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 W:C thin films with bcc structure

have been deposited by magnetron
sputtering.
 X-ray and electron diffraction
measurements suggest the formation
of supersaturated W:C solid solution
phases.
 The carbon supersaturated solid
solution films have enhanced
properties.
 The carbon supersaturated bcc solid
solution sample is 24 GPa hard.
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a b s t r a c t
Tungsten (W)-based materials attract significant attention due to their superior mechanical properties.
Here, we present a chemical approach based on the addition of carbon (C) for increased strength via
the combination of three strengthening mechanisms in W thin films. W:C thin films with C concentrations up to ~4 at.% were deposited by magnetron sputtering. All films exhibit a body-centred-cubic structure with strong <hh0> texture and columnar growth behaviour. X-ray and electron diffraction
measurements suggest the formation of supersaturated W:C solid solution phases. The addition of C
reduced the average column width from ~133 nm for W to ~20 nm for the film containing ~4 at.% C.
The column refinement is explained by a mechanism where C acts as re-nucleation sites. The W film
is ~13 GPa hard, while the W:C films achieve a peak hardness of ~24 GPa. The W:C films are ~11 GPa
harder than the W film, which is explained by a combination of grain refinement strengthening, solid
solution strengthening and increased dislocation density. Additional micropillar compression tests
showed that the flow stress increased upon C addition, from ~3.8 to ~8.3 GPa and no brittle fracture
was observed.
Ó 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

⇑ Corresponding author.

Tungsten (W) and W-based materials possess a unique set of
physical and chemical properties such as a high hardness [1], a
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high melting point [2] and a high radiation resistance [3]. Pure W,
however, has a high brittle-to-ductile transition temperature
(BDTT) [4], which often limits the applicability of tungsten as a
structural material. Many strategies have been explored to
decrease the room temperature (RT) brittleness of W, with
microstructure design (grain refinement) proving to be one of the
most effective pathways to control the mechanical properties
and attain a combination of high strength and ductility. A reduced
grain size can be obtained through either a top-down or a bottomup approach. For example, severe plastic deformation (SPD) [5,6] is
a top-down approach which can produce ultra-fine grained (grain
size ~ 20 nm) W with improved strength and ductility [7]. Magnetron sputtering is a bottom-up approach, and is an efficient technique to produce nanocrystalline W thin films with grain
sizes < 125 nm [8]. The grain size of magnetron sputtered films
can be further reduced by using ion beam-assisted [9–11] or
pulsed deposition [12].
Recent studies have demonstrated that the addition of small
amounts (~5–10 at.%) of p-block elements (boron (B), carbon (C)
and nitrogen (N)) is an effective chemical method to reduce the
grain sizes of magnetron-sputtered thin films, without the formation of other phases such as carbides [13,14]. The extremely high
quenching rates during the sputtering process enables the deposition of films, which are supersaturated with respect to the pelement. For example, Yang et al. have recently demonstrated that
the addition of 6 at.% B or C in W led to a combination of unique
properties (metallic toughness with ceramic hardness) [15,16].
The underlying mechanism of grain refinement caused by the addition of a p-element can be explained by their low solubility (<4 at.
%) in the body centred cubic (bcc) structure of refractory metals.
The W–C phase diagram, for example, shows that the maximum
solubility of C in W is ~1 at.% at ~2700 °C with the solubility at
room temperature being well below 0.5 at.% [17]. It is therefore
expected that C segregates to the surface of the growing grains
inducing re-nucleation and resulting in a smaller grain size compared to pure W films deposited under identical conditions. C segregation to the grain boundaries (GBs) also has the beneficial effect
of increasing their cohesive strength [18].
We have previously investigated the influence of C in magnetron sputtering of TaW-rich high entropy alloy films with the
composition Ta41W41Cr3Nb12Ti3 [14], where we observed clear
grain refinements and increased hardness and crack resistance,
upon the addition of C. To clarify the hardening mechanisms in a
less complex alloy, we investigated the microstructure and
mechanical properties of binary Ta55W45 films with, and without
the addition of 5 at.% C [19]. Analyses with X-ray diffraction
(XRD) and atom probe tomography (APT) confirmed that the C in
the as-deposited TaW films did indeed form a supersaturated solid
solution without the formation of carbides. Although, the Ccontaining TaW films were considerably harder, no clear grain
refinement was observed in this case.
Consequently, to understand the influence of C in magnetronsputtered W or Ta films it is necessary to reduce the number of elements to one in the deposition experiments. The aim of this study
is to investigate the influence of C on the microstructure and phase
formation in magnetron sputtered W films, and how it can be used
to design the microstructure and the mechanical properties. We
have deposited three sets of films; one set of W films, and two sets
C-containing films with ~2 at.% C, and ~4 at.% C, respectively, where
the C contents are well beyond the thermodynamic solid solution
limit [17]. The coatings were characterised using XRD, elastic recoil
detection analysis (ERDA), and electron microscopy, with the
mechanical properties studied through nanoindentation and
micropillar compression tests.

