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h i g h l i g h t s

� X-ray diffraction experiments show
that W films supersaturated with C (2
and 4 at.%) exhibit a tetragonal
distortion.

� Level of tetragonal distortion in W-C
films increases with C content.

� Maximum distortion (c/a = 1.02) at 4
at.% C with a = 3.15–3.16 Å, c = 3.21–
3.22 Å.

� DFT calculations show that the body
centered tetragonal structure has a
lower mixing energy than the bcc
structure.

� Calculated E-modulus decreases with
increased C content from 405 GPa to
385 GPa and experiments follow the
same trend.
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a b s t r a c t

Carbon has a low solid solubility in bcc tungsten at equilibrium. However, metastable supersaturated
solid solutions can be synthesized with magnetron sputtering. Here, we present a systematic study on
the phase stability and mechanical properties of such supersaturated W–C solid solutions. H–2h scans
show a split of the 200/020 and the 002 peaks for supersaturated films which is explained by a tetragonal
distortion of the bcc structure. This split increases with increasing C content and is maximized at 4 at.% C,
where we observe an a/b axis of 3.15–3.16 Å and a c-axis of 3.21–3.22 Å. We performed first-principles
calculations of lattice parameters, mixing enthalpies, elastic constants and polycrystalline elastic moduli
for cubic and tetragonal W–C solid solutions. Calculations show that tetragonal structure is more stable
than the bcc supersaturated solid solution and the calculated lattice parameters and Young’s moduli fol-
low the same trends as the experimental ones as a function of C concentration. The results suggest that
supersaturated films with lattice distortion can be used as a design approach to improve the properties of
transition metal films with a bcc structure.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Tungsten (W) has a combination of technologically attractive
properties such as a high melting point [1], a high strength at high
temperature [2], and resistance to radiation damage [3,4]. This
makes W a suitable candidate material for harsh environments
in, for example, nuclear and fusion reactors [5,6]. The properties
of W can be further enhanced by alloying with other metals such
as rhenium or by the addition of p-elements such as carbon (C)
and boron [7–9]. The solubility of C in body centered cubic (bcc)
W is � 1 at.% at 2700 �C and far below 0.5 at.% at room temperature
[10]. The effect of C in W on the phase formation, the mechanical
and radiation properties has been studied at concentrations below
the solubility limit (<1 at.%) [11–13].

An alternative route to design the properties of W is to add p-
elements such as C to concentrations above the solubility limit.
Such metastable structures are difficult to obtain in conventional
materials synthesis such as casting but is frequently observed in
thin films deposited with magnetron sputtering [14–16]. This can
be explained by the high quenching rates during the sputter pro-
cess, which reduces the surface diffusion length and makes it diffi-
cult to nucleate thermodynamically stable phases with a very
different chemical composition and structure compared to a super-
saturated solid solution [17]. Supersaturated W films has been
observed in several studies leading to twice as hard coatings com-
pared to pure W [14–16]. In a recent study, we have investigated
the effect of C on the mechanical properties and microstructure
of sputtered bcc W films with � 2 at.% and � 4 at.% of C [18]. No
carbide or carbon clusters were formed in these films according
to atom probe tomography (APT) measurements [19]. Micropillar
compression tests revealed that the flow stress increased
from � 3.8 to � 8.3 GPa upon the C addition and no material
embrittlement was observed [18].

The very low maximum solubility of carbon in transition metals
with a bcc structure compared to face centered cubic (fcc) metals
can be explained by the small size of the interstitial sites in the
bcc structure [20]. The most well-known example is Fe, where
the fcc phase (austenite) at higher temperatures has a significantly
higher solubility of carbon than the low-temperature bcc phase
(ferrite). With high quenching rates, the formation of a carbide
phase is suppressed and martensite is formed. This phase can be
described as a tetragonal distortion of the bcc lattice. An obvious
question is therefore if also other transition metals with supersat-
urated carbon such as W can form a tetragonally distorted lattices.
Theoretical studies of the Bain/tetragonal distortion path for pure
W have shown that the energy for such distortion is high [21].
However, experimental evidence for a tetragonal distortion was
observed by Palmquist et al. [13] and also from XRD analyses in
Ref. [18]. The aim of this paper is to investigate if such tetragonal
distortion is present also in supersaturated W films using density
functional theory (DFT) simulations combined with detailed exper-
imental studies of carbon-containing films with X-ray diffraction
using w–2h mapping.
2. Methodology

