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The niobium hemicarbide (NbyC) has at least three known polymorphs: o
(Pnma or Pbcn), f (P31m), and y (P6s/mmc) as a function of temperature.
Identification of these phases has been notoriously difficult particularly for the
lower-temperature variations (x and f) because of their long-range vacancy
ordering. In the current study, an overall Nb,C composition has been pro-
cessed by hot isostatically pressing NbC and Nb powders together which did
not fully homogenize. Using neutron diffraction and selected area electron
diffraction, the C6 (P3m1) structure was identified in the NbyC. The formation
pathway for this phase is postulated from the high density of stacking faults

observed in the NbC.

INTRODUCTION

Niobium carbides are of interest as engineering
materials because of their high melting tempera-
tures and high hardness, making them ideal candi-
date ceramics for applications in extreme
environments.! The properties of these niobium
carbides are strongly dependent on the carbon
concentration, as their phase stability to different
structures exists over a wide range of carbon
compositions.>® Thus, it is critical to understand
the structures that form in this system both as a
function of composition as well as processing
parameters.

Of the studies that have examined phase stability
in the niobium carbide system,*® they agree to the
existence, without question, of the NbC and Nb,C
phases, with the former being the Bl (Fm3m)
rocksalt structure where NaCl is the prototype.
This structure is stabilized up to the highest
melting temperature point for all niobium carbides
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and can accommodate sub-stoichiometric, metal-
rich compositions with increasing temperature.
However, in the lower-temperature regimes, exper-
imental and theoretical studies point to the exis-
tence of vacancy-ordered forms, such as NbgCj,*>?
Nb403’ and Nb302.4’5’9_12

While there is universal agreement that the Nb,C
phase exists, it has as many as three reported
polymog_ghic structures as a function of tempera-
ture.’>?° The low-temperature or « -NbyC is
reported to be either (-NbyC structure (Pnma) or
{-FesN (Pben), and is stabilized at T < ~ 1200 K.
Between ~1200 and ~1800 K, the intermediate-
temperature e-Feo,N (P31m) structure forms, and,
above ~1800 K, the L’3 structure (P6s/mmc) is
stabilized. The correct identification of the carbon
atom ordering as well as the sluggish kinetics
associated with atomic ordering has created sub-
stantial difficulties in correctly identifying these
lower-temperature o« and f phases, their composi-
tional ranges, and the temperatures where they
exist. This has been noted by Smith et al.?° and
Vishwanadh et al.,!” who each commented that
subtle changes in diffraction spots and/or shifts in
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reflections were required for structure determina-
tion clarity. To readily identify ordering on the
carbon sublattice, neutron diffraction, and selected
area electron diffraction are considered the most
viable methods as compared to x-ray diffraction.?"*2
The former, neutron scattering, is from the atomic
nucleus whereas x-ray diffraction is from the elec-
tron cloud, which is less sensitive in identifying
vacancy ordering.

In this study, we provide a detailed neutron and
electron diffraction investigation to identify the
structure of NbyC produced by the hot isostatic
pressing reaction between NbC and Nb powders.
This investigation aims to understand how the NbC
undergoes phase transformations as it serves as the
carbon reservoir for the reaction. In a prior report
by Smith et al.,? this reaction pathway was inves-
tigated between these two powders, but it mainly
addressed how the carbon reacted with the Nb
powder converting it to the e&-FesN structure. This
paper now focuses on the decomposition of the NbC
as it converts to the niobium hemicarbide.

METHODOLOGY
Sample fabrication

The niobium hemicarbide was fabricated by
blending commercial Nb (ABCR, < 45 um, 99.8 %)
and NbC (ABCR, < 1.1 um, 99.7 %) powders into an
overall NbCg 56 composition. The mixed powder was
pressed into a niobium canister under an inert gas
environment inside a glove box. The canister was
then outgassed using a heating plate while under
evacuation that was then hermetically sealed by
welding the canister closed and performing a
helium leak check. The canister was hot isostatic
pressed (HIP) in an argon atmosphere for 60 min at
~1800°C under 205 MPa. The canister was furnace
cooled at ~ 27°C/min to room temperature, where-
upon the consolidated billet was removed from the
cannister using a diamond cutting saw. The compo-
sition was confirmed through thermo-combustion
analysis of the post-HIP sample using a certified
commercial vendor (Northern Analytical).

