the work by 
Cooper, et al. (Ref. 5).  

The extracted precipitates from all processing techniques were distributed onto individual single-
crystal silicon wafers (low background holder) for XRD analysis. Scans were conducted in a Bruker D8 
ADVANCE with Cu Kα radiation. Each scan traversed 2θ values of 10° to 120° at a step of 0.02°. Jade 
XRD analysis software was used to conduct the quantitative phase analysis on each sample using the 
whole pattern fitting (Rietveld refinement) method (Refs. 8 and 9). A common pattern fit file, based on 
Specimen 5U, was used for all of the samples. Specimen 5U was taken as the basis due to the presence of 
the Cu phase and its lack of a Cr-deficiency, discussed later. 

Precipitates were mounted and examined in a Hitachi S4700 Scanning Electron Microscope (SEM) 
for morphological comparison between the ISGRCop-42 and AMGRCop-42. SEM and energy dispersive 
spectroscopy (EDS) was conducted at 15 keV and 15 μA under secondary electron imaging. With a 
density of 8.889 g/cm3 (Ref. 2) interaction depth and volume interaction of the beam were estimated to be 
0.653 μm and 0.520 μm3, respectively (Ref. 10). 

Results and Discussion 
Table 2 shows the detected phases for each of the ISGRCop-42 specimens, the AMGRCop specimen, 

and the milled Cr and Nb (i.e., Cr + Nb) powder used for Builds 7, 8, and 10, which represents the 
starting elemental powders. (*) Note that the AMGRCop specimen has 97 wt% Cr2Nb which is actually 
88.2 wt% of the hexagonal, high-temperature Cr2Nb phase and 8.8 wt% of the cubic, room-temperature 
Cr2Nb phase. This dual-phase Cr2Nb is not seen in any other specimen examined and for the purposes of 
in-situ alloying either phase is an acceptable outcome.  

Only Nb-based oxides were present among the precipitates while no oxides were evident in the milled 
powder. This suggests that Nb-based oxides are forming during the extraction of LPBF, despite oxygen 
content below 0.1% during the printing process. Future work will investigate the source of the oxides and 
work to mitigate their presence. Some extractions ended prematurely as noted by the detectable level of 
Cu in specimens 01F and 05U.  
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TABLE 2.—PHASES DETECTED BY XRD (IN WEIGHT PERCENT) 
Specimen Cr2Nb, 

percent 
Cr, 

percent 
Nb, 

percent 
NbO0.8, 
percent 

NbO, 
percent 

NbO2, 
percent 

Cu, 
percent 

Cr+Nb 0.0 53.8 46.2 0.0 0.0 0.0 0.0 
01F 14.7 3.3 58.7 2.0 2.4 5.1 13.8 
01B 20.3 3.5 58.4 0.0 5.6 12.1 0.0 
03J 15.6 1.0 55.1 0.0 16.3 12.1 0.0 
05H 53.7 12.0 25.0 3.3 3.6 2.3 0.0 
05P 71.3 6.1 7.4 2.7 8.6 3.8 0.0 
05U 38.5 24.3 18.0 3.5 1.4 3.5 10.8 
07AA 70.3 8.6 12.3 0.0 5.9 2.9 0.0 
08C 64.7 11.8 15.7 0.0 5.2 2.6 0.0 
10AJ 67.1 5.6 3.1 0.0 18.0 6.2 0.0 
10AN 75.4 6.8 7.6 0.0 6.8 3.4 0.0 
10AP 63.2 6.6 10.5 0.0 15.7 3.9 0.0 
AMGRCop *97.0 0.0 0.0 0.0 0.0 3.0 0.0 

*AMGRCop has 97 wt% Cr2Nb which is 88.2 wt% hexagonal Cr2Nb phase and 
8.8 wt% cubic Cr2Nb phase. 

 

The Cr powder used in Builds 1 and 3 were in excess of 50 μm. The maximum usable powder 
diameter for the EOS M100 is about 60 μm. It was suspected that a significant proportion of the Cr was 
removed due to this upper powder size limit. Table 3 shows the atomic percentages of each element 
present in the precipitates based upon the XRD phase results and confirms a deficiency of Cr in 
specimens 01F, 01B, and 03J.  