2.1. Thin film deposition and characterization

The W–C films were synthesized by non-reactive magnetron
sputtering from elemental targets using a Qprep500i (Mantis
Deposition Ltd.) system. The a-Al2O3 (000l) substrates were heated
to 300 �C and the films were deposited to a thickness of about
4.5 mmwith a deposition rate of � 600 nm/h. A detailed description
of the deposition conditions is published in Ref. [18].
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The chemical composition of the films was determined by
Time-of-Flight Energy elastic recoil detection analysis (ToF-E-
ERDA) 36 MeV 127I8+ (iodine) and 32 MeV 35Cl7+ (chlorine). Details
of the ERDA analysis can be found in Ref. [14]. The composition of
the sample with the highest concentration of C was further con-
firmed by atom probe tomography (APT) [19].

Texture scans and w–2h maps were measured with a Philips
MRD Pro equipment using CuKa radiation, operating in point focus
with a proportional Xe gas filled detector. A capillary lens was used
as primary optic, with a beam size of 2 � 2 mm2. As secondary
optic a 0.18� parallel plate collimator with graphite monochroma-
tor was used. The w–2h maps are made from h–2h scans for each
individual value of w. H–2h scans at a fixed w angels were ana-
lyzed to determine the 2h positions of the individual peaks. A Phi-
lips MRD Pro with pure CuKa1 radiation, operating in line focus
mode, was used for reciprocal space mapping (RSM). A hybrid 2-
bounce monochromator was used as primary and an X-ray mirror
in combination with a 0.1 mm receiving slit were used as sec-
ondary optics. A Xe gas filled detector was also used for the RMS.

2.2. DFT calculations

The DFT calculations were performed using the projector aug-
mented wave method [22] implemented in the VASP software
[23–25]. The generalized gradient approximation [26] was used
to describe the exchange and correlations effects. The cutoff energy
for plane waves was set to 450 eV. The convergence criterion for
electronic subsystem was set to 10–4 eV for subsequent iterations.
The relaxation of atomic positions was carried out by calculating
the Hellman-Feynman forces [27] and the stress tensor and using
them in the conjugated gradient method. Relaxation was com-
pleted when the forces on the ions became of the order of 10–2

eV/Å. We have performed full lattice relaxation for W–C supercells,
which includes the relaxation of volume, shape and ions. The inte-
gration over the irreducible part of Brillouin zone was carried out
using the Monkhorst-Pack method [28] on a grid of 3 � 3 � 3 k
points. All calculations were performed for the 4 � 4 � 4 cubic
supercell of W (128 atoms). First, for the single carbon impurity
we performed test calculations by placing single C atom in both
tetrahedral and octahedral interstitial positions in the W supercell.
The test reviled that tetrahedral coordination for C is not stable,
and with ionic relaxation the C impurity migrates to the nearest
octahedral position. Therefore, for the further calculations we con-
sidered only octahedral coordination for C atoms. In the bcc lattice
the centers of octahedral sites can be defined by the pair of the
nearest tungsten atoms (see Fig. 1): there are 3 octahedral intersti-
tial sites per one W atom, and the corresponding three pair of the
nearest W atoms to these sites are oriented along three crystallo-
graphic directions x, y and z. As for the 4 � 4 � 4 W supercell, there
are 128 octahedral sites along each direction, i.e. 384 octahedral
sites in total.