2. Methods
A Qprep500i (Mantis Deposition Ltd.) ultra-high vacuum (base
pressure < 3107 Pa) magnetron sputtering system was used for
the film deposition. The system was equipped with separate 300
diameter W (tungsten) and C (carbon) targets, in a sputter down
configuration. All films were synthesised with non-reactive DCmagnetron sputtering. The a-Al2O3 (000 l) (10 by 10 mm2) single
crystal substrates were pre-heated for at least 30 min to 300 °C
prior to the deposition to minimise the risk of temperature gradients. Prior to the film growth, the substrates were cleaned for
10 min by Ar+ (argon) plasma etching, using a RF substrate bias
of 150 V. The working gas pressure in the chamber was 0.6 Pa
and the Ar+ plasma was ignited at an Ar gas flow of 60 sccm. A
RF bias of 50 V was applied to the rotating substrate table during
the deposition. The target power for the pure W film was 225 W.
For the C containing films, the power on the W target was kept
constant at 150 W, while the powers on the C target were 40
and 70 W, with several depositions carried out for each setting.
The power on the W target was adjusted to obtain a deposition rate
of ~600 nm/h for all films, and the films were deposited to a thickness of ~4.5 mm.
The chemical composition of the samples was determined by
Time-of-Flight Energy elastic recoil detection analysis (ToF-EERDA) at the Tandem Accelerator Laboratory at Uppsala University.
The measurements were carried out using 36 MeV 127I8+ (iodine)
and 32 MeV 35Cl7+ (chlorine) ions as the projectile species. The
scattered ions were detected at an angle of 45° with respect to
the primary beam with the incidence and exit angle of beam and
detected particles set to 22.5° with respect to the sample surface.
A detailed description of the experimental ERDA setup can be
found in Ström et al. [20]. The data analysis was carried out using
the POTKU software package [21].
The choice of probing beams, i.e., I and Cl, is motivated by the
potential detrimental effect of multiple scattering for heavy recoils
on the accuracy achievable. The avoidance of this potential complication for both recoils necessitate even higher primary ion energies
[22]. In our approach, for the probing beam of Cl ions, the signal of
scattered primary ions was employed to quantify W, thereby providing two datasets for each sample. The achievable accuracy is
limited by the potential uncertainties in the inelastic energy loss
of primary ion species and recoils to ±5–10% of the deduced atomic
concentrations. Note that for a comparison of samples with similar
main constituents, a relative comparison of concentrations (such as
in the present case with C) is possible with higher accuracy. A more
detailed analysis of uncertainties is available elsewhere [23,24].
Statistical uncertainties are expected to be smaller than the
above-mentioned systematic contributions.
Grazing Incidence X-ray diffraction (GI-XRD) measurements
were carried out with an incident angle of 2°, using a Philips
MRD X’Pert diffractometer with Cu-Ka radiation. The diffractometer was operated in a parallel beam geometry using a Göbel mirror
on the primary side and parallel plate collimator with a 0.27°
divergence on the secondary side. Pawley refinement of the GIXRD data [25] was carried out using the Topas Academic (V6) software [26,27] A Bruker D8 diffractometer equipped with a Johansson monochromator (Cu-Ka1) on the primary side and a Lynxeye detector on the secondary side was used for performing symmetrical (h/2h) scans.
The surface morphology of the films was investigated by scanning electron microscopy (SEM), using a Zeiss Merlin SEM operated
at 5 kV using an in-lens detector. Cross-section samples of the thin
films for transmission electron microscopy (TEM) analyses were
prepared using a focused ion beam (FIB) and scanning electron
microscope (FEI Strata DB235). The samples were attached to a
2
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Cu lift-out grid and thinned to electron transparency with final polishing step using a 5 kV Ga beam. The TEM analyses were carried
out on a probe corrected FEI Titan Themis operated at 200 kV.
STEM images were acquired using an annular dark-field (ADF)
detector. The selected area electron diffraction (SAED) data and
dark field (DF) images were evaluated with CrystBox [28] and JEMS
[29].
Indentation measurements were performed using a CSM Instruments’ Ultra Nano Hardness Tester equipped with a diamond Berkovich tip. Indents were made to a depth of 100 nm (<2.5% of film
thickness) to ensure representative data. The hardness (H) and the
reduced E-modulus (Er) were determined following the Oliver and
Pharr method [30], applied to at least 10 indents per sample. The
micropillar specimens were prepared using a two-step milling process in the same FIB instrument used for TEM sample preparation.
Coarse milling was carried out with 10 kV and 3nA, and the fine
polishing was carried out with 10 kV and 100 pA. The pillars were
milled to a length ~3.7 mm, and to a diameter of ~1.2 mm, giving an
aspect ratio of ~3. The crater around the pillars had a diameter
of ~25 mm. The micropillars were compressed insitu in the SEM
using a Vega 3 (Tescan, Brno, Czech Republic) and Alemnis SEM
Indenter (Alemnis AG, Thun, Switzerland) with a diamond flat
punch tip with a diameter of 3.5 mm (Synton MDP, Nidau, Switzerland). The pillars were compressed at a constant strain rate of 103
s1 using the displacement mode, with the load–displacement data
recorded simultaneously. The diameters at approximately half
height of the pillars were used to calculate the engineering stresses. The taper angle of all pillars was below 5°. The value of the
flow stress (r) was evaluated at ~5% strain [9] from four pillars
per film to ensure reliable statistics. The pillars were studied post
compression in the above-mentioned Zeiss Merlin SEM operated
at 10 kV.
The surface roughness was investigated with a Bruker Dimension Icon ICON4-SYS atomic force microscope. The experiments
were carried out in non-contact (NC-AFM) mode and the scan areas
of 1 by 1 mm were imaged at a scan rate of 1 Hz. The data analysis
was carried out using the NanoScope Analysis (Version 1.9) software package.

