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ABSTRACT

High-pressure synthesis is a powerful tool for the discovery of new phases, and can be used to uncover new metastable phases even

within well-explored systems. The vanadium-carbon system is one of the most well-studied binary systems due to its importance

in steels as well as for its many high-resilience compounds used across industry. We present in situ x-ray diffraction data collected

during synthesis experiments carried out between 1.0 and 5.1 GPa in the V-C system at 25 at.% carbon, and we report the synthesis

and recovery of a novel metastable body-centered tetragonal carbide, e — VC

1 | Introduction

Transition metal carbides are known for their thermomechanical
stability, which can include ultra-high melting points, elevated
hardness, and robust chemical inertness. These properties make
them useful in extreme environment applications such as high-
temperature structural components, high-speed cutting tools, and
wear-resistant coatings [1-3]. Group IV-V elements (i.e., Ti, Zr,
Hf, V, Nb, Ta) tend to form what are known as interstitial carbides,
where carbon atoms occupy the space within the interstitial
sites of the metal lattice. These interstitial phases retain metallic
properties, but tend to exhibit higher hardness due to the strong
and directional M-C covalent bonding (e.g., niobium carbide,
NbC), or refractory properties due to very high stability (e.g.,
hafnium carbide, HfC) [2, 4].

Vanadium carbides are used across a wide range of industrial
applications, including as turbine coatings, as grain growth
inhibitors in tungsten carbide cermets, and more recently
have been explored as catalysts in the hydrogen evolution
reaction [5-7]. Historically, vanadium has been well studied
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as an additive in steels, where the small grains of vana-
dium carbides or nitrides that form cause a reduction in
dislocations, leading to precipitation strengthening [8]. In
recent years, the vanadium carbides have also been studied
as hydrogen traps to mitigate embrittlement in iron-based
steels [9, 10].

The vanadium-carbon binary system was extensively studied
from the 1960s to the 1980s, and is characterized by its structural
complexity, containing seven experimentally observed phases
and many more that have been predicted [11-17]. Figure 1 shows
how the seven known vanadium carbides can be classified by
the lattice formed by the metal. As with other Group IV-V
transition metals, the NaCl-type VC, structure (Strukturbericht
designation: B1) is highly stable. This phase is referred to as VC,
and can be described as an interstitial carbide wherein a face-
centered cubic (fcc) metal lattice hosts carbon in its octahedral
interstitial sites. The B1 carbide phases can often accommodate a
broad range of substoichiometry at the carbon site, since carbon
vacancies can enhance stability by increasing configurational
entropy, or by allowing for stoichiometric ordered structures
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Classification of the known vanadium carbides by metal lattice arrangement. Interstitial carbon sites are depicted as small yellow

spheres within the parent lattice of vanadium, which is depicted using red spheres. The carbon environment is illustrated using semitransparent
polyhedra. The B1 phase (VC,) and its derivatives can all be described as structures where the vanadium atoms adopt a face-centered cubic (fcc) lattice
with the carbon atoms occupying octahedral interstitial sites. The structures differ only in the concentration and ordering of carbon atoms among the

octahedral sites. The V,C phases are instead derived from a hexagonal close-packed lattice of vanadium atoms, with carbon again occupying octahedral
interstitial sites. The body-centered tetragonal (bct) phase reported herein is the first example of a vanadium carbide where the vanadium atoms adopt
a bet lattice, with carbon atoms occupying tetragonally compressed pseudo-octahedral interstitial sites.

that maximize favorable nearest-neighbor interactions while
minimizing unfavorable ones [18]. In other cases, and particularly
for the more electron-rich transition metals, substoichiometry
can stabilize a phase by reducing the unfavorable population of
antibonding orbitals [11]. This is the case for vanadium, where the
fully stoichiometric VC, (i.e., y = 1) is unstable under standard
conditions, decomposing immediately into VC, g4 and graphite.
This singles out vanadium as the only Group IV-V transition
metal not to exhibit the fully occupied rock salt structure phase
[11, 12, 16, 19-21].

