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We prepare multi-component transition monocarbides of chosen composition by arc-melting together a pre-alloy
of the transition metals and cast iron. Based on the elements Ti, Ta, V, Nb and W, 51 different binary, ternary and
quaternary compositions are produced. The intrinsic hardness H and modulus E of the resulting iron-embedded
carbide particles are directly measured using nanoindentation. Of all compositions tested here WC shows the
highest modulus while two (Ta,V)C and (Ti,W)C carbides are shown to have a hardness 15% higher than that of

all binary carbides; some (Ti,Ta,V)C compositions furthermore display interesting combinations of properties.
The modulus and hardness variations with composition show that the valence electron concentration, which has
been proposed to be a dominant parameter in predicting carbide hardness and modulus, is not a useful single
predictor of optimal compositions. Other important parameters therefore also govern the hardness and modulus

of MC carbides.

1. Introduction
1.1. Transition metal carbides

The quest for new super-hard materials, and therefore for reliable
hardness predictors, has been running for decades among scientists; see
e.g. references [1-3] for a review of different models and some current
axes of research. A key for a high hardness seems to lie in the presence,
within the material, of an isotropic 3D network of short covalent bonds,
consistent with the fact that most cubic monocarbides are very hard.

Transition metal (TM) monocarbides therefore offer a very appealing
combination of properties as reinforcing second phases in hard grades of
steel since they exhibit high hardness, modulus and melting point
values, while being chemically inert in many harsh environments. The
fact that transition metals can form very hard compounds with light
elements such as carbon or nitrogen has been attributed to a high
valence electron density (electrons per unit volume, VED) and a high
density of strong and short covalent bonds [4,5] in resulting compounds.
While a high bulk modulus is indeed promoted by a high VED [5,6],
hardness is, however, a more complex property because the resistance to
plastic deformation under a hard indenter cannot be described solely in
terms of elastic properties: the phase resistance to plastic flow and to
fracture also intervene. In practice, both properties have importance in
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the performance of materials liable to serve in harsh environments that
require a high resistance to both wear and deformation under elevated
surface loading.

The ab-initio calculations of Jhi et al. [7] have shown a link between
hardness and valence electron concentration (electrons per unit cell,
VEC), according to which in some transition metal carbides and car-
bonitrides (Ti(C,N), Hf(C,N) and (Zr,Nb)C) there should be a maximum
in both hardness and shear modulus for a VEC ~8.4. This trend was
already suggested by Holleck [8] based on micro-hardness measure-
ments on different mixed carbides and carbonitrides. Its universal val-
idity can, however, be debated. First, because even if the shear modulus
seems to be the elastic property that shows the strongest correlation with
hardness [5,9-12] owing to its proportionality to the energy required to
nucleate dislocations, the correlation might hide other parameters that
intervene in determining the hardness of materials. Secondly, not all
data speak eloquently in favour of the VEC being a strong predictor of
hardness: in polycrystalline Ti(C,N;_,) samples, with a VEC varying
from 8 to 9, no maximum in micro-/nanohardness was observed and
measurements of the shear modulus show only a weak maximum at a
VEC ~8.3-8.4 [13,14].

Among the parameters that affect the hardness of binary MC car-
bides, the carbon content seems to play a major role. For example in TiC,
which exhibits a large homogeneity range, the maximum hardness at
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TiCo.9 (upper limit of homogeneity range) is almost double that of TiCg 5
[15]. As for TaC, the maximum H is found with TaCyg, which was
roughly twice as hard as stoichiometric TaC [15-17]. Anisotropy, and
therefore crystal orientation, is yet another parameter. The hardness of
WC [18-27] and that of TiC [28,29] are highly anisotropic. A very wide
range of values has been reported for WC; apart from the study of
Bonache et al. [27] the hardness measured on the basal plane is always
found to be higher than that measured on the prismatic plane, with a
strong influence of crystal orientation on the value reported.