Fig. 1. Atomic fraction depth profiles of a) W2 and b) W4 sample obtained by ToFE-ERDA measurements using the 127I8+ beam.

elongated grains about 40 nm wide and 200 nm long (longer in certain cases). The grains appear to grow in certain preferred orientations and although some variations in orientations are observed,
majority of the grains are oriented at ~120° relative to each other.
The addition of 2 at.% C leads to a significant change in surface
morphology with the grains appearing to have an irregular shape
and random orientations (Fig. 2 b). Furthermore, the grains appear
to be larger, but, a detailed study at higher magnification shows a
fine lamellar structure suggesting a reduced grain size compared to
the W film (inset in Fig. 2 b). The width of the lamella in the inset
is ~15 nm and the lamellas are found between the grains that have
a size that is similar to the ones in the W film. The W4 film exhibits
increasingly irregular surface morphology with less defined grains,
making it difficult to estimate grain sizes with SEM. Additional
AFM measurements (not shown) reveal that the surface roughness
decreases from 4.67 nm for the W film to 3.97 nm for the W2 film
and to 2.74 nm for the W4 film.
Fig. 3 shows the h/2h scans of the as-deposited films in a logarithmic scale. All the peaks can be indexed with a cubic bcc (A2,


3. Results

Im3m space group) unit cell and no indications of additional carbide phases are observed. While the scan of the W film exhibits
only (hh0) peaks, the scans of the W2 and W4 films show (2 0 0)
and (2 1 1) peaks in addition that are, however, of a much lower
intensity. Hence, all three films grow with a strong <hh0> orientation, which means that the {hh0} planes are oriented parallel to the
substrate surface. The bcc unit cell of the pure W film was determined to be 3.17144(3) Å using a Pawley refinement of the bcc unit
cell using the (1 1 0) peak. The addition of C leads to a unit cell
expansion with an increase in the lattice parameter of 0.014–0.0
15 Å (~0.5%) in the W2 and W4 films compared to the W film
(see Table 2). The increase in unit cell parameter suggests a solid
solution of C in the bcc structure. Furthermore, the (1 1 0) peak
broadens with increasing C content, indicating a reduction in the