In simulations of a W–C solid solution, one can consider the
sublattice of interstitial sites as a system randomly occupied by
carbon atoms and vacancies. In this work we consider three differ-
ent configurations for carbon atoms in bcc supercell. The first con-
figuration of W–C supercells is fully tetragonal where the carbon
atoms randomly occupy only z interstitial sites. This leads to
tetragonal distortion of lattice with c/a ratio > 1. In the second con-
figuration of W–C supercells, which is cubic, the carbon atoms
equally but randomly occupy all three x, y and z interstitial sites.
Thus, in the cubic configuration there is almost no global distortion
of the supercell, and c/a � 1. The third considered configuration of
W–C supercell is partially tetragonal where half of C atoms occupy
z interstitial sites and the other half equally occupy x and y inter-
stitial sites atoms. The random distribution of C atoms in the inter-
stitial sites was realized within the special quasirandom structure



Fig. 1. Schematic illustration of octahedral interstitial positions in bcc tungsten. The red, green and blue spheres indicate centers of � ,y and z interstitial sites, respectively.

Table 1
Strain tensors used for calculations of elastic constants of cubic and tetragonal lattices
[32,33]. Unlisted components of strain tensors are equal to zero.

Lattice Strain type Energy change DE/V0

Cubic 1 e1 = � e2 = d
e3 = d2/(1 – d2)

(C11 – C12)∙d2 + O[d4]

2 e1 = e2 = e3 = d 3
2 �(C11 + 2C12)∙d2 + O[d4]

3 e3 = d2/(4 – d2)
e6 = d

1
2 � C44∙d2 + O[d4]

Tetragonal 1 e1 = e2 = d (C11 + C12)∙d2 + O[d3]
2 e1 = e2 = d

e3 = � d(2 + d)/(1 + d)2
(C11 + C12 + 2C33 – 4C13)∙d2 + O
[d3]

3 e1 = ((1 + d)/(1 – d))0.5 – 1
e2 = ((1 – d)/(1 + d))0.5 – 1

(C11 – C12)∙d2 + O[d3]

4 e3 = d 1
2 � C33∙d2 + O[d3]

5 e4 = e5 = d, e3 = d2/4 C44∙d
2 + O[d4]

6 e6 = d
e1 = e2 = (1 + d2/4)0.5 – 1

1
2 � C66∙d2 + O[d4]
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method (SQS) [29]. For fully tetragonal and cubic W–C solid solu-
tions we generated the SQSs with two concentrations of carbon:
2.29 at.% (128W + 3C) and 4.48 at.% (128W + 6C). As for the par-
tially tetragonal configuration, we generated additional SQS with
3.03 at.% C (128W + 4C) since the number of C atoms should be
the multiple of four.

The mixing enthalpy of W–C solid solutions was defined with
reference to pure W and graphite, and also with reference to pure
W and stochiometric tungsten carbide WC, as:

Hgraphite
mix ðCÞ ¼ EWþC � NW � EW þ NC � EC

NW þ NC
ð2Þ

Hcarbide
mix ðCÞ ¼ ðNW þ NCÞ � EWþC � NC � EWC � ðNW � NCÞ � EW

NW þ NC
ð3Þ

where NW and NC indicate the number of tungsten and carbon
atoms in the supercell, respectively. The EW+C, EW, EC, EWC denote
the total energies (per atom) of the W–C supercell, pure tungsten,
graphite and WC carbide, respectively. The energies in Eqs. (2) and
(3) correspond to the ground state volumes, when the external
pressure is zero. The total energy calculation for graphite EC was
performed using experimental lattice parameters (a = 2.46 Å, c =
6.65 Å) [30]. For the tungsten carbide WC, we considered the
hexagonal structure which at the ground state has lattice parame-
ters a = 2.92 Å and c = 2.84 Å.

The bulk moduli of all SQSs were defined according to Birch-
Murnaghan equation of states (EOS) [31]. The EOS calculations
were performed for 7 volume points in the range ± 3% with respect
to the ground state volume. The single crystal elastic constants
were defined via energy-strain relation. External strain applied to
equilibrium lattice leads to the lattice distortion that can be repre-
sented as [32]:

a
0

b
0

c
0

0
B@

1
CA ¼ ðI þ �Þ

a0
b0

c0

0
B@

1
CA ð4Þ

where a0, b0 and c0 are equilibrium lattice parameters; i denotes
identity matrix and � denotes the strain tensor, which is given in
the following form [32]:

� ¼
e1 e6=2 e5=2

e6=2 e2 e4=2
e5=2 e4=2 e3

0
B@

1
CA ð5Þ

The energy change DE ¼ E� E0 induced by infinite small elastic
strain can be given by [32]:

DE ¼ V0

2

X6
i¼1

X6
j¼1

Cijeiej þ O½e3i � ð6Þ

where V0 denotes the equilibrium volume, Cij denotes the second-
order elastic constants, ei and ej are the components of strain tensor.
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Here, the cubic and the higher order terms in the expansion of the
elastic energy DE are neglected.