Electron Microscopy

Post-consolidation, the billet was sectioned and
polished using various SiC papers with increasing
grit sizes to 1200, followed by polishing with a 0.04-
um diamond suspension. A final vibratory polish
using a 0.02-um colloidal silica suspension provided
a mirror surface. The sample was imaged by
scanning electron microscopy (SEM) wusing a
Thermo Fisher Scientific Apreo FEG-SEM, where-
upon electron back-scatter diffraction (EBSD) for
phase and grain orientation was captured with the
EDAX EBSD platform attached to the microscope.
The SEM-EBSD settings were collected at 20 keV, a
beam current of 1.6 nA, and at a scan step size of 10
um. TSL OIM v.8 software analyzed the acquired

EBSD dataset. Site-specific transmission electron
microscopy (TEM) foils were extracted based on the
SEM-EBSD-identified locations of the phases, using
a focus ion beam (FIB) lift-out method, with further
details found in reference.?® Here, the FIB milling
was carried out in a Tescan Lyra FIB-SEM, and the
TEM was performed in a FEI Tecnai F20 (S)TEM at
200 keV. Simulated selected area electron diffrac-
tion patterns were computed using SingleCrystal
v.4.1.9.

Neutron Diffraction

Neutron diffraction was performed at the Univer-
sity of Missouri Research Reactor using a position-
sensitive detector powder diffractometer. A double-
focusing Si(511) monochromator, produced a neu-
tron wavelength of /1 = 1.48098 A with the instru-
ment using an oscillating radial collimator. The
diffracted data was collected from 30° to 105° 20 at
room temperature, with the neutron diffraction
dataset analyzed wusing the FullProf Suite
Package.?*

Density Functional Theory Simulations

To refine the previous first principal ab initio
calculations,” and make direct comparisons of the
cohesive energies between different structures of
the niobium hemicarbides, we utilized density func-
tional theory (DFT) using a plane wave basis as
implemented in the Vienna Ab-Initio Simulation
Package.?>® The core electrons simulated were the
4s24p°®4d*5s’ in Nb and the 2s*2p? in C, while the
interactions between the core and valence electrons
were modeled using the projector augmented wave
method.?”?® The exchange—correlation energies
were evaluated using the generalized gradient
approximation garameterized by Perdew, Burke,
and Ernzerhoff.?® The total energies were found to
be converged with a plane wave cutoff energy of
600 eV with the Brillouin zone integration of 20 x
20 x 11 used and scaled to ensure a constant mesh
density in reciprocal space.

RESULTS AND DISCUSSION
Phase Stability

The neutron diffraction results are plotted in
Fig. 1a as a thick gray line with a Gaussian
(normal) distribution for each major peak outlined
by a thinner black line. Beneath these curves are
various space group {hkl} reflections for the niobium
(hemi)carbide crystal structures, which are color
coded to the legend shown in the same figure. As
many different structures exist, with their different
space groups, we have provided a quick reference
table of structure types and space groups in Table 1.
These structures are taken from the known phases
as well as others that have been computationally
investigated as possible structures.® Furthermore,
we direct the interested reader to reference,* which
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Fig. 1. (a) Raw neutron diffraction pattern (thick grey line), simplified diffraction pattern using Gaussian-distribution peak fits (thin black line), and
exact reflection angles for various niobium (hemi)carbide crystal structures. (b) Comparison of experiment peaks with combined peaks for the
considered niobium (hemi)carbide structures. Combined peaks that uniquely correlate to experimental peaks (“tells”) are circled. The legend
contains the space group as well as the (prototype) structure of the Nb,C (Color figure online).

is a review article on the various phase stability and
crystallography constructs for the transition metal
carbides, since multiple Me,C structures will be
discussed here. For brevity and consistency, we use
the terminology of data to refer to the direct
experimental scattering results (i.e., the thick gray
line), reflections to refer to higher intensity diffrac-
tion signals from the scattering results, and peaks to
indicate the use of the Gaussian normal fits to these
reflections at a predicted scattering angle.