A further complication comes from the fact that the production of TM
carbides is a challenging task, hindering the collection of experimental
data. Samples are most of the time produced by sintering powders, in
turn making assessment of their intrinsic mechanical properties subject
to the influence of extrinsic parameters such as the presence of pores or
grain boundaries. We aim here to complete the sometimes scarce or
discrepant literature data on the intrinsic modulus and hardness of bi-
nary NbC, TaC, TiC, VC and WC monocarbides via nanoindentation
measurements conducted on microscopic dense single crystals of car-
bide, produced and embedded in an iron matrix by in-situ reaction using
cast iron as the carbon source, in a way similar to the early technique
described by Kieffer and Rassaerts [30]. Of less direct similarity but
worthy of mention is the recent work of Cai and Xu [31] who produced
NbC films by reaction of Nb with grey cast iron, and that of Wu et al. [32,
33] who produced NbC and VC particles by the reaction of a Ni-Cr cast
iron with ferroniobium and ferrovanadium, respectively.

Having generated in this way binary or mixed transition mono-
carbides over a wide composition range we measure their hardness and
elastic (indentation) modulus using nanoindentation, searching for op-
tima in those properties. Mixed carbides can indeed show enhanced
properties compared to the constitutive binary carbides, as demon-
strated by Castle et al. who reported a mixed HfTaZrNbC carbide with a
nanoindentation hardness of H=36 GPa and an indentation modulus
M =598 GPa (i.e. a Young’s modulus E=544-574 GPa assuming a
Poisson’s ratio v =0.2-0.3) [34]. Also in the ternary (Ti,W)C system,
Reference [5] in [35] reports a slight maximum in microhardness at
15-20 wt%WC, although no maximum was reported in Reference [161]
(original references in Russian).

Mixed TM carbides investigated here are the 5 ternary systems (Nb,
Ti)C, (Ta,Ti)C, (Ta,V)C, (Ti,V)C and (Ti,W)C, and several quaternary
compositions in the (Ta,Ti,V)C system. Note that, except for (Ti,W)C, all
carbide systems investigated here show complete miscibility and, apart
for the hexagonal WC phase, all those carbides crystallize with the cubic
rock-salt structure.

1.2. Nanoindentation of embedded carbides

Nanoindentation, now a widespread testing method for assessing
local micro-mechanical properties [36,37], is particularly suitable for
the fast and direct measurement of intrinsic properties of embedded
carbide particles of this work; however, one has to be careful with data
acquisition, analysis and interpretation. Over the past decades, there
have been considerable improvements regarding testing equipment on
the one hand, and understanding of the physical phenomena governing
indentation on the other hand, leading to improvements in the tech-
nique and hence to the acquisition of more accurate and trustworthy
results. The Oliver and Pharr [38,39] method is the most common
analysis procedure used and has been proven successful for effectively
assessing the hardness and elastic modulus of a wide range of materials.
One of its major drawbacks lies in the fact that it fails when pile-up or
sink-in effects are important, because the contact depth, and hence the
contact area, are then misestimated.

When dealing with complex composite microstructures, obtaining
meaningful data by indentation is furthermore not straightforward
because of the potential influence exerted by other phases present. The
testing of hard particles embedded in a softer matrix has thus only
scarcely been reported [40,41]. Buchheit and Vogler [40] assessed the
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Table 1
Characteristics of the raw materials.
Purity [%] Shape Supplier
Nb 99.9 Powder Wah Chang Corporation
Ta 99.98 Powder abcr GmbH
Ti 99.99 Granules abcr GmbH
\4 99.7 Granules abcr GmbH
w 99.9 Powder Alfa Aesar

hardness and modulus of ceramic particles (¢ 25-100 pm) embedded in
epoxy via continuous stiffness measurements and corrected their data
for an additional, matrix-induced, compliance. Resulting hardnesses
were found to be similar to values derived by the classical Oliver and
Pharr method, while reduced modulus values were 1 to 8% higher after
correction (in most cases within the standard deviation of the mea-
surements). This “structural compliance” correction is similar to the
method suggested by Jakes [42], and has also been applied by Takahashi
in porous Fe4N [43].

