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Characterization and Rationalization
of Microstructural Evolution in GRCop-84 Processed
by Laser-Powder Bed Fusion (L-PBF)

ROBERT P. MINNECI, MICHAEL P. HAINES, PAUL R. GRADL, DAVID L. ELLIS,
ERIC A. LASS, JEFFREY R. BUNN, HAHN CHOO, ZACHARY C. JONES,
SUDARSANAM S. BABU, and CLAUDIA J. RAWN

Prismatic geometries of GRCop-84 [Cu-8Cr-4Nb (at. pct)] were built with laser-powder bed
fusion (L-PBF) process. The samples were sectioned parallel or perpendicular to the build
direction and characterized in the as-built and after post-processing with a hot-isostatically
pressing (HIP) treatment. The microstructure and phase evolutions were evaluated with optical
microscopy, scanning electron microscopy (SEM), electron backscattered diffraction (EBSD),
and high-temperature X-ray diffraction (HTXRD) up to 1223 K. The samples in the as-built
conditions exhibited predominantly columnar epitaxial and misoriented Cu-FCC grains. The
microstructure evolutions are discussed based on locations within the overall build geometry,
the dynamics of small melt pool shape and sectioning effects. The above grain structure did not
change significantly during post-process HIP treatment. The stability of this FCC grain
structure is attributed to the formation of primary stable Cr2Nb (Laves phase) during L-PBF,
even before the emergence of FCC grains from liquid. The stability of Cr2Nb in both as-built
and HIPed samples were evaluated using high-temperature X-ray diffraction measurements and
compared with that of gas-atomized powder. The significance of these results is discussed with
reference to aerospace applications.
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I. INTRODUCTION

THE alloy GRCop-84, with a composition of
Cu-8Cr-4Nb (at. pct), is a leading candidate for struc-
tural high-heat-flux applications requiring high thermal
conductivity, retention of mechanical strength at high

temperatures, and resistance to fatigue and creep.[1,2]

Successful deployment of GRCop-84 components with
complex geometries, for distributing coolants, through
emerging additive manufacturing (AM) processes is
critical.[3–5] Customized geometries and longer lifetimes
result in increased reusability of components which has
significant cost benefits, and allows for higher useable
temperature ranges that improve safety margins and fuel
efficiency in aerospace applications.[2] Currently, the
best candidate copper alloys for aerospace applications
needing both good mechanical properties and thermal
management include NARloy-Z, AMZIRC, GlidCop,
Cu-Cr, Cu-Cr-Zr, and GRCop alloys (both GRCop-84
and GRCop-42).[6] The typical alloy and design strate-
gies focus on using a Cu-FCC matrix with minimal
alloying element concentration, usually less than 1
wt pct, allowing for Cu’s high thermal conductivity to
be preserved. Higher thermal conductivity results in
better cooling efficiency; however, the compromise
between long- or short-term thermal and mechanical
creep and fatigue issues must be addressed.
GRCop-84 alloy contains roughly 6.5 wt pct Cr and 5.7

wt pct Nb which is unusually high compared to the other
competing alloys. The high alloying content limits
GRCop-84’s thermal conductivity. As a result, the
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competing alloys generally outperformGRCop-84 below
773 K.[7] Nevertheless, the precipitation of stable Cr2Nb
(Laves phase with C15 crystal structure) leads to a
stable microstructure at high temperatures up to 1073 K.

GRCop alloys are usually produced by rapid solid-
ification through gas atomization followed by powder
metallurgy routes.[6] Cr and Nb have low solubility in
Cu, in both liquid and in the FCC solid, and therefore,
preferentially react with each other to form Cr2Nb.
Typical GRCop microstructures consist of a largely
Cu-FCC matrix grains and micron-scale Cr2Nb precip-
itates. Since the Cr2Nb dissolution temperature in the
liquid is> 1849 K, rapid solidification is necessary to
limit the Cr2Nb growth even in liquid.[8,9] Rapid
solidification also reduces the size of the Cu matrix
grains. A slight excess of Cr is added in alloying to
prevent Nb precipitates from forming and potentially
causing embrittlement under an H-rich atmosphere.[10]

A variety of consolidation methods have been applied
to GRCop-84, including extrusion, metal spinning,
vacuum plasma spraying, and tube drawing, but these
methods are not capable of manufacturing complex
geometries necessary for emerging aerospace applica-
tions.[11] In contrast, additive manufacturing (AM)
allows for near net-shaped production of complex
geometries with internal geometries that are unachiev-
able by traditional methods and provides a significant
improvement to performance.[12] Recent efforts with
AM GRCop-84 through laser-powder bed fusion
(L-PBF) has provided evidence that AM is an ideal
consolidation method for GRCop-84.[2,4,13,14]

Hayes et al., showed that the edges of the laser
weldments have a high density of Cr2Nb precipitates.[15]

This observation demonstrates a bias in the precipitate
distribution caused by the laser motion, and the matrix
grains may be affected by regions with different precip-
itate densities. GRCop gas-atomized powders usually
have a bimodal distribution of Cr2Nb particles with
primary precipitate particles on the order of 1 lm that
form during solidification, and secondary precipitate
particles on the order of 10-100 nm that could precip-
itate out of solution during cooling.[10] During consol-
idation with L-PBF, the melt pool temperature exceeds
the melting temperature of Cr2Nb (~2006 K), likely
affecting the precipitate particle distribution. The Cr2Nb
precipitates within the gas-atomized powders ranged 0.2
to 1.6 lm, while the Cr2Nb precipitates in the L-PBF
builds were< 0.2 lm. This result supports that the
Cr2Nb particles dissolved in liquid Cu and re-precipi-
tated.[16] These small precipitates (~100 nm size), were
found to be stable even at 1273 K.[7] Although the
overall cooling rate of the powder particles during gas
atomization and L-PBF may be in the order of 105 to
106 K/s, the formation of solidification shell around the
larger powder particles may reduce the cooling rate
internally and promote particle coarsening.