Many of the phases reported in the V-C system can be described
as ordered derivatives of the B1 structure. However, it also
contains a number of phases derived from a hexagonal close-
packed (hcp) lattice, as seen in Figure 1. These phases, a-
V,C (Pbcn), B-V,C,, (P6;/mmc), and g'-V,C (P3m1), appear
over a narrow range of composition with 27 < at.% carbon <
34. The most commonly reported phase of the three is f§-
V,C,,, which can be described as an hcp vanadium lattice
with the octahedral interstitial sites randomly occupied (i.e.,
disordered) [11, 12]. These phases are sometimes represented
as V,C, to illustrate the variable stoichiometry of carbon,
and we will adopt this nomenclature here. With the excep-
tion of the small solubility of carbon into vanadium metal
(upper limit of 4.3 at.% C at 1923K), the V,C,, phases are the
most metal-rich compounds in the V-C phase diagram to date
[11, 12].

The growth of crystals larger than a few microns is rare for vana-
dium carbides, with most studies reporting on nanocrystalline
or thin film phases [11, 12, 22]. The only reports that detail large
single crystals involve the use of the floating zone technique to
grow crystals of the B1 phase [14, 22, 23]. All other structures
have been determined using powder methods on polycrystalline
samples [11, 12, 23]. Despite the extensive work carried out
on the V-C system, its behavior under high pressure remains
unexplored. The only high-pressure study to date uses pressure
to sinter a polycrystalline sample of the B1 phase at 5.0 GPa
[24].

Here we present an experimental investigation of the high-
pressure reactivity in the V-C system between 1.0 and 5.1
GPa in the metal-rich region of 25 at.% C. Across all pres-
sures, we recovered large single crystals of the known f§-

V,C, phase, as well as large single crystals of a novel bct
vanadium carbide, € — VC,,. We present in situ X-ray diffrac-
tion data collected during the high-pressure synthesis, which
provides insight into the mechanism of formation of these
phases.

2 | Methods

2.1 | High-Pressure Synthesis

All chemicals, unless noted, were used without further purifi-
cation after receiving them from the supplier. Vanadium metal
(2.0885g, 325 mesh, 99.99%) and graphite (0.1639 g, 99.9995%)
were hand-mixed in a 3:1 molar ratio and then transferred
to an agate-lined stainless steel jar along with six agate balls
(approximately 0.4 g each). The jar was then placed in a Retsch
planetary ball mill and the powders were mixed at 250 rpm
for 5-min intervals with 10 min rest periods in between. The
rotation direction was reversed between each cycle, and the total
milling time was 48 h. The ball-milled powder was then pressed
into pellets of the appropriate size using stainless steel dyes
inside an argon-filled glove box to prevent oxidation. We used
COMPRES 10/5 equatorial assemblies in all experiments [25, 26].
The equatorial cells contained an MgO ring window and a TiB,-
doped boronitride (BN) furnace to allow a wider window for in
situ x-ray diffraction than can be achieved with the standard
assemblies.

High-pressure high-temperature synthesis experiments were per-
formed at beamline 28-ID-D (MAXPD) at the National Syn-
chrotron Light Source II, Brookhaven National Laboratory. A
Kawai-type multi-anvil press was used to compress the sample,
which was then heated via resistive heating. In a typical synthesis
run, the pellet was first compressed to the target pressure,
then heated to 1200K and held at that temperature for 15
min. After each run, the sample was rapidly cooled to room
temperature in 8 min or less and then finally decompressed to
ambient pressure over 6 h to 8 h. Single crystals were isolated from
the product matrix via mechanical separation. X-ray diffraction
images were collected in situ (1 = 0.1814 A) by a Perkin Elmer
area detector with diffraction patterns collected every 10s. The
detector position was calibrated using diffraction from a LaBy
standard.
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2.2 | Crystal Structure Solution

For phase identification and crystal structure solution of the
samples recovered to ambient conditions, x-ray diffraction exper-
iments were performed using a Rigaku XtaLAB Synergy-S
diffractometer equipped with a HyPix-6000HE detector and using
Ag Ka radiation (1 = 0.5594 A). All diffraction experiments were
performed at room temperature. Reflections were processed with
CrysAlis™ (Rigaku, ver. 1.171.42.63a), and structures were solved
in Olex2 (ver. 1.5) using the SHELXT package [27, 28]. Structure
models were refined using the least-squares method of SHELXL
[28].