It is commonly accepted as a rule of thumb that, for an accurate
measurement of the intrinsic hardness of a film, the indentation depth
should be less than approximately 10% of the film thickness, since at
higher indentation depths the substrate starts to yield and the film
hardness is underestimated. Bhattacharya and Nix [44] showed by FEM
modelling that this holds true for a hard film deposited on a soft sub-
strate. Saha and Nix [45] confirmed this experimentally by obtaining
reliable hardness values for a hard W film on a soft Al or glass substrate
when the indentation depth was less than approximately 10% of the film
thickness. The FEM study of Gamonpilas and Busso [46] also showed
that the 10% rule is appropriate when the film-to-substrate yield stress
ratio, oyf/0ys, is >10, while if oy/0ys>20 and the film-to-substrate
Young’s modulus ratio, Es/E;, is >0.1, the indentation depth should
remain below 5% of the film thickness (more than 10% if one allows a
plastic deformation of 2% in the substrate, which should not result in
great error on H). The more recent FEM study of Chen and Bull [47]
showed that the hardness of a TiN coating on a steel substrate decreases
with increasing relative indentation depth, but does so almost insignif-
icantly below 10% relative indentation depth. This led the authors to
conclude that the 10% rule is overall a safe estimate, including for a very
hard coating on a softer substrate.

Specific methods have also been developed in order to evaluate the
intrinsic elastic properties of thin films when they differ from those of
the substrate [45,48-50]. In particular Saha and Nix’s [45] modified
version of King’s model [49] allows for a good estimate of the film
modulus when E; S 3E;. However the method requires knowledge of the
thickness of the film, or particles in our case, and of the elastic properties
of the substrate, or matrix in our case. Whereas one can more or less
easily measure the (constant) thickness of a deposited film, measure-
ment of the thickness of each embedded particle underneath the load
application point would be very tedious, as techniques such as FIB
milling would be needed.

In conclusion, given the behaviour of carbides in nanoindentation,
given also the relatively high modulus of iron (near one-third that of
most carbides), using nanoindentation to measure the hardness and
stiffness of carbide particles embedded in steel has the potential to
provide reasonably accurate data provided the particles are made to be
sufficiently large, by a factor near ten, in comparison to the width and
depth of indentations produced during the test.

2. Experimental

Multi-component carbide particles of tailored composition were
grown in cast iron according to the following procedure: (i) cast iron was
made by induction melting pure iron chips (99.98% purity, Sigma-
—Aldrich Corporation) in a graphite crucible, (ii) transition metals
(characteristics given in Table 1) were pre-alloyed by arc-melting under
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Fig. 1. (Ta,V)C carbide particles after arc-melting (left) and after a heat treatment for 72h at 1400 °C.

Ar in a laboratory arc melter (Edmund Biihler MAM-1), and (iii) cast iron
and the TM pre-alloy were molten together by arc-melting. The resulting
samples weighed between 2 to 3 g for a TM carbide content of approx-
imately 40 vol.%. A list of all samples produced and tested in this work is
given in the Appendix, Table A.1. In some cases a subsequent heat
treatment was carried out to further grow and coarsen the particles and/
or homogenize their composition (see e.g. Fig. 1); a detailed list is given
in the Appendix, Table A.2.

Samples were then cut, embedded and polished down to 1/4 pm
diamond paste for scanning electron microscopy and nanoindentation
measurements. SEM imaging was done at 2kV with a ZEISS Merlin
microscope and chemical analyses by energy dispersive X-ray spectros-
copy (EDX) with a Oxford Instruments SDD detector at an accelerating
voltage of 10 kV. This gives the respective proportions of metallic atoms
present within the carbide. Because of the low sensitivity of EDX to
carbon, the carbon content and hence potential deviations from metal/
carbon atom stoichiometry in the composition of the various carbides
analysed here are on the other hand not documented.