Typical post-processing of these alloys often includes
hot isostatic pressing (HIP) to relieve thermal residual
stresses and reduce process-induced porosities and defects
resulting froma lackof fusion.Demeneghi et al.,[17] showed
substantial reduction in porosity after HIP treatment and
that the sensitivity of microstructure evolution during

L-PBF processing was correlated to the wall thickness in
the design, which provides evidence of complex grain
shape, size, and FCC crystallographic texture spanning a
wide range of orientations with reference to build geom-
etry, in both as-deposited and HIPed conditions. The
as-deposited regions of L-PBF materials are expected to
have a large amount of stored energy from the repetitive
cyclic thermo-mechanical deformation potentially leading
to large changes in the grain structure during HIP
processing above the recrystallization temperature range
from 473 to 873 K. Surprisingly, Demeneghi et al.[17]

indicated a stable grain structure in L-PBF builds and no
significant changes after the HIP post-processing.
The mobility of grain boundaries during heat treatment

is controlled by the initial microstructure created by the
L-PBF process, e.g., misorientation across the boundaries
and the presence of precipitates along the boundaries.[18]

The microstructural evolution during fusion-based addi-
tive manufacturing techniques (i.e., DED, E-PBF, and
L-PBF) is similar towelding, except for complex boundary
conditions. Classical welding solidification parameters can
be used to understand the final microstructure in L-PBF
builds. The two parameters commonly used to understand
solidification are the temperature gradient,G,measured in
K/m, and the solid/liquid interface growth rate, referred to
as solidification rate or interface velocity, R, measured in
m/s. Both G and R parameters are functions of position
and time within the melt pool. The product, G*R, is the
cooling rate in K/s, which influences the scale of the
resulting grains while G/R can be used to manipulate the
solidification microstructure morphology.[19–21] At the
fusion line, the solidification rate, R, will be roughly zero
as the previous layer has solidifiedandwill be unaffected by
the laser pass, resulting in a G/R ratio that is effectively
infinite and results in a planar-dominated grain structure at
the bottom of the melt pool.[22] The interface then
transitions sequentially into a cellular, columnar dendritic,
and equiaxed dendritic interface as G/R decreases. The
exact magnitude of G/R necessary to transition from one
type of interfacial morphology to the next is dependent
upon a variety of factors including undercooling, solute
diffusion, slope of the liquidus curve, nominal alloy
composition, and equilibrium partitioning ratio.[23] Typi-
cal L-PBFmicrostructures have either columnar or mixed
columnar and equiaxed grain structures.[21,24] By manip-
ulating theG andR, spatially and temporally, it is possible
to arrive at site-specific grain structures.[22,25]

In this paper, we seek to combine the experimental
characterization tools of room- and high-temperature
XRD, SEM, and EBSD, along with thermodynamic
modeling to explore the unique microstructure evolution
in GRCop-84 that results in a stable microstructure
during post-processing.

II. MATERIALS AND METHODS

A. Materials and Processing Conditions

L-PBF GRCop-84 samples were fabricated at NASA
Marshall Space Flight Center (MSFC) on aConcept Laser
M2 using a 400 W Nd:YAG 1064 nm laser with a
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measured actual spot size of ~ 52 micrometers at the bed
level, laser power of 178W, scan speed of 585 mm/s, hatch
spacing of 0.105 mm, layer thickness of 0.030 mm, and a
chess scan pattern. The above parameters result in an
energy density of about 97 J/mm3. As part of the L-PBF
process, a layer of Inconel 625 was printed onto the
stainless-steel build plate using a separate additive system,
the build plate was cleaned of powder, and then the
GRCop-84 build was initiated on top of the Inconel layer.
This specific process was previously developed because
GRCop-84doesnotwetoradherewell to the stainless-steel
build plate.[5] The Inconel 625 remains behind on the build
plate when the part is wire electrical discharge machined
(EDM) from the build plate. Parts were either in the form
of 10 mm cubes or 10 x 10 mm2 pillars with heights of 22
and 40 mm. A subset of parts was subsequently HIPed in
an argon atmosphere above the recrystallization temper-
ature. Details of the HIP parameters are unavailable for
disclosure. Both the as-built and HIPed cubes and pillars
are shown in Figure 1(a). The HIPed samples were
significantly darker compared to the as-built samples;
however, this discoloration was readily removed with
polishing, suggesting that a thin oxide layer formed on the
surface, despite the argon atmosphere. The presence of a
small amount of oxygen is difficult to avoid and could be
introduced during several different stages of the post-pro-
cessing heat treatment. On a macro-scale, there were no
observable external abnormalities or defects. The sides of
the samples were relatively smooth, and the chess scan
strategyused toproduce the sampleswas observable on the
top surface as shown in Figure 1(b). Figures 1(c), (d) are
schematics that illustrate how the laser scan path changed
between layers and overlapping regions. Samples for
various characterization experiments used in this study
were sectioned from both as-built andHIPed pillars with a
laboratory saw either parallel (XZ) or perpendicular (XY)

to the build direction from a variety of locations. No
etchants were needed or used for microscopy.
Chemical analysis was conducted at NASA Glenn

Research Center (GRC) on as-built samples to estimate
the elemental fractions. Themeasured data are compared to
the target compositions in Table I. At 10 ppm, the Fe
content was significantly lower than the specifiedmaximum
of 50 ppm, the O could not be reliably detected, and some
additional impurities were present totaling to ~ 14 ppm.

B. Microstructure Characterization

Sectioned samples were mounted and ground with
4000-grit SiC paper on an auto-polisher then polished to
0.5 lm with a diamond suspension and finished with a
vibratory polisher and colloidal silica (Syton HT-50).
Electron backscattered images were collected with a
Phenom ProX scanning electron microscope (SEM) at
15 kV, and electron backscatter diffraction (EBSD)
mapping was conducted with a TESCAN MIRA 3
instrument. The EBSD maps were collected at 800x
magnification with a step size of 250 nm, sample incline
of 70 deg to the incident beam, working distance of
20–25 mm, beam intensity of 20 kV, current of 2.3 nA,
and spot size of 26 nm. The resulting data correspond to
Cu-FCC orientation maps, the Cr2Nb precipitates were
unindexable. The isolation of the pixels was achieved
with ImageJ software. The EBSD mapping data were
processed using the MTEX toolbox in MATLAB.[26]

C. Thermodynamic Calculations

Computational thermodynamic calculations were car-
ried out using ThermoCalc� software coupled with the
Copper database. Approximate melt pool characteristics
pertaining to shape and temperature distribution were

Fig. 1—L-PBF GRCop-84 (a) as-built and HIPed cubes and pillars (b) top of a cube; (c) schematic illustration (not to scale) of the idealized
laser scan path on three consecutive XY planes (d) schematic illustration (not to scale) showing the layers and melt pool overlap.
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calculated using analytical heat transfer equations[27,28]

for welding based on classical work by Rosenthal[29,30]

and later modified by Grong.[31] The details of CET
calculations can be found in Haines et al.[32]