2.3 | Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) mapping was performed
on isolated pieces of the recovered sample pellets using a
Zeiss SEM 500 VP field emission scanning electron micro-
scope (FE-SEM) at Amherst College. The FE-SEM is equipped
with a Zeiss SE2 detector for secondary electron detection and
an Oxford Instruments Symmetry S2 detector for EBSD. FE-
SEM details and methodology for both SE imaging and EBSD
chemistry are detailed in Table S5. The samples were already
conductive and therefore were not additionally coated for FE-
SEM analysis. Samples were prepared for EBSD by mounting
them in epoxy, followed by mechanical polishing with diamond
lapping paste down to 1um grit size. Following mechanical
polishing, samples were then polished in colloidal silica in
a Vibromet for 8 h to reduce residual strain from mechani-
cal polishing, then finally washed with dish soap to remove
residual colloidal silica. Maps were analyzed within Oxford
Instruments post-acquisition processing software Aztec Crystal
(Version 3.1).

2.4 | Calculations

Density functional theory calculations to determine the rela-
tionship between carbon occupancy and tetragonal distortion in
NaCl-type VC, were carried out with CASTEP v25.1.2 [29]. We
sampled 300 carbon vacancy configurations of a 32-V atom 2 X
2 x 2 conventional supercell of VC,. From each of these configu-
rations, one to three unique distorted structures were generated
by shortening one of the lattice vectors by 79% (the approximate
distortion seen in experiments). The original cubic structures
and their distorted counterparts (1744 structures in total) were
then geometry optimized at 0 GPa. For these optimizations lattice
angles were constrained to 90 °, while lattice lengths and ionic
positions were allowed to relax.

The calculations employed the Perdew-Burke-Ernzerhof (PBE)
approach to the generalized gradient approximation of the
exchange-correlation functional [30]. The calculations used
CASTEP’s high-throughput psuedopotential library (QC5), a
cutoff energy of 400.0eV, a maximum Monkhorst-Pack [31]

grid spacing of 0.05 Ail, and finite basis set corrections. The
inputs and results of these calculations were managed using the
Atomic Simulation Environment (ASE) [32] and the pymatgen
[33] library of python packages.

3 | Results and Discussion

We examined the reactivity of vanadium and carbon at the metal-
rich composition of 25 at.% carbon in four separate high-pressure
synthesis runs carried out at peak pressures ranging from 1.0 to 5.1
GPa, and with heating in all cases to peak temperatures of around
1200K. Under ambient pressure, this composition is expected
to lead to a mixture of stoichiometric V,C and bcc-V alloyed
with a small amount of carbon (see Supporting Information).
In all four runs, we recovered single crystals belonging to two
distinct phases. The first phase is the hexagonal §-V,C,, phase
(P6;/mmc), which at ambient pressure is known to form in the
range of 27.0 < at.% carbon < 34.0 (0.36 < y’ < 0.58) at tempera-
tures above around 1923 K [11]. The second phase recovered from
our high-pressure syntheses was solved to a bct martensite-type
structure (I4/mmm), which has not been previously reported
in this system. Both phases are discussed below, along with a
discussion of the in situ X-ray diffraction data collected during
the synthesis runs.

31 | B-V,Cy

The §-V,C,, phase adopts the anti-NiAs prototype structure
(space group: P6,/mmc, Strukturbericht designation: L’3),
which is the same structure adopted by 8-W,C, 3-Ta,C, and 8-
Mn,C [4, 34-36]. This structure can be described as an hcp lattice
of vanadium with half of the octahedral interstices randomly
occupied by carbon (i.e., a disordered phase) [11, 12]. In the V-
C system, this is considered to be a high-temperature phase,
with the ordered a-V,C (Pbcn) and §’-V,C (P3ml) phases being
more stable at temperatures somewhere below 1100 K to 1600 K
(the exact temperatures are not known) [11]. It should be noted
that the hexagonal carbides are sometimes labeled as NiAs-type
(B8,), but the anti-NiAs-type designation is more accurate due to
the reversal of the cation and anion coordination (i.e., it is the
As atoms that form the hcp lattice in NiAs-type). In our high-
pressure experiments, we observe only the disordered §-V,C,,
phase, and do not see evidence of either of the two ordered phases.
This could imply that rapid cooling—on the order of seconds or
minutes in this case due to the small sample volume—allowed
for the recovery of the metastable high-temperature phase, or that
this phase is accessible at lower temperatures under compression.