The crystal with the cubic symmetry has three independent
second-order elastic constants: C11, C12 and C44. While for the
tetragonal crystal there are six independent elastic constants:
C11, C12, C13, C33, C44 and C66. Table 1 lists the strains tensors
required to determine the elastic constants for cubic and tetrago-
nal crystals: three and six strain tensors, respectively. The stain
value applied to the lattices was set to d = ±1 %, ±2 %. With infor-
mation on the single-crystal elastic constants Cij one can determine
the polycrystalline elastic moduli using the Voight-Reuss-Hill aver-
aging [34–36].
3. Results and analysis

3.1. Characterization of deposited films

Three different sets of films with 0 at.%, �2 at.% and � 4 at.% C
were deposited on Al2O3 substrates. In the following they will be
named W, W2 and W4, respectively. Details on the microstructure
of these films are given in Ref. [18] but a representative SEM cross-
section of theW4 film is shown in Fig. 2a. All films have a columnar
microstructure. The h–2h scans shown in Ref. [18] suggest that all
films exhibit a strong <hh0> texture. The major effect of adding C is
grain refining where the average column width decreased
from � 133 nm in the carbon-free W film to � 20 nm in the W4
film. Furthermore, XRD and APT studies have shown that most of
the carbon is dissolved in the bcc structure above the maximum
solubility of > 1 at.% [10]. Magnetron sputtering occurs far from
equilibrium and the atoms hitting the growing film are rapidly
quenched. This reduces the diffusion lengths and makes it difficult
to directly form multiphase films where the two phases have large
differences in composition and structure. Hence, formation of



Fig. 2. (a) Cross section SEM of W4 film, and (b) grazing incidence X-ray diffraction pattern showing an asymmetric (200) peak indicating a distortion of the bcc lattice for the
W2 and W4 film. Data reproduced from Ref. [18].
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supersaturated (metastable) solid solutions is therefore not unu-
sual in magnetron sputtering, see e.g., Ref. [37].

An interesting observation in Ref. [18] was that the (200) peak
for the W2 and W4 films were asymmetric (see Fig. 2b), which
could indicate a distortion of the cubic lattice. However, simple
h–2h or grazing incidence (GI) scans cannot resolve such a distor-
tion. We therefore analyzed the film with texture scans and w–
2h maps. These techniques are suitable for strongly textured films,
as by tilting the sample in w, the non-surface planes can be mea-
sured. The problem with strongly textured films is otherwise that
only the surface normal planes can be measured with standard
h–2h scans. Furthermore, reciprocal space mapping (RSM) can be
used for epitaxial as well as textured films, however, the number
of peaks which are possible to measure is limited when w is set
to zero [38]. With this technique, peaks from a tetragonal phase
showing a 2h separation of the 200/020 and the 002 peaks can
be identified.

The lattice parameters for the three films are summarized in
Table 2. The results confirm that the W films exhibit a strong epi-
taxial orientation on the Al2O3 (000l) substrate. The a/b axes were
determined to 3.172 Å from h–2h scans of the 110/220 surface nor-
mal planes. Additionally, RSM maps, using the 110, 013 and the
222 plans, were measured to determine the c-axis to 3.16 Å. This
small difference between a/b and c axis can probably be attributed
to thermal strain. Also, the W2 film grows with a <hh0> texture but
parts of the film were also <h00> textured, however, with a tilt
of ± 18-22� from the surface normal. The lattice parameters were
determined bymeasuring h/2h scans of the 110/220 surface normal
plane and from w–2h maps for the planes not normal to the sur-
face. A small split in the a/b and c axis was observed in the w–2h
maps for the 200/020 and 002 peaks (see Fig. 3). This shift corre-
sponds to a a/b axis of 3.17 Å and a c-axis of 3.19 Å (see Fig. 3b).