D. X-Ray Diffraction

Cross-sectional samples, 10 x 10 mm2, were lightly
polished by hand to a consistent surface to remove any
artifacts. X-ray diffraction data were collected using a
Malvern PANalytical Empyrean X-ray diffractometer
with Cu radiation and a PIXcel detector. High-temper-
ature X-ray diffraction (HTXRD) data were collected
using an Anton Paar HTK1200N environmental cham-
ber. The temperature was ramped from room temper-
ature to 1223 K at a ramp rate of 3 K/min collecting a
dataset every three minutes. Additional data were
collected on the gas-atomized powder; however, the
maximum temperature was set to 1123 K to avoid
melting (the melting temperature of pure Cu is 1358 K).
During ramping, data were collected over a range of 35
to 53 deg 2h containing the Cu (111) and (200), the C15
Laves Cr2Nb (220), (311), and (222), and additional
reflections from possible oxides when detected. Scans
from 30 to 100 deg 2h were collected at room temper-
ature prior to heating, at the maximum temperature
after a dwell of approximately 10 minutes, and after
cooling back to room temperature. For the as-built and
HIPed samples, despite data being collected under
vacuum, the surfaces of the samples showed a dark
discoloration from oxidation. The surfaces were
cleaned, post-heating, with a high grit grinding pad
and water, and additional room temperature data were
collected. Data were analyzed with the Rietveld tech-
nique using the General Structure Analysis System
(GSAS II),[33–35] software package. Crystallographic
information files (CIF), obtained from the Inorganic
Crystal Structure Database (ICSD) database, were used
for the initial models of the FCC Cu, BCC Cr, and cubic
C15 Laves Cr2Nb (Inorganic Crystal Structures Data-
base (ICSD) Crystallographic Information File (CIF)
numbers 43493, 64711, and 150658, respectively).

III. RESULTS & DISCUSSION

A. Microstructures of As-Built and HIPed Samples

1. As-built microstructure
SEM images, from the as-built samples, are shown in

Figure 2 with high-contrast imaging allowing for delin-
eation of Cu matrix grains and precipitates. Matrix

grains, precipitates, and defects are visible in both the
XY and XZ sections. A bimodal distribution, long
columnar grains surrounding regions of smaller
equiaxed grains, of the matrix grains are seen for the
XY section in Figure 2(a) and the XZ section in
Figure 2(b). Three distinct precipitate distributions,
labeled on Figure 2(c), were identified as following: (I)
fine Cr2Nb (<0.25 lm); (II) agglomerates of the fine
type I Cr2Nb particles; and (III) larger Nb-rich spherical
particles. Due to the similarity in size, the type II and III
particles can be difficult to distinguish, but the type III
Nb-rich particles are brighter in the backscattered
images and slightly larger than the type II particles.
The particles are present at both grain boundaries and
within grains. Particle reinforcement from Orowan
strengthening is expected to provide a significant por-
tion of strengthening to the alloy; further discussion of
the strengthening features in GRCop-84 can be found in
Minneci et al.[11] Within this microstructure, the primary
Orowan contributions should be the Cr2Nb particles on
the grain boundaries which is mostly accounted for by
the type I and II particles. The type III particles are
likely too soft and too large to aid Orowan strengthen-
ing and do not exhibit an inclination towards grain
boundaries. Voids or build defects (appearing with dark
contrast) were observed across the as-built samples.
Figures 2(a), (b) shows circular pores, possibly resulting
from dissolved or trapped gas bubbles, and Figure 2(d),
a low magnification image, shows lines of lack of fusion
defects and evidence of particles trapped within voids.
Figure 2(e) shows a SEM micrograph and a corre-
sponding energy-dispersive X-ray spectroscopy (EDS)
line scan through two brightly imaging type III particles.
Across the grains, only minor compositional changes are
detected, however, the EDS line scans indicate that the
bright areas are particles rich in both Cr and Nb and are
identified as Cr2Nb. Converting from wt pct to at. pct,
there are almost equal amounts of Nb and Cr; however,
the phase diagram only shows one intermediate com-
pound Cr2Nb, with high- and low-temperature forms,
and about 9 at. pct solid solution.[36] Additionally, the
EDS line scans may not be able to provide a quantitative
measure of the precipitate composition due to overlap of
signals from Cu matrix.

2. HIPed microstructure
Following HIP treatment, the bimodal distribution of

Cu matrix grains from the as-built condition was
retained and is shown in Figures 3(a), (b) for the XY
and XZ sections, respectively. In addition to the bright
type I, II, and III particles, there are numerous small

Table I. Measured and Target Compositions of GRCop-84 As-Built Samples

Element Cu Cr (Wt Pct) Nb (Wt Pct) Fe (ppm) O (ppm) Other (ppm)

Measured bal. 6.47 5.78 10 — < 14
Target bal. 6.2 � 6.8 5.4 � 6.0 < 50 < 400 < 100
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back particles denoted as type IV in Figure 3(c).
Figure 3(d) includes images representative from both
XY and XZ sections revealing annealing twins (T) and
recrystallized (Rx) regions. These are expected since the
HIP temperature was above the recrystallization and
annealing temperatures typical for GRCop-84 alloys.
Type I, II, and III particles were not observed within the
twinned grains or recrystallization regions; however,

there were some limited type IV particles observed in
both. The boundaries between both annealing twins and
recrystallized regions with their surrounding matrix
grains show a high density of type I and II particles.
Figure 3(e) shows a SEM micrograph and an associated
EDS line scan across a darkly imaging particle, indicat-
ing that these are Cr particles.

Fig. 2—SEM images for the as-built GRCop-84 samples (a) XY section featuring matrix grains, (b) XZ section featuring matrix grains, (c) XZ
section with primary particle types I fine (<0.25 lm), II large (0.5 to 4 lm particles and/or agglomerates of the finer particles), and III large
Nb-rich spherical particles, (d) lower magnification XY section with defects, and (e) micrograph and corresponding energy-dispersive X-ray
spectroscopy (EDS) line scan.
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B. Electron Backscatter Diffraction (EBSD)

1. As-built samples
Inverse pole figure (IPF) maps generated from EBSD

measurements are shown in Figure 4. The selected IPF
maps are parallel to the build direction to maintain
consistency between the grain orientations. In the case
of the XY cross sections Figures 4(a), (b), the coordinate
system is the same as the IPF orientations in X, Y, and Z
(build direction). Therefore, the IPF map that is parallel

to the build direction for the XY section is IPF-Z and
IPF-Y is parallel to the XZ section. The Cu matrix
grains were clearly resolved, compared to the particles
that were unindexable and appear as small black dots at
grain boundaries and within grains. Since the crystallo-
graphic information for the various particles cannot be
determined from the current EBSD data, it is difficult to
distinguish these particles (marked ‘P’) from voids
(marked ‘V’), build defects, and grain boundaries that