In all of the single crystal samples that we studied, the diffrac-
tion datasets exhibited additional weak Bragg reflections from
separate domains with practically identical lattice parameters,
but with orientation matrices that had no obvious relation to
that of the main peaks. This suggests that these reflections came
from smaller crystallites attached to the main crystals. Within the
primary crystal domains, we saw no evidence of twinning. We
also performed scanning electron microscopy, which confirms
the presence of smaller crystallites (see Supporting Information).
The lattice parameters of the eight samples of 3-V,C,, reported
here fall within the relatively narrow ranges of 2.88 < a < 2.91 A
and 4.56 < ¢ < 4.59 A, while the refined carbon occupancy falls
in the rangel.02 < y < 1.20 (33.8-37.4 at.% carbon). These values
are consistent with what has been observed in §-V,C,, samples
recovered under ambient pressures, suggesting that the pressures
studied herein have a minimal effect on the carbon content in this
phase [11, 12].
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FIGURE 2 | Tllustration of the relationship between the tetragonal
€ — VCy» structure and the cubic B1 phase VC,. Vanadium atoms are
depicted in red and carbon atoms are depicted in gray. The unit cell of
the B1 phase is shown in red, while that of the martensite structure
is shown in blue. The octahedral coordination of the carbon atom at
the center of the B1 unit cell is highlighted with a red polyhedron. The
tetragonal cell is depicted with ¢/a = \/5, where the two structures are
indistinguishable. In the bct phase, this ratio is below \/E, leading to
a tetragonal compression of the octahedral interstitial site occupied by
carbon.

3.2 | E—ch//

Alongside the hexagonal §-V,C,, crystals, we also recovered
crystals of a novel tetragonal phase that we refer to as € — VC,.
This phase contains vanadium atoms in a bct structure with
carbon occupying its pseudo-octahedral interstitial sites. This
structure is analogous to the bct martensite structure seen in
iron steels (FeC,, x < 0.06) [37], solving to the I4/mmm space
group with vanadium and carbon atoms in the (2a) and (2b)
Wyckoff positions, respectively. We invoke the term “martensite”
here solely to describe the structural prototype of this novel phase,
rather than as a descriptor of its mechanism of formation. How-
ever, we do find similarities with martensitic growth mechanisms
observed in iron steels, as we describe below.

Figure 2 shows how the bct structure is related to the B1 structure
of VC,. According to the Bain model, when the c/a ratio of the

tetragonal martensite structure is equal to \/5 (~ 1.414), then the
two structures are identical [38, 39]. At lower/higher ratios, the
interstitial sites become tetragonally compressed/elongated, lead-
ing to the “pseudo-octahedral” coordination around the carbon

atoms. In € — VC,, the carbon site is tetragonally compressed

(c/a< \/5). The € — VC,, structure hosts a significant range
of substoichiometry at the carbon site, with refinements of the
carbon occupancy from x-ray diffraction modeling yielding 0.12 <
y"” < 0.36 (11 — 27 at. % carbon) across our recovered samples.

The crystallization of the hexagonal phase §-V,C, from a
25 at.% carbon mixture is consistent with the phase diagram
determined for ambient pressures, albeit with the unexpected
quenching of the disordered “high-temperature” §-V,C,, phase.

1.45

1 e ___Z 28 BBRREE 0| Q 882
140 (L LLLALAELE
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FIGURE 3 | Plot of the c¢/a ratio as a function of the carbon
occupancy for experimental € — VC,» (blue circles) and iron martensite
FeC(y<0.06) (orange squares, taken from Ref. [39]). The dashed line
indicates the c/a ratio of \/5 which corresponds to a face-centered
cubic (fcc) lattice (i.e., the B1 structure). Shaded regions represent the
experimentally known limits of the stability field of the ¢ = VCyn, 8-
V,Cyr, and Bl VC, phases. Open circles represent computationally
relaxed structures of the bct phase across the full composition range, with
the lowest energy structures plotted in red.

The crystallization of a body-centered tetragonal phase, on the
other hand, is a significant departure from the ambient pressure
phase diagram, and represents the discovery of a new phase
within the V-C system.

In our recovered € — VC, crystals, the ¢/a ratios all fall within
the narrow range of 1.11-1.14, regardless of synthesis pressure.
Figure 3 plots the fitted c/a ratios against the refined carbon
occupancies from x-ray diffraction modeling, expressed in units
of at.% C. To provide context for these values, data from a study
of ¢/a versus carbon content in iron martensite are also plotted
alongside our data [39]. In ¢ — VC,, the ¢/a ratio is significantly
higher than that seen in iron martensite (approx. 1.01 — 1.05), and
it does not appear to vary significantly across the range of carbon
concentrations present in our samples [39]. One interpretation
is that the lattice has undergone the majority of its expansion at
concentrations below ca. 10 at.% carbon, with additional carbon
having minimal effect on c¢/a.

