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Highlights 

 Thin films of tungsten (W) were deposited on glassy carbon (C) substrates. 
 The as-deposited samples were annealed isothermally under vacuum at temperatures 

ranging from 673 K to 1273 K. 
 The structural changes due to thermal annealing were monitored by RBS and GIXRD. 
 The GIXRD analysis showed that carbide formation was first observed at annealing 

temperature of 1173 K. 
 The W/C system was stable under heat treatments below 1073 K. 

 

Abstract 

Thin films of tungsten (W) were deposited on glassy carbon (C) substrates using a magnetron 
sputtering system. The as-deposited samples were annealed isothermally under vacuum at 
temperatures ranging from 673 to 1273 K. The structural changes due to thermal annealing were 
monitored by Rutherford backscattering spectrometry (RBS) and grazing incidence X-ray 
diffraction (GIXRD). RUMP software was used to simulate the RBS spectra. The thickness of W 
thin films deposited, atomic composition of deposited layer and the intermixed layer growth 
were deduced from the RUMP simulation results. The GIXRD analysis showed that carbide 
formation was first observed at annealing temperature of 1173 K. The kinetics of the solid-state 
interaction was found to be diffusion controlled at the interface between W and C. The 
activation energy for the diffusion of C in W was estimated as 2.23 eV. The XRD results showed 
that the average crystallite size of the as-deposited W film was 9.77 nm. It increased with 
annealing temperature up to 18.05 nm at 1173 K. The first carbide phase observed was W2C in 
the sample annealed at 1173 K, while WC was the dominant carbide phase at 1273 K. The 
stability of W/C system under heat treatments below 1073 K suggests that this system has a 
promising application for long-term structural integrity of dry cask storage devices. 
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1. Introduction 

Nuclear energy is one of the major contributors to the world energy resources but the task of 
storage and containment of nuclear waste has been a major scientific challenge to the growth and 
acceptability of this form of energy. These problems have adversely affected its acceptability by 
most members of the general public largely due to safety concerns. Currently, glass materials are 
being used for encapsulation of nuclear waste in solid form [1]. This waste is then stored in dry 
cask storage containers which are meant to be temporary until they are transferred to permanent 
geological sites. Demand for dry casks with longer service lifespan beyond 60 years [2] is 
expected to be on the increase in the near future due to dearth of permanent repositories. 
Currently, dry cask storage devices are made from materials such as stainless steel, cast iron and 
concrete. The problems with these materials are their susceptibility to corrosion and chemical 
attacks. A leakage of radiation as a result of defects caused by corrosion can pose serious threats 
to mankind and the environment. Hence, the need to research on new materials for extended 
service life of dry casks for nuclear waste storage. The maximum temperature of the spent 
nuclear fuel does not exceed 673 K [3]. This temperature decreases to about 473 K [4] after wet 
storage for few years, before being transferred to the dry cask storage device. 

Carbon exists in many allotropic forms. In its natural form, carbon exists as amorphous carbon, 
graphite and diamond. It also exists in synthetic form as glassy carbon (C), fullerene, graphene, 
carbon nanotube and more recently as carbyne which is believed to be the strongest material in 
the world [5]. Carbon is unique because a change in its local bonding can give rise to the above-
mentioned diverse materials [6]. These materials have a remarkable range of mechanical, 
electronic, and electrochemical properties and many possible applications. The ability of carbon 
to exhibit diverse properties originates from the flexibility to form sp1, sp2, and sp3-hybridized 
bonds [7]. Glassy carbon is a synthetic form of carbon formed by pyrolysis of organic resins at 
elevated temperatures [8,9]. Glassy carbon exhibits a combination of glassy and ceramic 
properties with those of graphitic materials. It has high thermal stability and does not transform 
into graphite even at high temperatures up to 3273 K [10,11]. Glassy carbon possesses physical, 
chemical and mechanical properties which make it very promising for technological applications 
[12]. These properties include moderate hardness, resistance to corrosion and wear, high 
chemical inertness [13], impermeability to gases and liquids [14]. Other properties are high 
temperature stability, high thermal conductivity, good resistance to thermal shock and low 
coefficient of thermal expansion [15]. These properties make glassy carbon more useful for many 
industrial applications, such as vacuum evaporation sources, radiation containment, zone-
refinement crucibles and encapsulation of spent nuclear fuel. 

Tungsten is a heavy metallic element, a member of the third series of transition metals. Tungsten 
has the highest melting point of all metals, and at temperatures over 1923 K has the highest 
tensile strength [16]. It has good chemical, physical and mechanical properties; such as high 
thermal conductivity, irradiation resistance, exceptional corrosion and abrasion resistance. W also 
exhibits a low sputter rate and good thermal conductivity [17]. Due to these properties of W, it 
can serve two main applications in the nuclear waste storage system. First, being an element with 
high atomic number with massive nucleus, it can act as a shield component due to its ability to 
block gamma rays which low atomic number elements such as carbon cannot contain. Secondly, 
it is expected to provide structural enhancement due to its high mechanical strength. The W 
being a heavy metal is used for many applications, where the high specific weight of the material 
plays an important role. It is used as important components for X-ray and radiation shielding 
[18]. Typical examples of such shields are containers for radioactive materials and liquids, 
shielding construction parts in tomographic scanners, radiation therapy instruments, and 
containers and shielding for oil prospecting using radioactive sources [18]. 
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The properties of glassy carbon enumerated above have drawn the attention of many researchers 
to study its performance improvement by ion implantation. Notable studies on ion species 
implanted in glassy carbon include Co [19], Cd [11], In [12] and Cs [20]. The results of these 
studies showed that the diffusion patterns of the implanted ions were not into the bulk, but 
rather towards the surface of the glassy carbon damaged by ion implantation. These observations 
suggested that glassy carbon was stable in radiation environment. Our literature search showed 
that phase formation as well as diffusion between tungsten and glassy carbon has not been 
studied. It is therefore, pertinent to investigate how W and glassy carbon interact under heat 
treatment. This will help to model these materials behavior under the influence of decay heat of 
radioactive nuclear waste. The knowledge from this study is important for developing new 
technology that will mitigate the challenge of nuclear waste management. The properties of these 
two materials highlighted above, could be explored in nuclear technology, especially in the dry 
cask component for radiation containment. The service lifetime of the iron-based canister can be 
improved by electrolytic treatment of its outer surface with layers of glassy carbon and tungsten. 
This will ensure sufficient protection against extended long term corrosion and chemical attacks. 