To study the influence of C (carbon) on the magnetronsputtered W (tungsten) films, three different samples were synthesised: a pure W film and two C-containing films. The composition
of the films was determined by ToF-E-ERDA using the approaches
described in the Methods section. The results show that the C contents in the C-containing films were about 2 and 4 at.% (see
Table 1). Correspondingly, the W and the two C-containing films
are denoted as W, W2 and W4, respectively. The obtained depthprofiles (Fig. 1) from the ToF-E-ERDA measurements using the I
(iodine) beam indicate a homogenous distribution of C and W.
SEM top-view images of the three compositions are shown in
Fig. 2. As can be seen, the addition of C has a strong influence on
the film morphology. The W film (without C) (Fig. 2 a) exhibits

Table 1
Sample name, and chemical composition obtained by ToF-E-ERDA measurements using 127I8+ and 35Cl7+ as primary beams. The maximum deviation in composition measured by
the two approaches for individual samples is 0.7 at.% which is in accordance with the analysis of uncertainties given in the Methods section. The final value reported is the
arithmetic mean of the values obtained from the measurements using 127I8+ and 35Cl7 as the primary beams. Additionally, O and Ar impurities (<1 at.%) were also identified.
Sample

W
W2
W4

I beam

Cl beam

Average

W

C

W

C

W

C

100.0
97.9
95.6

0.0
2.1
4.5

100.0
97.7
96.2

0.0
2.3
3.8

100.0
97.8
95.9

0.0
2.2
4.1
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Fig. 2. SEM top-views of a) W, b) W2 and c) W4. The inset in b) shows the fine lamellar microstructure within the larger features. The inset field of view is 100 by100 nm.

Fig. 4. GI diffraction patterns of the W, W2 and W4 films stacked along y axis.
Inverted green triangles and dashed vertical lines denote the peak positions of a bcc
unit cell with a lattice parameter of 3.16854(6)Å, i.e., the refined value for the W
sample (bottom). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. h/2h diffraction patterns of the W, W2 and W4 films stacked along the y axis.
Inverted green triangles together with the dashed lines mark the peak position of a
bcc unit cell with a lattice parameter of 3.17144(3)Å, i.e., the refined value for the W
sample (bottom). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

containing films: a peak shift to lower 2 h angles and an increase
in peak width. The GI diffractogram of the metallic W film was
fit to a bcc unit cell, yielding a lattice parameter of 3.16854(6) Å,
which is in good agreement with the h/2h results and with the literature [32]. The W2 and W4 diffraction patterns can also be fitted
with an expanded bcc unit cell as a result of the increased carbon
content, as shown in Table 2. The relative intensity of the peaks in
the GI XRD is influenced by the preferential orientation. The markedly increased intensity of the (1 1 0) peaks for the carbon containing samples can be explained by the increasingly tilted columns in
these samples, as explained in the TEM analysis below. Also, the GI
peaks for the W2 and W4 samples show broadening, as expected
by grain refinement.
The SAED pattern and TEM bright field (BF) image of the W film
are displayed in Fig. 5 a-b. The film is composed of columns which
likely have a slab-like morphology considering the SEM results
(Fig. 2). The SAED pattern of the film integrates over multiple
columnar grains and is a superposition of several zone axis (ZA)
patterns. The reflections are sharp, indicating a rigid and strict orientation relationship between the differently oriented crystals. All
the observed ZA are indexed with the bcc W structure and have
coinciding 110 reflections, confirming the preferred orientation
found in the h/2h diffractogram. The different ZA thus represent

Table 2
Refined lattice parameters obtained from the h/2h and GI scans.
Sample

h/2 h
a (Å)

GI
a (Å)

W
W2
W4

3.17144(3)
3.18650(3)
3.18502(4)