In Build 5, the same Cr and Nb powders were used but the powders were milled without Cu to reduce 
their size and improve physical contact between Cr and Nb in order to promote Cr2Nb formation. Build 5 
specimens did have a higher proportion of Cr2Nb compared to all Builds 1 and 3 specimens.  

To improve the alloying further, Builds 7, 8, and 10 used smaller Cr and Nb powders to further 
increase surface area contact between Cr and Nb. With this powder preparation an improvement in the 
consistency and success of the alloying process was obtained. The weight percent of converted Cr2Nb 
ranged from 63 to 75 wt% for Builds 7, 8, and 10, which all used the same starting powder. This 
demonstrated more consistent alloying success as a result of the powder preparation, in contrast to Build 5 
that generated Cr2Nb in the range from 38 to 71 wt%. Furthermore, the Nb proportion was consistent 
within each of the Builds 7, 8, and 10 specimens, while in Build 5 the Nb content ranged from 29 to 
41 at.%. The Cr in Builds 7, 8, and 10 also only varied by 11 at.%, as seen in Table 3.  

To analyze the impact of laser parameters on alloying the results were normalized by taking the 
amount of Cr in the Cr2Nb phase as a proportion of the total Cr found in each sample. A similar procedure 
was conducted to identify the proportion of Nb in the Cr2Nb. The results are shown in the last two 
columns of Table 3. This method allowed for quantification of how well the laser parameters promoted 
alloying while taking into account the impact of Cr deficiencies found in earlier builds.  

Figure 2 shows the alloying efficiency (i.e., conversion to Cr2Nb) with respect to the laser power and 
scan speed. Both laser parameters are normalized to the parameters of specimen 01A, which is not 
reported on in this study. Specimen 01A was chosen to be the standard because it was the first parameter 
block printed and there was a need to normalize parameters consistently within an ever expanding data 
set. Power comparisons show that there was a clear difference in samples below and above a normalized 
power of 1.1. A normalized laser power above 1.1 appeared to have higher alloying efficiency with higher 
consistency as well. The alloying efficiency appeared to asymptotically approach ~90% Cr in the Cr2Nb 
phase. This might suggest that continuing to increase laser power is not an efficient method of improving 
alloying effectiveness in this process. 

Figure 2 also shows the scan speed influence on alloying efficiency. In one analysis, all of the 
samples were included to compare the overall effect of scan speed. However, as noted previously, 
specimens printed with > 1.1 normalized power had higher alloying efficiency. This subset of samples 
was examined separately. There appears to be no correlation of scan speed with alloying efficiency as 
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shown by the R2 value for all specimens in the scan speed versus Cr in Cr2Nb plot being 0.0153, 
indicating little to no effect of the scan speed on proportion of Cr in Cr2Nb. For the subset with 
normalized powers greater than 1.1, lower scan speeds improved alloying efficiency. This matches 
expectations, since increasing the dwell time provides more time for the Cr and Nb to react to form 
Cr2Nb. While this trend appears to be linear, the slope of the regression line is quite small, indicating little 
influence of scan speed on alloying. This implies that changing the laser scan speed is unlikely to greatly 
influence the alloying efficiency of ISGRCop-42.  

Specimens 10AN, 10AP, and AMGRCop were analyzed using the SEM to investigate differences in 
Cr2Nb particle morphology caused by varying the build parameters. 10AP and 10AN were selected 
because they were amongst the higher and lower oxygen content specimens, respectively. Staying within 
the same build, powder preparation variables are eliminated and the chemical influences on precipitates 
could be isolated better. The AMGRCop specimen, which was printed with pre-alloyed gas atomized 
powder, showed the Cr:Nb atomic ratio of 2 (Table 3). AMGRCop also exhibited the lowest oxygen 
content, likely because most of the Cr and Nb was already alloyed to Cr2Nb prior to printing or extraction, 
the two suspected areas for oxide formation. 
 