As can be seen in Fig. 3c the W4 film grows partly with a tilted
(18-22�) <h00> texture with respect of the surface normal. Some
parts of the film were also <hh0> textured [18]. Due to the tilt of
the 100 orientations, h–2h scans shows low intensities of the
Table 2
Lattice parameters for the W, W2 and W4 films determined by h–2h scans and w–
2hmaps.

Film a/b axis (Å) c-axis (Å) Method

W 3.172 3.16 RSM, h–2h scans
W2 3.17 3.18–3.19 w–2hmapsh–2h scans
W4 3.15–3.16 3.21–3.22 w–2hmapsh–2h scans

Fig. 3. w–2h maps around 58� showing the 002 and 200 reflections, (a) W, (b) W2,
and (c) W4.

4

100/200 peaks. A split in the a/b and c axis was observed in the
w–2h maps for the 200/020 and 002 peaks (Fig. 3c); this shift cor-
responds to a a/b axis of 3.15–3.16 Å and a c-axis of 3.21–3.22 Å.
The W films shows the 020/200 from the <hh0> texture tilted
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45� (Fig. 3a) these peaks can also be seen for the W2 and W4 films.
In summary, the experimental results confirm the presence of
tetragonal distortion which seems to increase with higher carbon
content.
Fig. 5. The mixing energies of W–C solid solutions as functions of C concentration.
Solid/dotted lines correspond to the mixing energy calculated with respect to
graphite/WC carbide.
3.2. Results of DFT calculations

The existence of a tetragonally distorted bcc structure in carbon
supersaturated W was further explored with DFT calculations. As
described in Section 2.2 (Fig. 1), the calculations were carried out
using three different configurations based on the position of the
carbon atoms in the octahedral sites. The theoretical lattice param-
eters were obtained by averaging the corresponding supercell sizes
after full lattice relaxation. In Fig. 4 we compare calculated lattice
parameters a and c, as well as the tetragonal distortion c/a with
experimental data. We see that the calculated lattice parameter a
of two configurations, the cubic and partially tetragonal, increase
with C content, although the experiment shows the opposite trend.
In contrast, the fully tetragonal configuration exhibits a decrease of
the lattice parameter along the a-axis, which agrees with experi-
ment. The calculated c-axis (Fig. 4b) increases with carbon content
for all configurations although the experimental values are closer
to those for cubic and partially tetragonal lattices. Interestingly,
the experimental c/a ratio in Fig. 4c shows better agreement for
the calculated fully tetragonal configuration where only the z posi-
tions in Fig. 1 are occupied with carbon. These results suggest that
the experimentally observed phase with tetragonal distortion
exhibits the fully or close to fully tetragonal configuration.

Fig. 5 shows theoretical mixing energy Hmix of W–C solid solu-
tions at T = 0 K. The values of Hmix calculated with reference to
WC carbide are higher compared to those calculated with reference

to graphite: Hcarbide
mix > Hgraphite

mix , that is due to the stability of the car-
bide WC phase with respect to pure W and pure C (graphite). The
supercells with tetragonal configuration of C atoms have the low-
est mixing energy, while the cubic configuration has the highest
energy. The mixing energy of partially tetragonal supercell is in-
between. The energy difference between three supercells gradually
increases with C concentration. This result indicates that tetrago-
nal distortions in the W–C solid solutions favor dissolution of C
atoms inW.We should note that all studied configurations demon-
strate positive values of mixing energy, which indicates that W–C
solid solutions are thermodynamically metastable at T = 0 K. In
fact, the experimental results strongly support that a metastable
supersaturated solid solution is formed indeed. The theoretical
results confirm that the presence of C interstitials increases the sta-
bility of the tetragonal configuration.