The amount of information presented in Fig. la
can make distinguishing the subtle differences in
the niobium hemicarbide structures difficult. There-
fore, to facilitate phase identification, we have
placed Gaussian distributions at each predicted
reflecting angle and multiplied the resulting

“predicted diffraction pattern” by the experimen-
tally-based fitted pattern, with additional informa-
tion concerning this procedure provided in the
appendix, Fig. 6. Figure 1b is a compilation of all
the combined peak curves together, which allows for
improved isolation of the various potential niobium
hemicarbide structures. From Fig. 1b, the B1 NbC
structure can be identified, while the other peaks
match one or more of the various niobium hemicar-
bides, indicating that the specimen is a multi-phase
niobium carbide. While the overall composition of
this sample would place it in a niobium hemicarbide
single-phase field, the consolidation reaction of the
NbC and Nb powders did not result in homogeniza-
tion, although no elemental Nb is detected. This
multi-phase microstructure was previously noted by
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Table I. Compatibility table of the niobium hemicarbides to their respective space group and associated

prototype structure

Atom site occupancy

Space Group Structure Atom type Wycoff X y z Ref.

o-NboC Pnma (-NboC C 4c 0.1203 0.25 0.013 18
Nb 4c 0.2842 0.25 0.2934
Nb 4c 0.4644 0.25 0.7311

o- NbyC Pben {-FeoN Fe 8d 0.249 0.128 0.0827 30
N 4c 0 0.364 0.25

f- NboC P31m e-FeoN Nb 6k 0.3333 0 0.25 31
C 2d 0.3333 0.6666 0.5
C la 0 0 0.0

- NboC P63/mmc L’3 C 2a 0 0 0 32
Nb 2c 0.3333 0.6666 0.25

NboC P3m1 Cé Nb 2d 0.3333 0.6666 0.28 33
C la 0 0 0

NboC Pnnm C35 Cl 4g 0.275 0.35 0 34
Ca 2a 0 0 0

NboC P4o/mnm C4 Cl 2a 0 0 0 34
Ca 4f 0.3047 0.3047 0

Nb4C3_X R§m Ta4C3_x C 6¢c 0 0 0.085 35
Nb 6¢c 0 0 0.2082
Nb 6¢c 0 0 0.3753
C 3b 0 0 0.5
C 3a 0 0 0

NbC Fm3m B1 Nb 4a 0 0 0 36
C 4Db 0.5 0.5 0.5

Nb Im3m A2 Nb 2a 0 0 0 37

the authors of reference”® and will be further
confirmed in subsequent electron microscopy imag-
ing of the microstructure. This also highlights that
direct sintering of a metal and metal carbide powder
is insufficient for complete homogenization for these
HIP conditions; in contrast, the reduction of metal
oxides to carbides has shown promise in the homog-
enization of multi-component carbides and may be a
more viable processing route.?®

To determine the niobium hemicarbide phase(s),
we have compared the experimentally determined
peaks with those determined from the theoretical
structures. We first consider the (-Nb,C structure
(Pnma), i.e., the turquois-colored line. This phase
yields a doublet reflection near 36° 2@, whereas all
other niobium hemicarbides have a single reflection
at this diffraction angle. The absence of the doublet
reflection in the experimental data suggests that
this structure is not the dominant hemicarbide
phase. Of the remaining niobium hemicarbides,
many of these structures have similar diffraction
peak locations that trend with the experimental
data. However, three specific peaks stand out for
clarification in the phase identification, which have
been circled in Fig. 1b and referred to as “tells.”