Nanoindentation tests were performed with a Hysitron® TI950 Tri-
boIndenter. For hardness measurements a diamond Berkovich indenter
was chosen in order to obtain imprints that are deep enough at a mod-
erate load level while limiting the occurrence of cracking. The maximum
load P, was set at 6 mN as no load effect was observed on binary
carbides in the range 4-10 mN. The tip area function A was calibrated on
a fused quartz reference sample and validated on a 4H-SiC wafer (from
University Wafer). Data were analysed using the standard Oliver and
Pharr method and hence hardness is calculated as:

Pmax Pmax

H="" ith h = e — 622 1
) with h, = h 13 S (€))

where £¢=0.75 and S =$|,_, is the contact stiffness obtained by
fitting the unloading curve (upper 95 to lower 20%) with a power law.
The reduced modulus E, is also calculated from the unloading curve
according to:

2
o T S

54 @

From those data, the Young’s modulus of the tested carbide particles,
E, can be derived:
O e

5T +— 3

where v stands for Poisson’s ratio and subscript i refer to the indenter.
The Poisson’s ratio of ternary and quaternary carbides is calculated by
assuming a stoichiometry-based rule of mixtures of values for the rele-
vant binary carbide compositions.

A minimum of 6 particles were tested for each composition, leading
to a minimum number of 9 indents for binary carbides (for which there is
no change in composition and additional tests with different maximum

loads were performed) and 24 for each ternary/quaternary composition.
As a check for the correctness of measurements dynamic measurements
were also performed on 9 samples (among binary, ternary and quater-
nary compositions) at a frequency of 165Hz with a maximum load
Ppax=10mN.

3. Results
3.1. Microstructural observations

Selected SEM micrographs of carbide particles are presented in
Fig. 2. Particles typically show a dendritic morphology after solidifica-
tion and other phases (Fe-containing carbides and/or intermetallic
compounds) are also frequently observed, such as the darker Fey(Ta,V)
particles present within the TagyV;oC sample (Fig. 2f). The tested par-
ticles are typically larger than 10 pm in diameter, the smallest being
those of VC with a diameter comprised between 5 and 10 pm. This, in
turn, enables nanoindentation testing to be conducted while keeping
each nanoindentation below 10% of the carbide particle width or depth.

3.2. Measurement quality checks

Dynamic measurements typically show a plateau in hardness and
storage modulus across the load range 4-8 mN, as illustrated in Fig. 3 for
a VC particle. Note also that, in this load range, the average hardness
values are in agreement with the static measurements presented below,
whereas the storage modulus values are found to be 5 to 11% lower than
the static values.

Four identical line profiles were drawn across a Tis4W4cC particle
and the surrounding matrix on scanning probe microscopy (SPM) im-
ages recorded before and after 6 indents at 6 mN; scans are shown in
Fig. 4. The four line profiles, levelled with respect to the average matrix
height, show that the particle height relative to the matrix is the same,
within experimental uncertainty, before and after indentation. To
quantify this, a numerical integration of the raw (non-smoothed) data
curves, before and after indentation, was performed over the distance
spanned by the particle, excluding the areas under the indents. The
difference between the average particle height relative to the matrix
height before and after indentation was found to be less than 1.5 nm,
showing that there is no noticeable plastic deformation of the iron ma-
trix induced by the indentations.

3.3. Elastic modulus and hardness

Table 2 summarizes the elastic modulus and hardness measured on
particles of the five binary carbides grown within an iron-based matrix.
One can see that WC has by far the highest modulus, but also shows more
scatter in data than do the other carbides; this is clearly due to its known
high level of anisotropy. The modulus of VC is found to be the lowest. In
terms of hardness, all values fall in the same range, at around 31 GPa,
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Fig. 2. SEM micrographs of a few carbide particles: (a) TiC, (b) Tig1W19C, (¢) Ti34VesC, (d) TizpTaygC, (e) TiasNby7C, (f) TagoV1oC, (g) TijeTazeVsC and (h)

Tis4Ta,Vo4C (heat treated 24h at 1400 °C).

except for NbC, the hardness of which is approximately 5 GPa lower.

Results of the hardness and modulus measurements on ternary
transition carbide particles are graphically presented in Fig. 5. The error
on composition is taken as the larger between (i) the estimated accuracy
of the EDX quantifications (+1.5at.%) and (ii) variations measured
within the sample. One can see that no general trend is observed and
variations in mechanical properties are highly system-dependent.