Carbon interstitials induce local atomic displacements of W
atoms from their ideal bcc positions. In Fig. 6a we plot the average
Fig. 4. Theoretical and experimental values of (a,b) lattice parameters a and c; (c) tetra
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displacements of W atoms between ideal and relaxed W–C super-
cells. The atomic displacements increase with C content. The lar-
gest atomic displacement of W occurs in the nearest
neighborhood of C atoms. In tetragonal supercells the average dis-
placements are lower compared to cubic supercells, although one
would expect the opposite result. We should note that the largest
local displacements are observed for tetragonal supercells and
occur along the c-axis (for lattice parameter c). On the other hand,
the displacements along the a-axis are smaller in tetragonal super-
cells compared to cubic ones. Cubic solid solutions have overall lar-
ger values of average atomic displacements. For the supercell with
4.5 at.% C we plot the critical point of charge density, minimum
charge density, between W–W and W–C bonds against the corre-
sponding bond lengths (see Fig. 6b). For the tetragonal solid solu-
tions, the 1st NN W–C bonds are slightly longer and have lower
charge density due to the larger lattice parameter c. For the 2nd

NN W–C bonds we see the opposite result: the bonds in the tetrag-
onal supercell are shorter and have a higher charge density
because the lattice parameter a is smaller. The W–W bonds in both
cubic and tetragonal supercells show very similar trends, although
the range of W–W bond lengths in the tetragonal solid solutions is
slightly broader.

According to Fig. 6b the bond length between the nearest W–C
pairs (in the 1st NN) should increase with tetragonal distortion, cre-
ating more room for other C interstitials. Thus, the occupation of
certain octahedral positions, along the c-axis, becomes energeti-
gonal distortion ratio c/a of W–C solid solutions as a function of C concentration.



Fig. 6. (a) Average displacement of W atoms between ideal and relaxed W–C supercells. (b) Charge density at critical point between W–W and W–C bonds versus the bond
lengths in supercell with 4.5 at.% C.
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cally more favorable. This may explain why the Hmix difference
between tetragonal and cubic configurations becomes larger with
increasing C content. Moreover, Fig. 6a shows that average atomic
displacements of W atoms off the ideal positions should be smaller
in the tetragonal lattice, meaning that less energy is required to
introduce C atoms into the tetragonal lattice. As a result, the mix-
ing enthalpy for the tetragonal W–C supercells is lower in compar-
ison to cubic supercells. However, there is the entropy factor,
which originates from the configurational disorder of C atoms.
For the cubic configuration, C atoms randomly occupy the octahe-
dral positions in all three crystallographic directions, whereas the
fully tetragonal configuration demonstrates some sort of ‘‘partial
order” due to preferential occupation of C atoms in only one direc-
tion. Therefore, the entropy of the cubic configuration is higher,
and from the thermodynamic point of view one can expect stabi-
lization of the cubic configuration at elevated temperatures due
to the entropy factor. Our evaluation shows that entropy driven
transition between tetragonal and cubic configurations should
occur at � 1800 K, which is much higher than the deposition tem-
perature of the studied samples (600 K).

The single-crystal elastic constants Cij of cubic and tetragonal
supercells are plotted in Fig. 7. For a cubic crystal, the elastic con-
stant C11 is related to the elastic response to the uniaxial strain
(100)h100i, while C12 and C44 constants characterize the shear
stresses induced by (110)h100i and (010)h100i stains, respec-
tively. The results show that carbon in W decreases the C11 and
C44 constants and increases the C12 constant. The differences in
elastic constants between three types of C configurations gradually
increase with C content. Obviously, this can be explained by the
gradual change in the symmetry: the larger tetragonal distortion
is, the larger is the difference between cubic and fully tetragonal
supercells. Comparison with experimental elastic constants for
pure bcc W [37,38] shows that our calculations overestimate the
C11 constant by � 20 GPa and underestimate the C12 and C44 con-
stants by � 10 GPa and � 18 GPa, respectively. These differences
are 4%, 5%, and 11% respectively, which is well within the typical
accuracy margins of the DFT calculations.