TABLE 3.—CALCULATED ELEMENT PROPORTIONS BY ATOMIC PERCENT 
AND AMOUNT OF Cr/Nb IN THE Cr2Nb FOR EACH SPECIMEN 

Specimen Nb, 
percent 

Cr, 
percent 

O, 
percent 

Cu, 
percent 

Nb in 
Cr2Nb, 
percent 

Cr in 
Cr2Nb, 
percent 

Target 33.3 66.6 0.0 0.0 ---- ---- 

01F 58.8 15.9 8.9 16.5 9.5 70.2 

01B 62.9 19.6 17.5 0.0 58.9 60.3 

03J 63.8 12.3 23.8 0.0 8.6 89.2 

05H 41.8 51.9 6.3 0.0 43.7 70.3 

05P 36.5 53.3 10.2 0.0 62.8 86.1 

05U 29.1 54.0 6.0 10.9 42.2 45.6 

07AA 36.6 56.9 6.5 0.0 63.0 81.2 

08C 36.8 57.4 5.8 0.0 58.0 74.3 

10AJ 35.9 48.0 16.1 0.0 57.9 86.4 

10AN 35.4 57.2 7.5 0.0 69.1 85.4 

10AP 38.4 48.5 13.0 0.0 52.7 83.5 

AMGRCop 33.9 64.3 1.8 0.0 ---- ---- 
 

 
Figure 2.—Alloying effectiveness (i.e., conversion to Cr2Nb) as compared to laser power (left) 

and laser scan speed (right). 

All Specimen
y = 0.05x + 0.72

R² = 0.0153

> 1.1 Power
y = -0.11x + 0.89

R² = 0.288

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0.0 0.5 1.0 1.5

%
 o

f T
ot

al
 C

r 
in

 C
r2

N
b

Scan Speed

< 1.1 Power

> 1.1 Power

All Specimen
y = 0.23ln(x) + 0.74

R² = 0.708

> 1.1 Power
y = 0.16ln(x) + 0.77

R² = 0.272

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0.0 0.5 1.0 1.5 2.0

%
 o

f T
ot

al
 C

r 
in

 C
r2

N
b

Power

< 1.1 Power

> 1.1 Power



NASA/TM-20205003857 6 

Figure 3 shows that the extracted precipitates for the three specimens exhibited morphologies that 
were essentially indistinguishable from each other. Elemental x-ray maps, produced using EDS, were 
used to determine if the extracted particles were multiphase based upon gross chemical differences. Initial 
expectations were that particular phases, like the oxides, would be present as discrete particles. However, 
EDS x-ray maps shown in Figure 4 indicate little to no elemental segregation at a resolution of about 
1 μm. This suggests that each precipitate contains multiple, if not necessarily all, of the phases discussed. 
Although only the x-ray maps from specimen 10AN are shown, specimen 10AP and AMGRCop also 
showed indistinguishable levels of elemental segregation. Focused ion beam sectioning and scanning 
transition electron microscopy analyses will be conducted to examine samples at higher resolution and 
validate this theory. 
 
 

 
Figure 3.—Cr2Nb Precipitate morphologies of 10AN (left), 10AP (middle), and AMGRCop (right). 

 
 

 
Figure 4.—EDS chemistry mapping of an in-situ alloyed Cr2Nb particle in specimen 10AN.  
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Conclusions 
The effects of powder preparation and LPBF parameters on the conversion of elemental powders to 

Cr2Nb were investigated. These results showed that the primary variables controlling conversion were 
powder preparation and laser power. It is shown that the use of LPBF processing to in situ alloy 
dispersion strengthened alloys, such as GRCop, is possible and can be done so with a variety of printing 
parameters. Conversion efficiencies as high as 89% were achieved in these preliminary results. Several 
additional observations can be made on this work: 
 
• Increasing surface area contact through milling and reducing the particle size of Cr and Nb was 

effective at improving the alloying efficiency. 
• All analyzed ISGRCop samples were below a 2:1 atomic Cr:Nb ratio. The Cr deficiency is being 

investigated to eliminate it in future builds. 
• Nb-based oxides present in the extracted precipitates indicates that either the Nb was oxidized more 

easily than Cr during AM, or niobium oxides were more resistant to decomposition than chromium 
oxides. 

• Normalized laser powers greater than 1.1 produced higher alloying efficiency (i.e., formation of 
Cr2Nb), although alloying efficiency appeared to asymptotically approach ~90% Cr in the Cr2Nb 
phase as normalized power increased to 1.865.  

• Laser scan speed influence on alloying efficiency was negligible for a normalized laser power above 1.1. 
• Observed precipitate morphologies were similar regardless of oxygen content and consistent with AM 

GRCop-42 made from conventional gas atomized powders. 
• Little to no elemental segregation in the precipitates was observed in the latest build of ISGRCop, 

similar to AMGRCop. 
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