In the (Ti,V)C ternary system, carbide particles with a relative Ti
content near 50at.% are found to display the best combination of

properties. Indeed hardness data suggest a maximum for H of around
33 GPa situated at intermediate compositions, between ~34 and 47 at.%
Ti (VEC ~8.5-8.7), whereas the elastic modulus is highest for Ti-rich
compositions. This ternary system is that for which the lowest peak
modulus was measured.

The ternary system (Ta,Ti)C shows a different evolution of hardness
and modulus with composition. Both properties have a maximum at a
relative composition of ~20 at.% Ti (VEC ~8.8), while a minimum is
observed for a VEC ~:8.3. The maximum hardness is again about 33 GPa,
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Table 2

Elastic modulus and hardness of binary carbide particles; values of Poisson’s
ratio used in the calculation of E are also reported. The error values correspond
to the standard deviation of the measurements.

E [GPa] H [GPa] v [-]
NbC 455+ 14 25.7+1.2 0.22 [51-53]
TaC 487 +14 31.6+0.8 0.24 [51,54]
TiC 473+6 30.9+0.7 0.20 [53,55]
vC 418+8 30.4+0.9 0.22 [52,53]
WC 637 + 32 31.1+3.4 0.24 [56,57]

but compared to the (Ti,V)C system higher moduli are found.

The VEC is constant in the (Ta,V)C system, since both Ta and V
belong to Group V of the periodic table. Ta-rich compositions of mixed
(Ta,V)C carbides display the highest values of hardness and modulus,

both being found at a relative composition of ~90 at.% Ta. Hardness
reaches here a maximum of 3641 GPa and hence exceeds the values
found in the two preceding ternary systems. Note, however, that two
very close compositions show significant differences, one having a
considerably higher hardness but a lower modulus than the other.

Within uncertainty, the hardness of (Nb,Ti)C carbides does not show
significant variation, with all values lying in the range 30-33 GPa except
for binary NbC. Hence in this system a small addition of Ti is already
sufficient to bring the hardness of the carbide to a level comparable to
that of binary TiC. On the other hand, a maximum in elastic modulus is
found at a Ti relative content of approximately 20 at.% (VEC ~8.8),
which makes this composition the most interesting within this system in
terms of H and E combined.

In the (Ti,W)C ternary system, peak hardness is found at ~40 at.% Ti,
while no intermediate composition is able to compete with the high
modulus of binary WC. The peak H value at 36.4 + 1.5 GPa represents
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Table 3
Hardness of binary carbides: present measurements and comparison with liter-
ature data.

H [GPa] Hy [GPa]
NbC 257 +1.2 25.5-33.8 [32,58]
TaC 31.6+0.8 18-29 [34,59,60]
TiC 30.940.7 ~32[14]
Ve 30.4+0.9 ~35 [58]
we 31.1+3.4 17-55 [21-27,40]

the highest value of hardness that we measured in this work.

Results of the hardness and elastic modulus measurements on qua-
ternary transition carbides are graphically presented in Fig. 6. All
hardness values are found to lie within the range 30.3-32.4 GPa, i.e. in
the same ballpark as the hardnesses of the 3 constituent binary carbides.
Higher values of modulus, comprised between 540 and 555 GPa, are on
the other hand observed for carbides containing a low amount of V and
more Ta than Ti. These values represent a 10-15% increase as compared
to binary TaC or TiC.

4. Discussion

We begin with a few general observations before discussing modulus
and hardness values that we measured; those are collated in the ap-
pendix, Table A.1. First, across samples tested here we did not observe a
correlation between hardness and particle size. Secondly, residual
stresses are present within the carbide particles due to the mismatch in
coefficient of thermal expansion between the carbide particles and the
iron matrix, coupled with the significant temperature excursion between
the iron phase solidification temperature (or heat treatment temperature
if relevant) and room temperature. Working numbers leads to conclude
that (compressive) residual stress values in the carbide particles are at
most on the order of a few GPa, i.e. an order of magnitude lower than
measured carbide hardness values, and likely much lower owing to
matrix plastic deformation and the fact that particles were tested along a
free surface. Residual stresses are thus unlikely to have significantly
influenced nanoindentation data of this work. This is corroborated by
the fact that the hardness of samples that were subjected to a subsequent
thermal treatment is not systematically lower than values measured in
samples that were rapidly solidified and brought to room temperature in
the arc-melter.