Due to the lower symmetry, the tetragonal W–C supercells have
three additional elastic constants: C13, C33 and C66. However, at the
low carbon region where the tetragonal distortion is small one can
see that C33 � C11, C13 � C12, and C66 � C44 (see Fig. 5). At higher C
concentrations where the tetragonal elastic constants become lar-
ger, one can see that C33 > C11, C13 > C12 and C66 > C44.

Fig. 8 shows the bulk modulus B of W–C solid solutions deter-
mined by both Birch-Murnaghan EOS and Voight-Reuss-Hill aver-
6

aging. Both methods give similar trends of bulk modulus as a
function of C content, which confirms the reliability of Cij calcula-
tions. Bulk modulus determined from the Voight-Reuss-Hill aver-
aging is � 1–2 GPa higher (<1%) than the one from the EOS,
which is acceptable numerical error. As for the different W–C con-
figurations, the cubic solid solutions demonstrate a slightly lower
bulk modulus compared to the fully tetragonal ones. This differ-
ence increases with carbon content, although the effect of carbon
on B modulus is weak. The bulk modulus of partially tetragonal
supercell is in-between the values for cubic and fully tetragonal
supercells. In case of pure W there is a good agreement between
calculated and experimental B values [39,40]. We should note that
in determining the Young’s modulus, E = 9BG/(3B + G), we used the
bulk modulus obtained from EOS. Calculated shear modulus G of
W–C solid solutions is plotted in Fig. 8b. For both tetragonal and
cubic configurations, the shear modulus decreases from 158 GPa
to � 146 GPa when the carbon content increases up to 4.5 at.%.
The difference in G modulus between tetragonal and cubic super-
cells is less than 1 GPa.

The calculated Pugh’s ratio B/G of W–C solid solutions is plotted
in Fig. 9a. The B/G value is a phenomenological relation, which is
often used in the literature to evaluate the tendency to brittleness
or ductility in materials [41]. High values of B/G ratio are supposed
to indicate the ductility of materials, whereas low values corre-
spond to brittle materials. The B/G value separating ductile and
brittle materials is often set to B/G = 1.75. For all three supercell
configurations the B/G ratio increases with carbon content. This
in turn indicates that carbon should improve the ductility of tung-
sten which in fact is supported by the experimental data from Ref.
[18] where no brittle failure was observed in compression tests.
The calculations show that cubic supercells have a slightly
increased B/G ratio.

In Fig. 9b we compare the experimental and theoretical Young’s
modulus E of W–C solid solutions. The calculations show that addi-
tion of 4.5 at.% carbon decreases the E modulus of tungsten from
405 GPa to � 380 GPa. Both G and E moduli show very similar
trends as a function of C content; and similar to the G modulus,
the E modulus of tetragonal supercell is slightly higher than the
one of cubic supercell. For pure bcc W the theoretical calculation
of E agrees well with previously reported experimental data
[42,43]. The E modulus calculations are in good agreement with
our nanoindentation measurements. The experimental values are
a bit higher � 420 GPa (most likely due to substrate effects [44])
and the decrease is not as pronounced as in the calculations. The
experimental data by Fritze et al. [18] and Refs. [45–47] show that



Fig. 7. Elastic constants of W–C solid solutions versus C concertation. Experimental results for pure bcc tungsten are taken from Refs. [39,40] and shown for comparison.

Fig. 8. Concentration dependence of (a) bulk and (b) shear moduli of W–C solid solutions. Bulk modulus was determined using the Voight-Reuss-Hill averaging (dashed lines)
and EOS (solid lines). Experimental results for pure tungsten are taken from Refs. [39,40] and shown for comparison.
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p-element supersaturated (C, N and B) W films exhibit hardness
values between � 19 GPa and � 28 GPa compared to pure W films
which are � 13 GPa hard. The high hardness of the pure W films is
caused by the nanocrystalline microstructure. The literature over-
view also shows that p-element supersaturated W films are � 10
GPa harder than pure W films with comparable grain size which
was explained by a combination of solid solution strengthening
and increased dislocation density [18]. The formation of the super-
saturated body centered tetragonal (bct) phase can contribute to
the increased hardness by a combination of two effects. (i) The
bct phase is per-se harder than the bcc phase which can be com-
7

pared to the Fe-C system where the martensite is harder than
the ferrite [16]. (ii) The formation of a dual phase (bcc + bct)
microstructure. The increase of hardness due to the formation of
the bct phase cannot be estimated by Chen’s model