Fig. 3—SEM images for the HIPed samples (a) XY section featuring matrix grains, (b) XZ section featuring matrix grains, (c) XY section with
primary particle types I, II, III, and IV, (d) images showing annealing twins and recrystallized regions, and (e) micrograph and a corresponding
energy-dispersive X-ray spectroscopy (EDS) line scan.
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also appear as dark regions in Figure 4(b). Additional
backscattered images were collected in parallel and
showed that the larger black areas marked ‘V’ in
Figure 4(b) in the IPF map, are voids. Although the
matrix grains are visible under SEM, EBSD images
better reveal the weld-line-like features. There appear to
be distinct regions in the XY section [Figures 4(a), (b)]
of both long curved columnar grains along the laser melt
path and smaller misoriented grains in between these
columnar grains. These columnar versus equiaxed
regions are identified in section 4.5 (see Figure 11) and
discussed in reference to the laser path. Along with
images from the XZ section [Figures 4(c), (d)], we
conclude that some small misoriented grains could be
classified as equiaxed grains with large crystallographic
misorientations between them. However, the XZ section
reveals that a significant fraction of the small grains
extend into thin columnar grains, so overall, the
microstructure appears mixed with a columnar bias.

The corresponding (100) pole figures are presented in
Figure 5. In the case of data from Figures 5(a), (b), there
are two distinct [100] that are misoriented from plane
normal, i.e., the Z-direction in sample coordinates.

Considering this preference, it is unusual that the XY
samples do not show a similar preference in the (100)
orientation of the IPF maps. The XZ [Figures 5(c), (d)]
data demonstrate preferred orientation resembling cube
texture, i.e., most of the< 100> are aligned parallel to
the Z-direction which was expected for FCC Cu. The
melt pool morphology is highly complex due to overlap
both horizontally and vertically (Figure 1), but some of
the effects of overlap appear visible within the EBSD
maps. At the center of Figure 4(a), there appears to be
an overlap of two laser weldments running perpendic-
ular to each other which has a dominating (100)
orientation. When the weld pools overlap in a parallel
path, Figure 4(b), there does not appear to be a
preference for [100] growth, though the shape of the
columnar grains change. Without identifying the build
height in reference to the maps, it is difficult to identify
the vertical overlap of the melt pools in Figures 4(c), (d),
though strong epitaxial growth is evident that may be
related to overlap.

Fig. 4—Inverse pole figure (IPF) maps for as-built L-PBF GRCop-84 (a), (b) IPF-Z of the XY sections and (c), (d) IPF-Y of the XZ sections.
Voids (V) and particles (P) are marked in Fig. 4b.
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2. HIPed samples
The IPF maps and pole figures of HIPed L-PBF

GRCop-84 are shown in Figures 6 and 7, respectively.
The EBSD data resemble that of the Cu matrix grain
structures in the as-built condition, but with generally
larger grains. Despite evidence of recrystallization from
the HIPed SEM images (Figure 3) which could enhance
the formation of equiaxed grains from columnar
grains,[32] columnar grains are still present throughout
the microstructure. This may indicate that there was not
a sufficient driving force to promote full recrystallization
or that the high, ~ 14 vol pct fraction, based on the
alloying contribution, of Cr2Nb particles suppressed the
mobility of grain boundaries. Compared to the as-built
micrographs, the distinct boundaries of the melt pools
from the as-built condition are less visible, similar to the
SEM results. The texture of the HIPed samples is
weaker compared to the as-built condition in Figure 5.
Although the XY and XZ sections show preferred
texture, the [100] texture is weakened compared to the
as-built conditions. Considering the evidence of

recrystallization in the SEM results, the grains are likely
re-orienting to a lower energy state.

C. Thermodynamic Calculations and Interpretation
of SEM & EBSD Results

1. Dissolution of Cr2Nb in liquid melt pool
The precipitate sizes observed in Figure 2 Figure 3

along with the detailed characterization by Seltzman
et al.[16] have shown that the Cr2Nb particles in the
powder must dissolve in superheated liquid copper and
then re-precipitate in the liquid as it cools before the
onset of the Cu-FCC solidification during the L-PBF
process. Figure 8 shows the results of computational
thermodynamic calculations using ThermoCalc� soft-
ware and Copper database. Figure 8(a) shows that
Cr2Nb particles will dissolve in liquid copper if it is
heated above the 1900 K. Solidification simulations,
Figure 8(b), using the Gulliver-Scheil methodology,
show that on cooling, the Cr2Nb particles will precip-
itate out of the liquid copper first and its volume
fraction will increase gradually to about 0.1 before the

Fig. 5—(100) Pole figures of as-built GRCop-84 generated from IPF maps using MTEX[26] (a), (b) XY cross section from Figure 4(a), (b), and
(c), (d) XZ cross section from Figure 4(c), (d).
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on-set of the Cu-FCC solidification. The solidification
simulations also indicated that there is a potential to
form Cr-rich BCC phase towards the end of
solidification.

2. Melt pool characteristics
The calculated melt pool shape and temperature

distributions are shown in Figure 9. The calculations
used processing conditions that are typical to L-PBF
and similar to the processing conditions of the as-built
samples in this study. The peak temperature in the melt
pool does exceed the dissolution temperature of Cr2Nb
discussed above, and some locations may experience
temperatures well above the boiling point of Cu.
Therefore, it is possible that the alloying element
concentrations may change within the build due to
preferential evaporation. Currently, however, there are
no published thermodynamic and kinetic data related to
the preferential evaporation of Cr and Nb from the Cu
melt under L-PBF environment. However, we can
conjecture on the relative evaporation by comparing
the vapor pressure of pure elements. The vapor pres-
sures of elements were calculated using the online

calculator from Institute of Applied Physics (https://w
ww.iap.tuwien.ac.at/www/surface/vapor_pressure) at
2100 K Cu is 1090 Pa; Cr is 328 Pa; and Nb is 9.20 x
10-6 Pa. With Cr present as one of the minority
components, compared to the bulk presence of Cu, this
suggests preferential evaporation of Cr from the melt,
i.e., high vapor pressure means that it is easier to
evaporate. Preferential evaporation of elements like Cr
in Nickel base superalloys[37] and Al in Ti6Al4V[38]

alloys have been reported in the literature.[12] If evap-
orations occur, the local composition of Cr and Nb may
reduce the extent of precipitation of these particles form
the melt as it cools below the Cr2Nb stability temper-
ature shown in Figure 8.
The heat transfer calculations show that the melt pool

shape of GRCop-84 is closer to circular than the
tear-drop shape often seen during welding and additive
manufacturing of other alloys. This dramatic reduction
in melt pool shape and size (i.e., width 200 lm, length
50 lm, and depth 50 lm compared to other metal alloys
that are on the order of mm’s) are attributed to the
higher thermal conductivity of the GRCop-84 alloy. The
calculations here used 80 pct laser absorption efficiency;