4.1. Binary carbides

Given the large range of reported values and/or the scarcity of data
in the literature, present values for the hardness of binary MC carbides
are overall consistent with previous published results, see Table 3. The
results for TiC, WC and NbC are in agreement with previous studies,
whereas our value for TaC is slightly higher, and that for VC lower, than
what is reported in the literature. We observe a relatively small
dispersion of our values for TiC, despite the anisotropy of hardness
observed by Maerky et al. [28] and Kumashiro et al. [29].

The relatively high hardness of TaC particles, compared to literature
data gleaned on sintered powders, might be due to a carbon deficiency
when those carbides are grown from the melt. Impurities may also play a
role since in [59] and [34] the authors found H = 18-22 GPa using a TaC
powder of 99.5% purity from the same supplier, H.C. Stark, while in
[60] the authors found H = 26 + 3 GPa with a powder of 99.7% purity
from Inframat Advanced Materials LLC. Note also that most published
hardness values obtained via nanoindentation have been measured on
samples made of sintered powders that contained some amount of
porosity [14,34,58,59], and sometimes on particles that were insuffi-
ciently large (~1 pm) compared to the size of the indents [22,25-27].

Anisotropy, as mentioned in the introduction, constitutes a potential
source of discrepancy. We note, however, that the magnitude of the
standard deviations on the hardness and elastic modulus values of all
cubic carbides tested here is rather small, suggesting, either that tested
particles were not randomly oriented, or if randomly oriented particles
were tested, that those are only weakly anisotropic.

One could have expected a correlation between group and hardness
since Group IV (TiC, ZrC, HfC) transition metal carbides have fewer
metallic bonds than Group V (TaC, NbC, VC) or Group VI carbides.
Furthermore in Group IV monocarbides slip is predominant in the {110}
planes whereas slip in Group V monocarbides mostly takes place in
{111} slip planes [61,62]. DFT calculations of De Leon et al. [62]
showed that {110} slip is energetically favourable in all of the transition
carbides, but also revealed the presence of an intrinsic stacking fault
(ISF) in the {111} plane of Group V carbides. Calculations of dislocation
energies using a Peierls Nabarro model showed that this ISF makes it
energetically favourable for dislocations in the {111} plane to decom-
pose into Shockley partials, which lowers the energy barrier for the
motion of {111} dislocations in Group V carbides. In our measurements
NbC is the only binary carbide (from Group V) with a hardness lower
than that of TiC, and hence our results do not provide confirmation of a
correlation between metal group and hardness.
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Table 4
Elastic modulus of binary carbides: present measurements compared with
experimental literature data.

E [GPa] Ej;e [GPa]
NbC 455 + 14 488-550 [51,63]
TaC 487 + 14 537-567 [51,54,64-66]
TiC 473+6 436-467 [63,65,67-70]
VC 418+8 430 [63]
wC 637 + 32 623-722 [51,56,63,71]

For the elastic modulus only data obtained via ultrasonic measure-
ments on single crystals or sintered powder extrapolated to full density
are considered here as trustworthy literature experimental data. One can
see that our data compare fairly well with the literature (Table 4), except
again for TaC particles whose modulus is lower than the range of pre-
viously reported values. Note that values from density functional theory
(DFT) calculations, when available, have such a large spread that they
yield an overly vague comparison with the measurements we report here
(419-611 GPa for NbC [32,52,53,72-76], 492-680 GPa for TaC [32,53,
74,75] and 401-481 GPa for TiC [53,55,72-77].

4.2. Properties of ternary and quaternary carbides

The discrepancy in hardness and modulus observed between the two
(Ta,V)C samples containing carbides of composition near 90% Ta re-
mains unexplained since the two samples were processed identically and
contain the same impurity levels. There is yet a difference in micro-
structure between these two samples: the harder sample contains car-
bides of more dendritic character and the carbide particles are also of
size and shape such that the two samples having been cut along differ-
ently oriented planes of the same (anisotropic) microstructure can be
excluded. Hence there might have been a difference in the cooling rate at
which each of the two samples was solidified which might, in turn, have
resulted in carbides with different carbon content. A difference in carbon
stoichiometry is however difficult to measure.