(HV ¼ 2 G3=B2
� �0:585

� 3) [48] since it only gives a negligibly small

difference in hardness between tetragonal and cubic configura-
tions. This indicates that one cannot only use the difference in
the polycrystalline elastic moduli at a fixed C concentration to ana-
lyze the effect of lattice distortion on the mechanical properties of
W–C solid solutions. An estimation of hardness using theoretical



Fig. 9. Pough’s ratio (a) and E modulus (b) of W–C solid solution as a functions of C concentration. The dashed line denotes our experimental data on E modulus. The
additional experimental results for pure W are taken from Refs. [40,41] and shown for comparison.
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polycrystalline moduli and Chen’s empirical model,

HV ¼ 2 G3=B2
� �0:585

� 3, shows that addition of 4.48 at.% C reduces

the hardness of tungsten from 13.8 GPa to 11.9 GPa, i.e., carbon
softens the W–C solid solutions which also can be seen in E-
modulus calculations. Experimental data on hardness reported ear-
lier in Ref.[18] demonstrate an opposite trend: the hardness of
tungsten films increases from 13 GPa to 24 GPa with addition of
4 at.% C. Obviously, our theoretical estimation of hardness does
not account for effects such as grain refinement and an increased
dislocation density which are present in experimental W–C films.
It is well known that grain boundaries act as obstacles to disloca-
tion motion because they separate regions with different crystallo-
graphic orientations; and the dislocations tend to pile-up at grain
boundaries. Therefore, with a grain refinement one should expect
an increased hardness for W–C solid solutions. In addition, one
should consider the increase of the C concentration favoring solid
solution hardening and how the local atomic displacements and
symmetry change affect the dislocation split system, which defines
one of the hardening mechanisms in the solid solutions. Thus, this
work demonstrates that the Chen’s model of hardness is limited
and does not account for the microstructure and solution harden-
ing effects listed above, thus it is not supposed to reproduce the
hardening of W–C films observed experimentally.
4. Conclusions

We have investigated if a tetragonal distortion of the bcc lattice
is possible in W films with a supersaturated carbon content. W–C
films with 0 at.%, �2 at.% and � 4 at.% C were synthesized with
magnetron sputtering. The w–2h diffraction experiments on the
films confirm that a tetragonal distortion is indeed present for
the C containing films. The distortion of the lattice was seen as a
split between the 200/020 and 002 peaks in the w–2h maps; the
distortion increased with higher carbon contents. DFT calculations
of the mixing enthalpy suggest that the solid solutions are meta-
stable and that a fully tetragonal configuration is the most stable
configuration for the W–C solid solutions. The energy difference
between tetragonal and cubic configuration increases with
increased C content. Even though Hmix is positive, the tetragonal
distortions decrease the energy costs for a formation of metastable
supersaturated solid solution as compared to the cubic configura-
tion. As the solubility depends exponentially on the energy cost,
the observed distortions have a significant influence on the possi-
8

bility to grow supersaturatedW films and in this way to affect their
properties.

The calculations show that addition of 4.5 at.% C decreases the
E-modulus of W from 405 GPa to 385 GPa, which is in good agree-
ment with the nanoindentation measurements, where the addition
of 4 at.% C decreases E-modulus from 427 GPa to 420 GPa. Our pre-
vious study has shown that the pureW film is � 13 GPa hard, while
the film containing � 4 at.% is around � 24 GPa hard. The increase
of hardness was explained by a combination of grain refinement
strengthening, solid solution strengthening and increased disloca-
tion density. The formation of the body centered tetragonal phase
can, next to the three above mention mechanisms, also contributes
to the very high hardness (�24 GPa) of the W–C films. We propose
that the formation of films with such distorted lattices can be an
effective way to design properties of not only W films but also
other metals with a bcc lattice.
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