3.16854(6)
3.1757(1)
3.1825(2)

overall grain size in the film growth direction. The (2 0 0) peak of
the W4 sample shows an asymmetric broadening towards higher
2h values, which can originate from factors such as internal stresses or a tetragonal distortion [31].
The GI scans in Fig. 4 show all the allowed peaks for the samples. This shows that there are grains, either at the film-substrate
interface or in between the textured grains, that are not perfectly
oriented in the <hh0> directions. The existence of such grains is
especially emphasised by the presence of the (1 1 0) peak in the
GI diffractogram which means that these {hh0} planes are not parallel to the substrate surface. The total amount of these grains,
however, must be small since they are only observed when the
intensity is plotted in a logarithmic scale of the h/2h diffractograms. Two general observations can be made for the C4
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Fig. 5. TEM analysis of the W film. a) SAED pattern (B/W) overlaid with simulated spot diffraction patterns (colour). b) BF TEM image showing columnar growth of the film. c)
Combination of DF TEM images showing orientation columns. (d–h) Colourised DF images of present column orientations using Bragg reflections as indicated in a). The same
colour coding has been used for the simulated SAED pattern and DF images: [0 0 1] = red; [1 1 1] = blue; [1 1 0] = purple; [1 1 3] = green; [1 1 2] = turquoise. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

as the sample has not been thinned perfectly parallel to the growth
direction. Hence, it appears that most columns in the pure metallic
W film consist of very few grains. The orientations causing the
brightest reflections in SAED ([1 1 0], [1 1 3] and [1 1 2]) also dominate the DF image. The most common angles between these
planes are 55-65° and 115-125°. These are consistent with the
grain relations observed in top-view SEM (Fig. 2 a). The column
width measured on the DF images is 133 ± 33 nm which is in line
with the SEM top-view images where elongated grains (200 by
40 nm) are observed.
Results from the TEM analysis of the W2 film are shown in
Fig. 6. The SAED pattern is again a superposition of several zone
axis patterns, and the BF image reveals columnar growth. In the
SAED pattern, all reflections match the simulated diffraction pattern of the bcc structure and the same zone axes as for the pure
W film. Thus, W2 has the same crystallographic relations as the
W film with preferential out-of-plane and in-plane directions. In
contrast to the W film, the SAED reflections of the W2 film are
slightly elongated in a circular manner, indicating some degree of
tilt between the columns. The BF and DF analysis of W2, using
[0 0 1], [1 1 0], [1 1 1], and [1 1 3] reflections, are shown in
Fig. 6 (b–g). Compared to the W sample, W2 exhibits narrower columns (86 ± 16 nm wide) and the DF images indicate that these columns consist of several grains. The observation of a reduced
column width and more in-plane orientation of the columns are
consistent with the top-view image from the SEM (Fig. 2b).
TEM results of the W4 film are shown in Fig. 7 and show an
expected continuation of the microstructural evolution described
for the W and W2 samples. The SAED pattern (Fig. 7a) is consistent
with the bcc structure, but shows stronger circular elongation of

different in-plane orientations of the columns. A total of six different zone axes indexed with the bcc W structure were identified:
[0 0 1], [1 1 0], [1 1 1], [1 1 2], [1 1 3] and [3 3 1], where [1 1 0],
[1 1 3], and [1 1 2] appear to be most common in the studied cross




section. (1 1 3) and (1 1 0) are both perpendicular to (1 1 0). The




angle between these planes is 115°. (1 1 3) and (1 1 0) are also
both perpendicular to (1 1 0), and the angle between these planes