Fig. 6—EBSD maps for (a), (b) IPF-Z of the HIPed L-PBF GRCop-84 XY and (c), (d) IPF-Y of the XZ samples.
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however, it is well known that the absorption efficiency
in additive manufacturing conditions may be lower than
50 pct.[39] Under lower absorption conditions, the melt
pool shape may become smaller and may not induce the
evaporation. The uncertainty in laser absorption by Cu
powders may trigger complex dynamics of melt pool
shape with reference to the hatch distances used during
L-PBF and may have large influence on the solidifica-
tion grain structure.[40]

D. Grain Structure Rationalization

1. Presence of [100], [101], and [111] orientation
with build direction

One observation is the lack of strong [100] crystallo-
graphic texture in L-PBF GRCop-84 builds compared
to other alloy builds published in the literature as shown
in Figure 10(a). This can be evaluated by considering the
details of a non-planar melt pool geometry with
reference to the overall build coordinate system, laser
coordinate system, and geometry of sectioning the
samples. The [100] solidification texture will align with

the maximum thermal gradient vector within the melt
pool so a strong [100] texture is expected if the gradient
coordinates match with build coordinates.[41] However,
careful analysis of the surface of the L-PBF builds
confirms that the surface is not planar, so the above
assumption may be invalid and leading to the spatial
rotation of the melt pool shape with reference to sample
coordinates, Figure 10(b), as it navigates the rough
surface. In addition, uncertainty was introduced during
sectioning of the samples for the EBSD measurements.
The interaction of stationary and dynamic coordinates
is schematically illustrated in Figure 10(c).
The above effect can be visualized by overlaying soft

noodles (i.e., representing each laser melt bead) in a
periodic fashion (i.e., representing the hatch distance)
corresponding to nth layer. Next the second set of soft
noodles in the (n + 1)th layer at 90 deg to the noodles in
the nth layer is overlayed. Figure 10 highlights that the
dynamic nature of the maximum thermal gradient
coordinate system or the alignment of [100] crystallo-
graphic orientation will oscillate with reference to the
stationary build or sectioning coordinate. The above

Fig. 7—(100) Pole figures of as-built GRCop-84 generated from matching IPF maps using MTEX[26] (a), (b) XY cross section from Figure 6(a),
(b) and (c), (d) XZ cross section from Figure 6(c), (d).
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discussion indicates that the interpretation of the EBSD
images in highly conductive metals with a small melt
pool requires in-depth analysis of the melt pool coor-
dinates, maximum thermal gradient vectors, surface
roughness, and orientation of the melt pools with
reference to build geometry and sectioning methods.
Some of the effects of overlap appear visible within

the EBSD maps. At the center of Figure 4(a), there
appears to be an overlap of two laser weldments running
perpendicular to each other which has a dominating
(100) orientation. Similarly, the XZ maps, Figures 4(c),
(d) show large regions dominated by [100] oriented
grains which could be the result of overlapping weld-
ments and strong epitaxial growth. When adjacent,
horizontal weld pools overlap, there does not appear to
be a preference for [100] growth, though the shape of the
columnar grains changes; Figure 4(b) provides the best
example of this observation.

E. Columnar to Equiaxed Transition During
Solidification

The EBSD image in Figure 11(a) shows the presence
of small Cu-FCC equiaxed grains in between the
Cu-FCC columnar grains. The exact location of these
regions with respect to melt pool shape and size is not
known; however, the expected position of the equiaxed
and columnar grains with respect to the laser path is
proposed based on the welding literature, i.e., columnar
grains near the boundaries of melt pool with large
thermal gradients and equiaxed grains near the center of
the melt pool regions.[21,22,42] The above conditions will
lower the activation energy for nucleation of equiaxed
grains and agrees with Villafuerte et al.[43] Another
important factor for columnar to equiaxed transition
(CET) is the presence of appropriate G and R condi-
tions. The above conditions were evaluated by coupling
a simple heat transfer model with models of columnar to

Fig. 8—Thermodynamic calculations: (a) phase fractions as a
function of temperature under equilibrium conditions; (b)
Gulliver-Scheil solidification simulation showing the sequence of
phase evolution during cooling.

Fig. 9—Calculated melt pool shapes and temperature distributions (a) XY and (b) XZ sections using the modified Rosenthal equation. The
contour lines correspond to boiling point of Cu (black), dissolution temperature of Cr2Nb, and complete dissolution of Cu-FCC phase (white).
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equiaxed transition.[29] One of the key requirements for
the equiaxed grains is the number density of nucleating
particles (N0 in the units of m-3) in the liquid melt
coupled with appropriate thermal gradients (G) and
liquid–solid interface velocity (R) Figure 11(b). For
GRCop-84 the Cr2Nb that may form in the liquid melt
pool (>10 vol pct) could provide a high number density
of heterogenous nucleation sites. The results show that
for the sets of G and R calculated for the current L-PBF
processing conditions, it is difficult to induce columnar
to equiaxed transition due to high thermal gradients.

Even by increasing the N0 values by three orders of
magnitude (1011 to 1014), the CET transition lines do not
intersect the calculated G and R values based on heat
transfer models. If we consider typical microstructures
in Figure 2(d) with high concentration of Cr2Nb
particles (in region I), the approximate number density
of the particles per unit area is estimated to be 6.25 x
1010 m-2 (10 particles within a small rectangular area of
80 lm and 2 lm). By assuming a section thickness for
the optical microscopy to be 2 lm, the number density
of Cr2Nb particles may reach up to 3.125 x 1016 m-3.

Fig. 10—Rationalization of [100], [101], and [111] crystallographic orientation with reference to build coordinates: (a) EBSD image showing
non-planar laser bead geometry in the (n + 1)th layer due to periodic surface roughness introduced in the nth layer. (b) Schematic illustration of
melt pool in the (n + 1)th layer navigating the surface roughness created during nth layer. The black arrows show the motion of the weld pool
and the red arrows in some melt pools (green) indicate the orientation of the maximum thermal gradients, and (c) schematic description of the
interaction between static (build and sectioning) coordinate system and dynamic maximum thermal gradient coordinate system in three
dimensions (Color figure online).