The maximum solubility of W in the cubic TiC structure is about
50 at.% at 1500 °C and decreases with temperature [78,79]. This means
that the two compositions Tizg4sWeeC and TisgsW46C, which show the
highest hardness values in this system and values of modulus that are
among the highest that we measured, are actually metastable
compositions.

For ternary systems exhibiting complete miscibility it is possible to
compare the change in mechanical properties with the change in lattice
parameter a (values for cubic binary carbides are given in the Appendix,
Table A.3). The magnitude of change in a is the highest in the (Ta,V)C
system (Aa=6.5%), which also shows the largest variation in E
(~100 GPa) and the second largest variation in H. This being noted, the
agreement stops here since (i) most of the ternary systems do not show a
linear or even regular evolution in mechanical properties with compo-
sition whereas it seems reasonable to assume that a does according to
Vegard’s law, (ii) the second largest variation in E (~90 GPa) is observed
in the (Ta,Ti)C system which has also the smallest variation in a (3%),
and (iii) the largest variation in H (~6 GPa) is observed in (Nb,Ti)C
carbides, i.e. in the second to last system in terms of the extent of
variation in a (3.5%).

Although the (Ta,V)C system has a constant VEC, it shows significant
variations in both Young’s modulus and hardness. This implies that VEC
alone is not a satisfactory criterion to predict hardness or modulus
maxima; systematic prediction of the hardness and stiffness of MC car-
bides seemingly requires accounting for the effect of additional pa-
rameters such as a potential solid solution hardening caused by different
atomic radii or a change in vacancy concentration. Some work along this
direction can already be found in the literature. For example, Gao [80]
proposed a model to estimate the (Knoop) hardness of cubic solid so-
lutions which, in addition to atomic bonding characteristics, takes into
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account various other parameters such as the orientation of the indenter
with respect to the glide planes, the atomic size misfit, the fraction of
solute atoms, and to some extent the brittleness. This model is able to
reproduce some experimental trends but still shows some deviations for
the transition metal carbides (Nb,Ti)C and (Nb,Zr)C, which Gao attri-
butes to the complex mixed nature of their atomic bonds. Therefore, key
parameters governing the hardness of carbides remain to be fully
unravelled. In particular it seems essential to assess whether a high
hardness arises from barriers opposing dislocation nucleation or dislo-
cation propagation. Ab-initio prediction of maxima in elastic modulus
seems more within reach nowadays, although from the large range of
calculated values found for binary carbides it is clear that current
methods still need refinement.

5. Conclusion

Multi-component transition metal carbide particles of tailored
composition and suitable for testing can be produced by arc-melting
together cast iron and a pre-alloy of the transition metals.

The standard Oliver and Pharr method was used to assess the
intrinsic hardness and modulus of iron-embedded carbide particles from
indentation curves at a maximum load of 6 mN since (i) dynamic mea-
surements show a plateau in hardness and storage modulus in the load
range 4-8 mN, (ii) present carbide particles are thicker than 5pm and
therefore well above 10x the indentation depth (~100 nm at 6 mN), (iii)
pre and post SPM scans show an absence of matrix plastic deformation
and no significant pile-up or sink-in effects, and (iv) indentation curves
within a single particle superimpose well.

Hardness values for binary carbide particles grown within a Fe ma-
trix are overall consistent with (scarce and highly variable) values in the
literature. Hardness maxima are found for the ternary carbides Ti34WesC
(36.4 + 1.5 GPa) and TaggV10C (36.1 + 1.0 GPa); these values represent
a 15% increase compared to those of the binary carbides. It is also
noteworthy that substituting 50% W with Ti in WC leads to an equally
performant carbide while using a less scarce element to produce it.

Measured maxima in hardness are not located at a VEC ~8.4;
furthermore, the (Ta,V)C system with a constant VEC also shows vari-
ations in hardness. The VEC alone thus fails to predict optimum com-
positions, leading to conclude that others parameters intervene.