is 65°. Additionally, the angle between (1 1 2) and (1 1 0) is




125°, and between (1 1 2) and (1 1 0) 55°. These angles agree
with the angles observed in the SEM top-view. A table with the
other specific in-plane angles can be found in Ref. [33]. Simulated
SAED patterns are colour-coded and overlaid to aid recognisability.
Identification of ZAs was confirmed by isolated spot diffraction
measurements probing single columns using the nano-beam
diffraction technique (data not shown). In the SAED pattern, two
additional low intensity reflections (marked with arrows) are
observed, but could not be assigned to any zone axis using the W
structure. These are considered to arise from multiple scattering
events.
To illustrate the different crystal orientations, centred Dark
Field (DF) micrographs were recorded, see Fig. 5 (c–h). Using this
technique, a reflection of a specific zone axis orientation is selected
for imaging, exposing all grains in this orientation. The sum of all
colourised DF images is shown in Fig. 5 c. As can be seen, the film
consists of a thin nucleation layer (which explains the peaks in the
GI diffractogram in Fig. 4) at the substrate-film interface which is
populated by columns that extend through large parts of the film.
Most columns maintain the same orientation throughout the
whole film. It is likely that the observed columns are truncated
5
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Fig. 6. TEM analysis of W2 film. a) SAED pattern (B/W) overlaid with simulated spot diffraction patterns (colour). b) BF TEM image showing columnar growth of the film. c)
Combination of DF TEM images showing orientation columns. (d – g) Colourised DF images of present column orientations using Bragg reflections as indicated in a). The black
vertical lines in b) depict un-thinned regions of the film used as structural support. The same colour coding has been used for the simulated SAED pattern and DF images:
[0 0 1] = red; [1 1 1] = blue; [1 1 0] = purple; [1 1 3] = green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. TEM analysis of W4 film. a) Polycrystalline SAED ring pattern with inset showing rotational average of ring intensity (green) and simulated ring intensity (red) using
the W structure. b) Overview of the ADF STEM image showing the entire thickness of the film. c) The ADF STEM image with higher magnification illustrating several
crystallites within a column. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

gated parallel to the growth direction and have different crystallographic in-plane orientations. As the columns are about 20 nm
wide and contain several grains it can be concluded that the grain
size is smaller than 20 nm, thus confirming the continued grain
refinement as C content increases. A thorough DF analysis, as presented for the W and W2 samples, is not possible due to the lack of
discrete reflections in SAED.

the diffraction spots, consistent with increased in-plane rotational
freedom, i.e., towards a fibre-like texture. Top right quadrant of
Fig. 7a) shows an inset with the rotational average and diffraction
rings indexed using the bcc structure.
Annular dark field (ADF) STEM images of the W4 sample are
shown in Fig. 7 b) and c). Similar to the W2 samples with lower
C content, the W4 sample also exhibits a columnar morphology.
However, each column consists of many small grains that are elon6
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phase bcc structure, and the observed lattice parameter of
3.17144(3) Å is in excellent agreement with literature values
[32]. The W film exhibits a columnar microstructure with a pronounced <hh0> texture, which is commonly observed for magnetron sputtered refractory metal thin films since the {hh0}
planes are the most dense packed planes in the bcc structure
[15,37]. The surface morphology exhibits elongated features, about
40 nm wide and 200 nm long, that seem to possess some orientation relationships. Similar microstructure has previously been
reported for magnetron sputtered W in Ref. [38]. Additionally,
we have also observed similar surface morphology for
magnetron-sputtered TaW-rich films [14,19]. The TEM analysis
shows that each column consists of very few grains. The column
width estimated by TEM is 133 ± 33 nm which is consistent which
the SEM results where elongated grains of dimensions 200 nm by
40 nm are observed. It is, however, important to note that the column width estimation by TEM can be strongly influenced by the
the cut angle of the lamella relative to the column orientations.
The large deviation in the grain sizes reported in literature (14–
200 nm), likely stems from the different deposition processes
employed [12,15,16,38–40]. For example, Ma et al. [39] have used
an ion beam assisted deposition process whereas Javdošňák et al.
[12] used pulsed deposition process. DC magnetron sputtering
have also been used in several cases [15,16,38,40].
The focus of this study is to investigate the effect of C on the
microstructure and the mechanical properties of W thin films.
XRD confirms that the bcc structure is maintained in the Ccontaining films without the formation of carbides. Furthermore,
the films also maintain the pronounced <hh0> texture. The unit cell
of the W film increases with the addition of C, which is consistent
with a supersaturated solid solution. C has maximum solubility of
1 at.% in W [17] at ~2700 °C, and therefore the C concentrations in
the present study are higher than the solubility limit at room temperature. Ab initio calculations on bcc W suggest that C occupies
the octahedral sites of the bcc W structure in a solid solution
[41]. Supersaturated solid solutions of p-elements such as C and
B have also been observed in magnetron-sputtered films of other
bcc metals [15,16].
The addition of C has a significant influence on the microstructure. The column width, determined by TEM, is reduced from
133 ± 33 nm to 86 ± 16 nm upon the addition of 2 at.% C. The
SEM top-view image (Fig. 2 (b)) shows that the addition of 2 at.%
C led to increased randomness among the in-plane oriented columns. An increase of the C content to 4 at.% induced further grain
refinement to ~20 nm, which is corroborated by the TEM crosssection images which also show that the columns do not extend
from the substrate-film interface to the top, but consist of multiple
grains. The underlying mechanism of the grain refinement caused
by the addition of C can be explained by the low solubility of C in
W [17]. Due to this, C is expected to segregate during the film
growth to the grain boundaries (GBs) and to induce renucleation, leading to smaller grain sizes compared to the pure
W film. A more detailed study with APT, which is outside the scope
of this paper, has shown a homogenous distribution of C, with no C
segregations at the GBs detected [42]. The proposed C segregation
to the GBs must therefore be below the size that can be detected by
APT [43]. The loss of columnar growth and the formation of
equiaxed grains has previously been observed by Greczynski
et al. [13] and Yang et al. [15], and a complete amorphization of
a CrNbTaTiW film upon the addition of C was reported by Shinde
et al. [44]. The loss of columnar growth throughout the film upon
C addition is, however, in contrast to our previous studies on
related alloys [14,19]. Reasons for this could be the significantly
larger film thickness in the present study (~4.5 mm compared
to ~500 nm), or the higher deposition rate (~600 nm/h compared
to 200 nm/h).