Fig. 11—(A) EBSD image revealing regions of columnar and equiaxed grains; (b) calcualted columnar to equiaxed transition (CET) for
GRCop-84 alloy composition overlaid with calcualted G and R for the L-PBF processing conditions.
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However, this number density of particles should be
present closer to the liquid-solid boundary and within a
small volume defined by the dendrite tip radius of
sub-lm. Achieving 1014 m-3 particles close to a dendrite
tip radius of 0.1 lm will be difficult. Although there are
subtle changes in the distribution of Cr2Nb particles
across the melt layer, currently, we do not have a
method to estimate the spatial distribution of these
particles with reference to the melt pool geometry
(boundary or center) or build geometry. These data
also suggest that the 3D distributions of Cu-FCC grain
size, shape, and crystallographic texture is necessary to
understand the complexities of the FCC grain evolution
during typical L-PBF condition.

Furthermore, the high G (>106 K/m) values eliminate
the possibility of stabilizing the dendrite growth at
velocities (R) greater than 0.1 m/s and may induce
planar growth. The onset of planar growth at high
liquid–solid interface velocity is also expected to induce
solute trapping during solidification.[44] This leads to the
hypothesis: if the kinetics of Cr2Nb precipitation in
liquid melt is delayed until it reaches the FCC solidifi-
cation temperature, and under trapping conditions, the
Cu may become supersaturated with Cr and Nb.
Further work is necessary to confirm this hypothesis.

F. Grain Misorientation Evolution During HIP

Due to the high degree of crystallographically misori-
ented Cu-FCC boundaries and locked in dislocation
density, rapid recrystallization and grain growth during
post-process HIP treatment are expected.[45] Some
amount of recrystallization (Figure 3) was observed;
however, the reduction in the [100] crystallographic
orientation appears to be significant. It is well known
that reduction of certain orientation distribution during
grain growth is related to grain boundary velocity. The
grain boundary migration velocity (v) in general is
related to mobility (M) and the driving force (Df) as
through the relationship v ¼ MDf. The literature has
shown that the mobility of grain boundaries is sensitive
to crystallographic characteristics of these bound-
aries,[46,47] and therefore, to energies of grain boundaries
created during L-PBF processing. The grain boundary
energies of symmetric tilt grain boundaries (STGB) and
asymmetric tilt grain boundaries (ATGB) have been
published by Tschopp and McDowell.[48] The data were
extracted and compared in Figure 12 for pure Cu and
assumes no segregation of impurities.

The data show the tilt boundaries, created by the
misorientation with reference to [100] axis, do have
higher energies compared to the tilt boundaries created
by [110] misorientation axis. We propose that the high
energy grain boundary orientations with [100] axis will
be replaced by low-energy grain boundaries with the
[110] misorientation axis. Another factor that may play
an important role is related to the presence of Cr2Nb at
the grain boundaries, Figure 3(d) that may allow for
particle-stimulated recrystallization[49] and pinning of
the grain boundaries by particles.[50] This result shows a
potential approach for grain boundary engineering[51] in
complex components made by additive manufacturing.

The tendency for defect formation is attributed to
thermal gradients and lack of time for the melt pool to
reach equilibrium due to thermal conditions at the edges
of the build[52] and the small, rapidly cooling melt pools
created in copper builds due to high thermal
conductivity.

G. In situ High-Temperature X-ray Diffraction

1. Gas-atomized powder samples
X-ray powder diffraction data, collected on the

as-received gas-atomized powder, before, and after
heating to 1123 K are shown in Figures 13(a), (b). In
Figure 13(c), the data collected at 1123 K and after
cooling back down to 298 K are compared, the peak
shift due to thermal expansion is apparent. Prior to
heating, a weak diffraction peak at 38.8 deg deg 2h
attributed to BCC Nb is visible. At 1123 K and after
cooling, the intensity of this peak increases and the peak
sharpens suggesting a decrease in disorder, micro-
strains, and/or an increase in crystallite size. Refinement
results determined that 0.9(3) wt pct of BCC Nb is
present after heating and cooling back to room temper-
ature. Any free BCC Nb is unexpected since GRCop
alloys have a slight excess of Cr to prevent the formation
of the Nb phase by lowering its activity and consuming
the Nb in forming Cr2Nb.[53] The presence of free Nb is
supported by the observance of Nb-rich particles
revealed in the SEM images of the as-built samples
(Figure 2). The presence of BCC Nb in the powder could
be explained by the solidification rate being so rapid that
the BCC Nb is able to form through significant
partitioning of the elements. However, this is unlikely
based on the preferential formation of Cr2Nb and also
due to the thermal history of gas atomization. Under gas
atomization conditions, initial cooling is rapid. How-
ever, once the outer shell of the particle has solidified,
the cooling rate at the core of the particle decreases
significantly due to the insulative effect of the outer shell
reducing the chances for significant segregation. A
second and more plausible explanation could be that
Cr from the potentially supersaturated Cu matrix may
partition to form a solid solution with BCC Nb.

Fig. 12—Comparison of published[48] grain boundary energies for
Cu grain boundaries with different misorientation axis-angle pairs.
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Using the data collected initially at room temperature,
the amount of initial Cr2Nb was refined to be 7.2(3) wt
pct, significantly below the 11.6 wt pct expected from the
alloy chemistry. The rapid solidification experienced
during gas atomization could give rise to small Cr2Nb
crystallite sizes and disorder. Either of these two factors
would produce broad, low intensity Cr2Nb peaks, result-
ing in the low-phase fraction result. A significant fraction
of the Cr2Nb particles in gas-atomized GRCop-84 are
between 10-100 nm.[1] The Scherrer equation shows an
inverse relationship between crystallite size and peak
broadening and for particles of this size the diffraction
maxima are broad and diffuse.[54] Disorder could be
attributed to the rapid solidification potentially quench-
ing in non-equilibrium states or defect structures and
micro-stresses also resulting in peak broadening.[53]

The previous explanation for the free Nb content that
a significant amount of Cr from the Cu matrix may
partition to form a solid solution with BCC Nb, could

also support the relatively low Cr2Nb phase fraction
that increases at high temperatures due to the Cr2Nb
rejecting Nb for a more favorable stoichiometry. The
amount of dissolved elemental content within the BCC
Nb1-xCrx could be estimated using the refined lattice
parameters for BCC and applying Vegard’s law.[55]

However, there is a high probability of micro-strains in
the gas-atomized powder that also influence the lattice
parameter and the two factors cannot be easily decon-
voluted.[54] In the future, the degree of solute present in
the matrix could be assessed by atom probe
tomography.[56,57]

When heated, the powder readily oxidized, demon-
strated by the emergence of additional weak diffraction
peaks. These were difficult to identify due to low
intensity and overlap with other peaks but are likely
Cr and Nb-based oxides. These additional phases
complicate quantitative determination of the phase
fractions at higher temperatures.