At a diffraction angle near 73° 20, a clear
experimental diffraction peak is present that
matches a similar reflection for the {-NbyC

structure, but this structure has been dismissed
because of the lack of the doublet reflection at the
lower scattering angle discussed in the previous
paragraph. The other structures at this angle are
the {-FesN (Pben) and/or the C6 (P 3m1) structures.
While one could use the experimental diffraction
peak at approximately 84° 20 to match the (-FesN
structure and eliminate the C6 structure, this
scattering angle also matches a reflection for Bl
NbC, and the sample is a multi-phase microstruc-
ture. Hence, one cannot definitively dismiss C6.
While there are relative differences in the intensi-
ties for the reflections that could further guide a
decision, the neutron diffraction was taken from the
consolidated billet and not randomly orientated
powders, which would eliminate texture bias in
using intensities. Hence, the location of the peaks,
rather than the intensity of the peak, is used as the
identifying marker for structure determination.
While the neutron diffraction data provide insight
into the possible dominant niobium hemicarbide
structure(s), it is not definitive in its identification.
The work of Smith et al.?® demonstrated that the
local crystal structures in the niobium carbides can
be determined using selective area electron diffrac-
tion (SAED), which we will use here to provide
further investigation. Figure 2a is a FIB ion con-
trast image with a marked rectangular region,
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Fig. 2. (a) FIB ion contrast image of NbCy 56 sample outlining the region of lift-out for TEM analysis; (b) Bright-field TEM image of the sample
from the region in (a), numbers indicate the corresponding regions in (a); (c) SAED patterns for each region with matched simulated patterns for
each region. Note that the lack of additional reflections in the SAED patterns in regions 2 and 3 as compared to region 5 is a consequence of the
latter region is aligned to a zone axis where the stacking faults were excited.

whereupon a TEM foil will be extracted. This
rectangular region spans a grain boundary and
laths within the microstructure, with these features
indicated by the arrows and labeled text in this
same figure. Figure 2b is a compiled image of TEM
micrographs that span the TEM foil from (a), with
different microstructural regions labeled 1-5. SAED
patterns are provided under each region and were
used for phase identification of that region. Region 1
was indexed to the C6 NbyC structure, which would
be a match to the neutron diffraction in Fig. 1;
however, as this C6 structure, to the authors’
knowledge, has not been reported for the niobium
hemicarbide, we will return to it with a more
thorough diffraction series analysis. Regions 2-5
are indexed to the B1 NbC structure. The presence
of stacking faults is evident in the B1 NbC regions.
In regions 2, 3, and 5, these faults appeared to be
primarily along a single parallel close-packed plane
(solid line arrows) while, in region 4, we noted that
these faults are crisscrossed on multiple close-
packed planes (dashed line arrows).

To determine if indeed the NbyC grain in region 1
in Fig. 2a is C6, we have compared the diffraction
patterns taken at two different zone axes to this
structure and other potential structures, as shown
in Fig. 3. The various simulated diffraction patterns
for each of these structures were selected based on
the best match to the symmetry of the experimental
acquired pattern. For the first zone axis, Fig. 3a, the
starred makers for the simulated patterns are for
C35 (Pnnm), L’3 (P6s/mmc), C4 (P4y/mnm), and the

C6 (P3m1), and each pattern provided the closest
match to the experimental pattern. However, by
using the neutron diffraction results, we can elim-
inate C35 and L’3 as the structure. Other hemicar-
bide patterns were also dismissed by the lack of
specific reflection matching between the simulation
and the experimental SAED pattern, i.e., {-NbyC
and e-FeoN. While the neutron diffraction pattern
(Fig. 1) allowed the (-FesN structure to be a candi-
date for consideration, at least for this particular
grain, the SAED pattern is not a good fit to this
structure, as indicated by the missing reflections in
the experimental pattern as compared to the sim-
ulated pattern, where the arrows in the simulated
pattern indicate the location where these additional
reflections should be observed. This would leave
either the C4 or C6 structures based on the SAED,
but C4 was not a match to the neutron diffraction.