Table 3
Mechanical properties of the studied films: Hardness (H), reduced elastic modulus
(Er) and effective elastic modulus (Eeff) from nanoindentation, and flow stress (r0.05)
from micropillar compression tests. All values are averages from several tests, and
uncertainties are given as standard deviations.
Sample

H (GPa)

Er (GPa)

Eeff (GPa)

r0.05 (GPa)

W
W2
W4

12.5 ± 0.6
19.5 ± 1.3
24.3 ± 1.5

333 ± 10
328 ± 13
326 ± 13

469 ± 10
458 ± 25
457 ± 25

3.83 ± 0.28
n.a.
8.33 ± 0.50

Fig. 8. Stress vs. strain curves from representatives micropillar compression
experiments on the W film (red curve), and the W4 film (blue curve). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

The hardness and the reduced elastic modulus of the films were
determined by nanoindentation and are summarised in Table 3.
The W film exhibits a hardness of ~13 GPa. As the C content is
increased, the measured hardness increases to ~20 GPa for the
W2 film, and to ~24 GPa for the W4 sample. The reduced elastic
modulus (Er) is less affected by the increased C content, but a
reduction from ~333 GPa to ~326 GPa is observed for both the
W2 and W4 films.
Micropillar compression tests were carried out on the pure W
film and the film with 4 at.% C (W4), since they represent the
two extremes of concentration within the studied material system.
The stress–strain curves from pillar tests on each sample are
shown in Fig. 8. As can be seen, the W film (red curve) starts flowing at a much lower stress (r0.05 ~ 3.8 GPa) than the W4 film (blue
curve) where plastic flow is activated at a stress of ~8.3 GPa. The
results show that the strength of the materials is ~1/3 of their hardness, which is in good agreement with Tabor’s constraint factor of
0.28 [34]. Fig. 9 (a) and (b) depict representative pillars after compression experiments and both samples are clearly deformed.
However, the W pillar exhibits clear cracks at the top part of the
pillar (marked with red arrows), which propagate along the GBs
showing inter-granular fracture. The W4 pillar, on the other hand,
exhibits fewer cracks which do not propagate as far.

4. Discussion
Magnetron-sputtered W films can crystallise, depending on the
process parameters, either in the a (bcc) or the b (A15) structure
[35,36]. The pure W film in the present study exhibits a single7
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Fig. 9. SEM images of typical deformed micropillar from (a) W and (b) W4 pillars. Arrows pointing to clear cracks in the deformed W micropillar.