Fig. 13—Normalized X-ray diffraction data of as-received gas-atomized GRCop-84 powder (a) 30 to 100 deg 2h comparing data collected at
room temperature before and after heating to 1123 K, (b) detailed view between 37 to 46 deg 2h, (c) detailed view between 37 to 46 deg 2h
comparing data collected before and at 1123 K.
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2. As-built GRCop-84 L-PBF samples
Power diffraction data collected on the as-built

sample are shown in Figure 14. Figure 14(a) shows the
data between 30 and 100 deg 2h and Figure 14(b) shows
a detailed comparison between 40 and 46 deg 2h at
room temperature before heating and after heating to
1223 K and cleaning the surface. Figure 14(c) shows a
detailed comparison between 40 and 46 deg 2h at room
temperature prior to heating before and at 1223 K. At
1273 K, two minor Cr2O3 peaks are present. Significant
oxidation occurred, requiring the specimen be cleaned of
surface oxides with a high grit grinding pad and water,
providing a method of assessing the bulk composition
without interference from oxides. A comparison of the
refined lattice parameters and phase fractions at room
temperature prior to and after heating to 1223 K, for
both the as-built and HIPed samples are provided in
Table II. The phase fraction and lattice parameters of

Cr2Nb in the as-built samples prior heating to 1223 K
are difficult to confidently determine to due to the low
intensity of the peaks, similar to gas-atomized powders.
Following heating to 1223 K, the Cr2Nb peaks sharpen
and the refined amount of Cr2Nb increases to 11.7(6) wt
pct which is approaching the amount expected based on
the alloy design. The peak sharpening could be
attributed to annealing out disorder, micro-strains,
and/or the Cr2Nb particles experiencing crystallite
growth.
Prior to heating, no free Cr is observed in the as-built

sample, however, after heating 0.6(4) wt pct of Cr was
refined. This supports the SEM/EDS results indicating
that free Cr is present in the HIPed samples but not the
as-built samples and that heating is required for an
observable amount of the free Cr to precipitate, and at
higher temperatures, the free Cr at the surface readily
oxidizes. In contrast to the gas-atomized powders, there

Fig. 14—Normalized X-ray diffraction data of as-built L-PBF GRCop-84 samples sectioned from larger parts (a) 30 to 100 deg 2h comparing
data collected at room temperature before and after heating to 1223 K, (b) detailed view between 40 and 46 deg 2h, and (c) detailed view
between 40 to 46 deg 2h comparing data collected before and at 1223 K.
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is no detectable free BCC Nb. This suggests that the
melting and solidification cycles in L-PBF move the
general stoichiometry to a state where excess Cr is
present and Nb is consumed into Cr2Nb.

3. HIPed GRCop-84 L-PBF samples
Powder diffraction data collected on the HIPed

sample are shown in Figure 15. Figure 15(a) shows the
data between 30 and 100 deg 2h, and Figure 15(b) shows
a detailed comparison between 40 and 46 deg 2h at
room temperature before heating and after heating to
1223 K and cleaning the surface. Figure 15(c) shows a
detailed comparison between 33 and 41 deg 2h at room
temperature prior to heating before and at 1223 K.
Prior to heat heating, the data showed a small diffrac-
tion maximum, barely distinguishable above the back-
ground in Figure 15(b), at approximately 44.5 deg 2h,
which most closely matches the (110) reflection of BCC
Cr and agreeing with the SEM/EDS results that
indicated Cr-rich particles, Figure 3. At 1273 K,
Figure 15(c), there are Cr2O3 peaks, suggesting the
BCC Cr oxidized, and some low intensity NbO2 peaks.
The data suggest that significant oxidation occurred,
similar to the as-built samples, and again requiring
specimen be cleaned of surface oxide.

A comparison of the refined lattice parameters and
phase fractions at room temperature prior to and after
heating to 1223 K is provided in Table II. Accurate
Rietveld refinements are difficult in this alloy system due
to significant overlap of the diffraction peaks and
limited diffraction intensity of the minor phases, and
the presented values are primarily intended for compar-
ison rather than accuracy. For example, Cr is only
included in the as-built condition after heating in
Table II which was the only case where a reliable
refinement could be completed. Cr is also present in the

HIPed sample prior to heating, shown in Figure 15, but
its contribution could not be reliably calculated.
After heating to 1223 K and cooling, the phase

fractions and lattice parameters of the HIPed condition
in Table II remains largely unchanged, demonstrating
the stability of Cr2Nb after HIPing. The refined phase
fractions of Cr2Nb, 10.2(7) and 10.2(8) wt pct, in the
HIPed samples at room temperature are statistically
identical prior to and after heating, respectively. This is
significantly higher than that observed in the as-built
sample prior to heating but within 3r of the wt pct of
Cr2Nb after heating. The higher phase fraction amounts
of Cr2Nb for the as-HIPed sample is approaching the
amount expected based on the alloy design.

4. In Situ HT XRD
In situ data of the high-temperature XRD of the

powder, as-built, and HIPed conditions are presented in
Figure 16 as a function of time. The intensity of both the
primary Cu and Cr2Nb reflections were analyzed to
provide information about the stability of the Cr2Nb
precipitates and the FCC grain structure and are
compared during the heating cycle. The diffraction data
were collected using different incident and diffracted
beam optics conditions to maximize intensity in some
cases, in order to compare across the different samples,
the Cu-FCC (111) peak intensity in each experiment was
used to normalize the data. The intensity is indicated by
color while the y-axis indicates the time as the temper-
ature was ramping (see right inset).
The (311) is the strongest reflection for Cr2Nb;

however, due to its proximity to the strong Cu (111)
and depending on the temperature, it could be difficult
to resolve. The Cr2Nb (220), at approximately 36 deg
2h, was used to indicate the presence of Cr2Nb, and
while the presence of this peak is well defined in the

Table II. The Lattice Parameters and Phase Fractions (Wt pct) for Each Investigated Condition of GRCop-84 Samples Before

and After Heating to Maximum Temperature; Oxide Surface Layer was Removed from the As-Built and HIPed Samples Prior to