Figure 3 shows that there is not a direct linear transition from the
bct to fcc structures between 0 and 50 at.% carbon. In other words,
the addition of carbon does not lead to a linear increase in the ¢ /a
ratio up to the limit of full occupancy. This is already apparent
from the fact that cubic VC, samples have been stabilized with
carbon concentrations as low as 37 at.% carbon [11]. It is notable
that there appears to be a critical upper limit of carbon occupancy
in € = VC,,. From our data, we can estimate this limit to be
around 27 at.% carbon. Taken together, these data suggest that
over the range of around 27-37 at.% carbon, neither the e — VC,
nor the B1 phase is stable. It is perhaps no coincidence that this
range aligns well with the known stability field of -V,C,, [11].

We performed calculations using density functional theory to
evaluate how the tetragonal distortion from the cubic VC, evolves
with carbon content at zero pressure. These data are plotted as
open circles in Figure 3, with the lowest energy structure at each
composition plotted in red. The low-energy structures show good
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FIGURE 4 | Waterfall plot of the in situ XRD data collected during
heating at 4.0 GPa. Prominent diffraction peaks from phases of interest
are highlighted with various shapes as listed in the legend. The trajectory
of the (110) peak of bce-V is highlighted with a black outlined arrow.
The patterns shown were collected every 100 s. The color of each trace
indicates the temperature at the time of collection (see legend). The traces
are separated around halfway to allow for clearer annotation of the peaks
that appear. The topmost separated trace shows the diffraction pattern
recorded at ambient pressure and temperature after decompression. Peaks
arising from the sample cell assembly are all labeled with an asterisk for
clarity.

agreement with the experimentally observed ratio below 27 at.%
carbon. The calculations also capture the known preference for
the NaCl-type structure at compositions above 37 at.% carbon.
Under traditional synthesis conditions (i.e., at low pressures), the
B-V,C,, haslong been known as the most metal-rich binary phase
that can be stabilized within the V-C system. In this context,
the € — VC,» phase represents the discovery of a new phase that
is more metal-rich than any of the phases known to date. To
gain deeper insight into the formation of the metastable e — VC,
phase, we turned to in situ x-ray diffraction collected during the
synthesis runs.

3.3 | In Situ X-Ray Diffraction

In all four runs, we collected in situ x-ray diffraction data over the
course of the experiment, providing a window into the evolution
of the phases of interest during the reactions. Figure 4 plots a
waterfall of integrated XRD patterns collected over the course of
heating one of the samples after compressing to 4.0 GPa, focusing
on a narrow range of 26 for clarity. We describe one dataset here,

but all four runs showed qualitatively the same behavior (see
Supporting Information).

The low-temperature patterns clearly show diffraction from
compressed bec-V, as well as from various assembly components
including MgO, TiB, (peak at around 5.1°), and mullite. The
lattice parameters of bce-V were used to estimate pressure within
the sample chamber, while the TiB, lattice parameters provided
an estimate of pressure just outside the sample. Since pure bce-V
does not exist after the onset of reactions, we use the TiB, lattice
parameters to approximate the pre-heating and postheating pres-
sures in all runs reported here [40]. The MgO lattice parameters
were also monitored as a marker of temperature increase and a
rough estimate of pressure.

At the onset of heating, the unit cells of bcc-V and MgO both
expand in accordance with their expected thermal expansion,
which has been previously measured over the relevant pressure
range for both phases [41, 42]. However, above approximately
800K, the bce-V peaks exhibit a significant departure from the
expected thermal expansion behavior, rising to a unit cell volume
much higher than could be expected from temperature increase
alone. This trajectory is highlighted by a black curved arrow in
Figure 4. One interpretation could be a significant drop in the
sample pressure, but we did not observe the same dramatic lattice
expansion for other phases present in the patterns, and we saw no
drop in the hydraulic pressure in the press.

Another interpretation for the expansion of the bcc-V lattice is
that it is caused by carbon diffusing into the interstitial sites.
Indeed, this would be expected to cause an expansion of the
lattice along with a concomitant decrease in sample pressure
as the relatively low density graphite is consumed to form the
high density bcc-derived vanadium carbide phase. At around
the same time that the bcc-V lattice reaches its maximum
volume, we observe the growth of peaks that can be readily
attributed to 8-V,C,,, as well as an additional set of weaker
peaks. The weaker peaks are consistent with the known B1 VC,
structure.