Concerning the elastic modulus of MC carbides, values for TaC and
NbC particles of this work are lower than the previously reported values
for those binary carbides. We found no ternary/quaternary carbide that
is able to compete with WC in terms of modulus. Among other carbides
explored here the highest E are found for quaternary (Ti,Ta,V)C com-
positions with a low V and a high Ta content. Variations in modulus are
also not found to be correlated with the VEC.
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Appendix A

Table A.1

Composition and mechanical properties of all tested carbides.
Composition [at.%] E [GPa] H [GPa]
NbC 455+ 14 25.7+1.2
TaC 487 +14 31.6+2
TiC 473+6 30.9+0.7
vC 418+8 30.4+0.9
WC* 637 +32 31.1+34
TagyVsC 527+8 32.4+0.9
TagyV10C 490 + 10 36.1+1.0
TaygVaoC* 470+ 10 34.6+0.7
TaegV32C” 509+6 32.7+1.0
TagsVayC* 488+6 33.5+0.7
TagoVe1C* 446 £5 31.6+0.8
Ta;gVgaC* 438+ 14 30.9+1.5
Tay3Vg,C* 447 +7 31.6+0.9
TasVoeC 430+ 6 31.2+0.6
Ti;oNbgoC 490+ 8 32.3+1.0
TizsNby,C 51746 31.3+0.9
TigsNbssC” 500+ 11 31.3+0.9
TizsNbysC? 497 £7 32.1+0.6
Ti;7Nby3C 48547 31.94+0.9
TigsNb,C 48149 30.8+0.8
Ti;1TageC 525+7 32.7+0.9
Tiz; TazoC 536+5 33.4+15
TigsTassC 47949 30.7+0.7
TigoTaz1C 447 +£11 29.2+0.8
TigsTa;sC 457 £6 29.5+0.6
TigoV10C 471+8 31.2+0.8
TigaV15C 47547 31.94+0.5
TizeV24C 477 £6 32.3+0.5
Tiz1VaoC 453 +5 32.9+0.6
TigoVs:1C 469+7 33.1+0.7
TizsVesC 460 £ 8 33.1+1.0
Tiy;V73C 413+9 32.1+0.7
TissV7,C 441+£12 31.9+0.7
TisVoeC 429+13 29.3+1.5
Tiz4WeeC 516 +6 36.4+1.5
TissWa46C 53249 33.9+1.3
Tiz;1WaeC 518+8 342+1.1
Tig1W1oC 483 +8 32.1+0.8
TigoW11C 486 +7 31.9+0.9
TigsTassV1C 51549 32.0+0.6
TissTas4V1C 536+8 30.9+1.0
TigoTasgVoC 529+9 309+1.1
TizeTasgVaC 540+8 32.4+0.9
TizgTagoVsC 539+9 30.4+0.9
Tiy7TazoV4C 555+7 30.3+1.2
TissTasgVeC 508 +10 31.0+0.9
TissTasgVsC 514+7 31.3+1.0
TizgTas3VoC" 542+7 32.0+1.1
TigsTa;Va4C’ 482+7 322+1.2
TissTagsV24C’ 486 +7 32.0+1.1
TizeTas3VaC* 506+ 6 32.0+1.2
2 Heat-treated samples, see Table A.2.

Table A.2

List of samples subjected to heat treatment and conditions thereof.
Composition T [°C] t [h]
WwC 1400 2
Tiz7Nb23C 1250 72
TizsNbasC 1350 1
TissNbssC 1200 48
TazgV22C 1400 72
TaggV32C 1400 2
Tas3V4,C 1400 2
TasgVe1C 1400 2
Ta;5Vg2C 1400 72
Tay3Vg,C 1350 2
TizgTassVoC 1500 2
TiesTa11V24C 1400 24
Tis4TazaVo4C 1400 24
TizeTa4sV21C 1400 24
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Table A.3
Lattice parameter of cubic binary car-
bides [81].
a[A]
NbC 4.454
TaC 4.453
TiC 4.325
vC 4.163
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