To further confirm that this grain in Fig. 2b’s
region 1 has the C6 structure, the foil was tilted to
another zone axis and the SAED pattern was
collected in Fig. 3b. Again, we compare this exper-
imental pattern to each of the various hemicarbide
structures. In this orientation, neither the C35 nor
L’3 structures match, while they were candidates in
Fig. 3a. This new zone axis’ diffraction pattern
confirms their dismal. This new zone axis now
shows that the C6 and &FeoN structures are
candidate matches. However, the ¢~FeoN structure
was not a match to the prior zone axis in Fig. 3a.
Likewise, the stereographic tilt from the experi-
mentally determined tilt angles of « and f in the
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Fig. 3. TEM bright field image where phase identification of the Nb,C in region 1 in Fig. 2 was conducted by selected area electron diffraction
(SAED) technique along with different simulated patterns. The star designates the best fits to the simulated experimental pattern and the red
arrows indicate reflections in the simulation not captured in the experimental pattern. (a) Zone axis 1 and (b) Zone axis 2. Blue are the simulated
diffraction spots and the black are the experimental spots, having their contrast inverted from the experimental image (Color figure online).

TEM between the C6 [001] to [111] zones is self- specific TEM foil extraction between a NboC phase
consistent. Hence, the niobium hemicarbide, for this (green) precipitating out of a NbC grain (red), with
grain, has the C6 structure. While this provides several interfaces being captured in the planned
evidence for the C6 existence, we do note that the FIB-milled lamella (Fig. 4b). In Fig. 4c, the TEM
TEM was taken from a selected region and that the bright field image shows distinct bands of NbC,

neutron diffraction provides an average diffraction NbyC, and faulting, like those seen in Fig. 2. The
collection from multiple grains. Since there are faulted region is further confirmed by the linear
significant peak overlaps for previously confirmed alignment of multiple, closely spaced diffraction
niobium hemicarbide phases,* and even prior work reflections in the SAED pattern from region 3 in the
by the authors has noted the ¢—FesN structure by same Fig. 4c. Note that the circled regions for 1, 2,
electron diffraction in this sample,?® with the e— and 3 represent the general area where the analysis
Fe;N phase fully consistent with the neutron was taken, but do not represent the selected area
diffraction results, we do not conclude that C6 is aperture used for any imaging or diffraction; rather,
the only hemicarbide structure in this consolidated they are provided as a guide to link which features
billet. are tracked between each image.

With the C6 structure confirmed, we now inves- The C6 structure is a stacking fault-derived
tigate how it could precipitate. Figure 4a is an structure and has been reported to be the low-

EBSD phase map that shows the location for a site- temperature stable structure for the tantalum
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Fig. 4. (a) EBSD phase map with image quality map inset showing different phase regions in NbCy 56 sample; (b) SEM image of NbC s lift-out 2
sample, outlining the region of lift-out for TEM analysis; (c) Bright-field TEM image of the sample from the magnified region in (b), numbers
indicate the corresponding regions in (b) and diffraction patterns from these regions. Note that regions labeled 1, 2, and 3 are from the same

general area located for each region in each image (Color figure online).
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Fig. 5. A schematic illustration of the alternating Nb and C close-packed planes where those C planes in the designated green box are depleted
allowing the schematic image on the right to fault and form the C6 structure (Color figure online).

hemicarbide,®® where niobium and tantalum are in
the same group VB transition metal family. The C6
structure can form from the B1 structure by deplet-
ing carbon from its {111} planes. When the Bl
structure is viewed in the < 110> orientation, the
{111} planes are normal to this direction and consist
of alternating layers of metal and carbon close-
packed planes (Fig. 5). Hence, the C6 structure
forms by depleting every other {111} carbon plane in
NbC, which achieves the correct composition,
whereupon the depletion of carbon causes the two
metal layers to collapse and shift by a Shockley
partial dislocation to give the correct structure.*
Since the B1 NbC, structure has a high density of
stacking faults, it is plausible that the carbon
depletion from the rocksalt structure creates a
condition whereupon the C6 structure forms from
the prevalence of these stacking faults. A particu-
larly interesting feature of the C6 structure is a
local metal-metal as well as metal-carbon bond in
the unit cell between the close-packed planes. This
can be seen in the transformed structure shown in

the schematic of Fig. 5. Prior work by De Leon
et al.,** in C6 TayC, has shown that a significant
reduction in the generalized stacking fault energy
exists between these two types of bonds, with the
metal-metal being the lowest and energetically
favorable plane for slip.*! Returning to Fig. 2b, we
can see that region 1, which is the C6 structure, is
abutted to a NbC grain with a high density of
linearly aligned stacking faults. While other transi-
tory stacking fault phases may also exist, such as
Nb,Cs.y, it is difficult to distinguish their phase
reflections from those collected in a highly faulted
region. While this grain was C6 and likely formed
from NbC, the precipitation of NbyC by carbon
reacting with elemental Nb is different. In our prior
work, where we focused on the carbon reaction front
into Nb, we observed the direct precipitation of the
¢~FeoN structure.?’