The hardness of the W film is ~13 GPa, which is around three
times of single crystal W bulk samples [45]. Hardness values of
between 10 and 15 GPa are, however, often observed for W thin
films [15,16,39,40], and Ma et al. have recently shown that the high
hardness is caused by the nanostructured columns [39]. The grain
refinement strengthening effect can be described by the Hall-Petch
ﬃﬃ ) [46]. A H0 ~4 GPa [45] and a kHP
relation (H ¼ H0 þ 3kpHP
d

of ~0.001 GPa m1/2 [46] are often reported in the literature for W.
These values are among the highest reported for any metal, thus
grain refinement strengthening is a very effective way to
strengthen W-based materials [46]. The hardness of the W film
with a grain size of 133 nm is calculated to be ~12 GPa using the
aforementioned parameters. The high hardness of the W film in
the present study is therefore, as in the case of Ma et al. [39], attributed to the small grain size.
The addition of C leads to a significant increase in hardness. The
W2 film is around 7 GPa harder than the W film, and the hardness
of ~24 GPa for the W4 film is almost twice as high as that of the W
film. Fig. 10 gives an overview of the samples from our study
(square black markers), and the available literature data of
nanocrystalline W films (filled coloured markers) and p-element
supersaturated W films (open coloured markers). As can be seen,
the p-element supersaturated W films (both from this study, and
from literature [12,15,16]) are ~10 GPa harder than pure W films
with comparable grain sizes. This is illustrated in Fig. 10 by the yellow box representing nanocrystalline-W and the pink box representing p-element supersaturated W films. The most probable
slip system for strongly h1 1 0i textured bcc films with [0 1 1] load-

Fig. 10. Hall-Petch plot showing hardness as a function inverse square root of the
grain size (d1/2). Solid markers show pure metallic materials, and open markers
show p-element alloyed materials. Black symbols are data from the present study
and coloured symbols are literature data showing single crystal (sx)[45] and
nanocrystalline W materials [12,15,16,39,40].

introduces compressive stresses onto the crystal lattice. The stress
fields around dislocations are either pinned or repelled by the
stress field of the crystal lattice, and dislocation movement is
therefore more difficult. C has a low solubility in W, and the solid
solution hardening contribution cannot be estimated by the Fleischer relation [47]. A certain solid solution hardening contribution
is nevertheless expected due to lattice distortions.
The addition of C can also increase the dislocation density,
which in turn increases the hardness. W thin films possess a dislocation density of 109/cm2 [48], and Ma et al. have recently shown
that such a dislocation density adds ~0.1 GPa to the overall hardness of W thin films [39]. Xu et al. have demonstrated that the dislocation density in magnetron sputtered thin films can reach up to
1013/cm2 [49]. Such a high dislocation density would contribute up
to ~14 GPa to the overall hardness of W thin films. No quantitative



ing direction is [1 1 1](2 1 1), and the column width can therefore
be considered as the effective grain size for dislocation movement
given these orientation relationships. The difference in hardness
between pure W and p-element supersaturated W films with the
same grain size can result from a combination of three mechanisms: (i) solution hardening by C, (ii) increase in dislocation density from dissolved C and (iii) formation of C-enriched clusters. A
likely contributing factor is solid solution hardening due to the
presence of C in the interstitial sites of the bcc structure, which
8
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analysis of the dislocation density was carried out within this
study, but a recent study on C supersaturated TaW films has
demonstrated that the addition of C induces defects [19]. It is
therefore expected that increased dislocation density contributes
significantly to the hardness.
An additional APT study has shown a homogenous distribution
of C, and no C segregations at the GBs were detected [42]. This and
the results in ref. [19] emphasise that no C clusters are formed and
therefore the hardening is not attributed to the formation of C
nanoclusters.
In addition to significant hardening, the addition of C to the W
film also leads to an apparent increase in the toughness of the film.
This was observed during micropillar compression tests, where the
flow stress (r0.05) of the W film increased from ~3.8 GPa to ~8.3
GPa for the W4 film. Such high flow stresses have previously been
reported for nc-NbMoTaW high entropy alloy thin films [9] with a
column width of ~70 nm, with the observed high r 0.05 values
attributed to its nanocrystalline microstructure. Although pillars
from both the pure metal and C containing sample exhibited cracks
along the GBs (which is often observed for textured refractory
metal films at high strain values), the W4 material exhibits less
cracks, indicating that dislocations are better transmitted between
the columnar GBs.
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