XRD; esd Reported as (3r)

Condition

Prior to Heating After Heating

Cu Cr2Nb Cu Cr2Nb

Powder
a (Å) 3.6229(5) 3.6158(3) 6.990(1)
wt pct 92.7(9) 7.3(6) 98.5* 1.5*

Cu Cr2Nb Cu Cr2Nb Cr

As-Built
a (Å) 3.6235(1)* 6.99** 3.6208(2) 6.997(2) 2.89(1)
wt pct 99.1(7) 0.8** 87.7(9) 11.7(6) 0.6(4)

Cu Cr2Nb Cu Cr2Nb

HIP
a (Å) 3.6189(3) 6.994(2) 3.6141(3) 6.985(2)
wt pct 90(1) 10.2(7) 89.8(1) 10.2(8)

*Note significant oxidation decreases relative contribution of Cr2Nb.**Estimated due to low intensity, broad and superimposed peaks.

1392—VOLUME 55A, MAY 2024 METALLURGICAL AND MATERIALS TRANSACTIONS A



gas-atomized powder and HIPed samples, the intensity
in the as-built condition was barely present above
background. However, on heating above the 838 K,
the Cr2Nb peaks of the as-built sample sharpen and can
be unambiguously indexed. The apparent change in
crystallinity of the Cr2Nb could be due to a variety of
responses that are difficult to deconvolute. The micro-
scopy results identified particles distinct from the matrix
in the as-built condition that were rich in Cr and Nb.
This suggests that the change in crystallinity after
heating is not due to precipitation of Cr and Nb that
was dissolved in the Cu matrix and further precipitation
is unlikely. The particles could instead have undergone a
stoichiometry change, reduction of interparticle strain,
or coarsening above the detection limit. Neutron
diffraction experiments support the results above and
will be published elsewhere.

Figure 17 compares changes in the lattice parameters
calculated from the Cu (111) and (200) for the

gas-atomized powder, as-built, and HIPed samples at
each temperature, along with the lattice parameters
obtained from the longer datasets collected at room
temperature prior to and post-heating. A slope change
between 473 and 873 K is apparent for both the
gas-atomized and as-built samples in Figures 17(a),
(b), respectively; however, the data collected on the
HIPed sample in Figure 17(c) does not display the slope
change and only follows one slope. For the gas-at-
omized powder and the as-built sample below 473 K
and above 873 K, the relationships between the lattice
parameter and temperature are linear. For both the
gas-atomized powder and the as-built samples, the
lattice parameter obtained from the larger dataset
collected prior to heating agrees well with the lower
temperature range slope and the lattice parameter
obtained from the larger dataset collected post-heating
agrees well with the higher-temperature range slope.
Confidently understanding the origin of this lattice

Fig. 15—Normalized X-ray diffraction data of HIPed L-PBF GRCop-84 samples sectioned from larger parts (a) 30 to 100 deg 2h comparing
data collected at room temperature before and after heating to 1223 K, (b) detailed view between 40 to 46 deg 2h, and (c) detailed view between
40 to 46 deg 2h comparing data collected before and at 1223 K.
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change is difficult since multiple factors could be
contributing including changes in the composition and
the annealing resulting in the relief of residual thermal
stresses. It is apparent that the gas-atomized powder and
as-built samples may have residual stresses which are
relieved on heating above the 873 K, in agreement with
the annealing range described in literature,[58] and/or
compositional effects between the Cu matrix and Cr2Nb
precipitates. In contrast, the HIPed sample appears to
have consumed all recrystallization or compositional
change potential within the tested temperature range.
Residual stresses with the microstructure should be low
and the microstructure should remain stable unless
sufficient time or temperature exceeds the potential.

IV. CONCLUSIONS

The microstructure evolutions in GRCop-84 alloy
builds made by laser-powder bed fusion process were
characterized in the as-built and after hot isostatic
pressing (HIP) using a suite of characterization tools.
The major conclusions are

1. The as-built material showed smaller size distribu-
tion of Cr2Nb precipitates compared to that typi-
cally present in the powder. This observation is

Fig. 16—Normalized X-ray diffraction intensity as a function of time
and temperature during heating cycle: (a) as-received gas-atomized
powder; (b) as-built and (c) HIPed samples. The Cu-FCC (111) peak
intensity in each experiment was used to normalize each dataset.
However, different intensity scales (see color bar top right) were used
to highlight the presence of Cr2Nb diffraction in all samples (Color
figure online). Fig. 17—Cu lattice parameters determined from HTXRD data for

(a) gas-atomized powder, (b) as-built, and (c) post-HIPed samples.
Each figure includes the refined lattice parameter from data collected
over a larger two-theta range, at room temperature prior to and
after heating to 1123 K. Error bars were smaller than the data
markers.
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attributed to dissolution and reprecipitation of
Cr2Nb into and from the liquid melt pool during
heating and cooling, respectively. Some extent of
coarsening of fine (10–100 nm) particles is seen
following the HIP post-processing, but the larger
particles remained stable.

2. A heterogeneous Cu-FCC matrix microstructure
consisting of both equiaxed and columnar grains,
with wide range of crystallographic misorientations,
is observed in the XY (perpendicular to build
direction). In contrast, in the XZ (along the build
direction) section, strong (100) epitaxial preferential
growth is observed, and bundles of (100) columnar
grains traverse multiple layers. The above solidifi-
cation grain structure evolution is attributed to the
dynamic orientation of the coordinates describing
the maximum thermal gradient with reference to
laser path direction, coordinates describing the
build geometry and the sectioning plane. Relatively
stable Cu-FCC grains and reduction of [100] grain
orientations are correlated to grain boundary
energies and particle pinning.

3. The stability of Cr2Nb, recovery, and recrystalliza-
tion of Cu-FCC grain and the role of initial
microstructure was evaluated with high-tempera-
ture in-situ X-ray diffraction and compared with
measurements from powders. Reduced levels, in
comparison to the expected value of ~ 12 wt pct
based on the nominal composition, of Cr2Nb were
detected in the gas-atomized powder and as-built
L-PBF samples. This discrepancy is attributed, in
part, to broadening of Cu-FCC peak with locked in
micro-strains in the Cu-FCC lattices. On heating to
a temperature above the recrystallization tempera-
ture of Cu-FCC matrix, the diffraction peaks from
Cr2Nb strengthened. A small amount of BCC Nb
was present in the powders and was not observed in
the as-built or after hot isostatic pressing.
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