To gain further insights into the energetics of this
C6 NbyC transformation, we re-examine the stabil-
ity of the NboC structure using DFT with an
emphasis to those structures that have a hexagonal
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Table II. Structure and atomistic computed energies

Cohesive energy (eV/F.U.)

Structure Space group
{-NboC Pnma
(-FeoN Pben

Cé6 P3m1
e-FeaN P31m
C35 Pnnm

C4 P4/mnm

AE relative to {-Nb>C (eV/F U)

23.251 0

23.218 0.033
23.204 0.047
23.218 0.033
23.234 0.017
23.035 0.216

close-packed arrangement of the atoms, as well as
the C4 (rutile) structure, which is related to the C35
structure.'® Using the enthalpy of formation as the
metric for structural stability, the {-NbyC structure
is predicted to be the lowest NboC phase at 0 K
(Table II). The next lowest energy structure is the
C35 structure, while the C6 structure has the
second highest energy next to the C4 structure.
These energies are reported per formula unit and
can easily be converted to per atom by dividing by
three, which would indicate that the energy per
atom difference between (-NbyC and the C6 struc-
ture is almost 0.015 eV/atom. This energy difference
cannot be ignored and would specify that the
identified C6 NboC has not reached its equilibrium
state but must be a transitory structure that forms
in the reaction pathway toward equilibrium. This
would follow the microstructure indicator of preva-
lent stacking faults already noted in NbC,. The
retention of the C6 structure is then likely linked to
insufficient time for the correct ordering of the
carbon atoms via diffusion.

CONCLUSION

An overall Nbg 56C composition carbide was hot
isostatically pressed from a mixture of NbC and Nb
powders. While the overall composition places it in a
single NbyC phase field, incomplete homogenization
occurred, allowing one to decipher how the B1 NbC
structure evolves as the carbon is depleted. While
NbsC has three reported polymorphs (¢, f, and y),
none of these structures were observed in the SAED
patterns taken from the examined foils. Rather, the
NbC, regions revealed a prevalence of stacking
faults with an identified grain with no faults as the
C6 structure next to a region composed of a high
density of faults in NbC,. To the authors’ knowl-
edge, this would be the first report of this structure
for a niobium hemicarbide. While other stacking
fault phases could also be present as transitory
structures, these were difficult to distinguish in the
SAED patterns from the reflections already created
by a high density of faults. As the carbon depleted

from the NbC, facilitating faulting, this ‘liberated’
carbon reacted with the Nb powder and has previ-
ously been reported to precipitate the ¢~Fe,;N nio-
bium hemicarbide structure.?® These new results
here demonstrate that the NbC,; can undergo a
different transformation pathway towards stabiliz-
ing NbyC, evident from prevalent stacking fault
formations that appear to promote the
metastable formation of the C6 structure. In addi-
tion, the neutron diffraction, which samples multi-
ple grains, has overlapping matching to previously
reported stabilized niobium hemicarbides, and thus
the C6 structure is likely not the only hemicarbide
phase. This highlights the complexity of phase
stability in the niobium hemicarbides, and that
their structure is not only sensitive to temperature
changes but to the processing pathways that form
them.
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Fig 6. lllustration of the method to achieve the combined (predicted * experiment) peaks. The predicted reflections are calculated using known
mathematical relationships for diffraction from crystal structures. Those reflections are replaced by Gaussian normal distributions, to achieve the
predicted peaks. Then, the predicted and experimental peaks curves are multiplied (element wise) and normalized to yield the combined peaks
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