After decompressing the sample slowly over 8 h to near ambient
pressure, a final x-ray diffraction pattern was collected while the
sample was still in the press. This pattern was used to extract
lattice parameters for 8-V,C,, (a = 2.89, ¢ = 4.58), which are in
good agreement with those determined from the SCXRD studies
described above. Although the weak peaks that we ascribe to the
B1 phase were also present in this pattern, we did not observe
single crystals of this phase upon recovery and we do not see
evidence of this phase in the EBSD maps (vide infra). One possible
interpretation is that the B1 phase can be stabilized at pressure
with a much lower carbon content than has been previously
observed, but then transforms at lower pressure into € — VC,.
This would be consistent with the lack of diffraction peaks from
the € — VC,,, phase in these patterns, although we should note
that many of its peaks are coincident with the -V,C, and
MgO phases and would therefore be obscured anyway. It is also
important to note that even though the final in situ pattern was
measured after decompression of the press, the sample may still
be under residual high strain. The transition into the bct phase
may thus be occurring later, when the assembly is fully removed
from the press.
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FIGURE 5 | Overlay of the band contrast and IPF map collected on
the surface of a polished piece of the pellet recovered from 3.7 GPa. The
IPF map is shown for the ¢ — VC,» phase exclusively (orientation legend
shown in the bottom right). The band contrast is shown in grayscale,
where the brighter areas represent regions with higher diffraction
intensities. High band contrast regions without IPF color overlays index
primarily to bee-V (see the Supporting Information).

3.4 | Phase and Crystal Orientation Mapping

We used EBSD to examine a polished surface of the sample
pellet recovered from the 3.7 GPa synthesis. We saw little to
no contribution from any other carbide/oxide phases, including
the B1 phase (see Supporting Information). The majority of the
sample surface was §-V,C,, (75%), with the remainder being
€ — VC, (23%) and bcc-V (2%). Figure 5 shows an inverse pole
figure (IPF) map measured over the RD-TD rolling plane in a
zoomed region containing a grain rich in both ¢ — VC,,, and bce-
V. The IPF map is shown for the ¢ —VC,, phase exclusively,
and reveals a lath or needle-like orientation of the ¢ —VC,,
phase within a bcc-V matrix. This texture is reminiscent of the
characteristic laths observed in iron martensite, and may provide
clues into how the € — VC,, phase is formed [43, 44]. Given that
lath structures in martensitic iron steels are believed to form
as a way to minimize internal stress during the diffusionless
transformation from austenite (fcc) to martensite (bct), their
presence here may be evidence of a similar diffusionless transition

between the B1 phase and € — VC,.

4 | Conclusion

We have presented the first investigation into the reactivity of the
V-C system at high pressures and temperatures. We recovered
large single crystals of the previously known §-V,C,, as well as
single crystals of a novel phase, ¢ — VC,,, that can be described
structurally as a carbon-rich analogue of iron martensite. A single
crystal x-ray diffraction analysis of the recovered samples of -
V,C,, was consistent with values reported in the literature in
terms of both lattice parameters and carbon occupancy, suggest-
ing a limited sensitivity of the carbon content to the synthesis
pressure in this phase. In the single crystal x-ray diffraction of the

novel ¢ — VC,, phase, we observed a c/a ratio that was largely
invariant over the broad range of carbon occupancies measured.

Our in situ XRD and ex situ EBSD data allow us to formulate a
hypothesis for the chemical reactivity of vanadium and carbon
under the elevated pressures studied here. First, above approx-
imately 800K, bcc-V undergoes a significant expansion of its
lattice caused by the diffusion of carbon into its interstitial sites.
This diffusion into the lattice continues with sustained heating
until the carbon content is high enough, the expanded bcc-V
begins to transform into 8-V,C,, and VC, structures (the decrease
in the bee-V peak intensity supports this). While we do not see
direct evidence for the e — VC,,» phase in the in situ XRD data, the
EBSD mapping suggests that the -V,C,, phase is retained all the
way through quenching, whereas the tetragonally distorted € —
VC,, phase may be arising from a diffusionless distortion of the
carbon-poor VC, phase. This would be an interesting mirroring of
the diffusionless mechanism by which austenite transforms into
martensite in the Fe-C system, and hints at a new method for the
pressure processing of vanadium-based steels.
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