2. Experimental procedure 

Rectangular glassy carbon strips with dimensions of 50 mm X 10 mm X 2 mm were obtained 
from Hochtemperatur-Werkstoffe GmbH, in Germany. The Sigradur© G glassy carbon grade 
has a density of 1.42 gcm−3, flexural strength of 260 MPa, compressive strength of 480 MPa, 
Young's modulus of 35 GPa, thermal conductivity of 6.3 Wm−1K−1 and maximum service 
temperature up to 3273 K [21]. The glassy carbon strips were cut into smaller sizes of 5 mm X 
10 mm X 2 mm. Then W films were deposited on the glassy carbon substrates by physical 
vapour deposition. The MDX magnetron sputtering system made by Advanced energy 
industries, Inc [22]. was employed for sputtering tungsten films onto the glassy carbon 
substrates. The glassy carbon substrates were first mounted on a cleaned circular sample holder 
with a diameter of 10 cm, which was then mounted in the chamber of the magnetron sputtering 
system. The distance between the substrate and tungsten target was approximately 20 cm. The 
tungsten target is rectangular in shape with dimensions of 210 mm X 105 mm X 10 mm. The 
chamber pressure was first pumped down to 1 10−4 Pa and argon gas was introduced into the 
chamber with its pressure adjusted to 3 Pa giving rise to gaseous plasma in the chamber when 
the magnetron was switched on. The target was etched by Ar plasma for 5 min to ensure that 
any contaminant on its surface was removed before the actual sputtering process was carried out 
at room temperature. The sputtering parameters were carefully optimized after several attempts 
to ensure good adhesion between the W films and glassy carbon substrates. Films adhesion in 
both as-deposited and annealed samples was monitored by low magnification scanning electron 
microscopy. The optimized working gas pressure and sputtering power were 0.4 Pa and 145 W, 
respectively. The power density applied to the sputtering target was 0.66 Wcm−2. Estimated 
average deposition rate of  ̴ 16 nm⋅min-1 was obtained for W films sputtered on the glassy carbon 
substrates. 

The as-deposited tungsten-glassy carbon couples were annealed in a vacuum tube furnace 
annealing system with low pressure in the order of 1 X 10−5 Pa. Series of isothermal annealing 
were performed at temperatures ranging from 673 to 1273 K with a step interval of 373 K for 
various annealing duration of 30, 60, 90, 120, 180 and 1440 min. The as-deposited and annealed 
samples were analysed using the Rutherford backscattering spectrometry (RBS) system with the 
same analysis parameters given in Ref. [23] and the acquired spectra were simulated using RUMP 
code. The thickness of W layer deposited, elemental composition as well as information 
indicative of atomic intermixing across the interface of the diffusion couples were extracted from 
the RBS-RUMP simulated results. 
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In the conventional Bragg-Brentano configuration, the path travelled by the X-ray beam in thin 
films is too short for a typical Bragg angles to deliver X-ray reflections of sufficient peak-to-noise 
ratio [24], hence only negligible structural information is obtainable with this measurement 
configuration. This problem was circumvented in this study by employing the grazing incidence 
X-ray diffraction (GIXRD) configuration (shown in Fig. 1). 

 

Fig. 1. The grazing incidence configuration. Adapted from Ref. [24]. 

With this configuration, the X-ray hits the W films at very low incidence angle of α = 1°. This 
arrangement helps to increase the path travelled by the X-ray beam in the W films before it 
eventually entered the glassy carbon substrates. This GIXRD configuration was used to measure 
all the samples using a Bruker-AXS diffractometer, with a Cu (K α) radiation source of 
wavelength 1.5406 Å, at 2-theta angle with a step size of 0.04°. The diffraction patterns were 
collected by a detector rotated on a goniometer from 15° to 100°. The samples were analysed by 
grazing incidence XRD in order to ensure that a high concentration of the radiation beam was 
on the deposited W films to ensure that sufficient structural information of the W films were 
acquired. 

3. Results and discussion 

3.1. RBS analysis 

The RBS/RUMP simulated spectrum of the as-deposited sample is shown in Fig. 2. The red line 
denotes the simulated spectrum while the black one is the experimental RBS spectrum. The 
scattering events from W and glassy carbon (C) are clearly separated in energy. The W signal 
appeared at 1.47 MeV while the C signal appeared at a lower energy 0.40 MeV. The latter was 
due to both scattering kinetics and the energy loss of the backscattered He+ ions, during their 
inward and outward paths. 
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Fig. 2. The RBS spectrum of as-deposited sample (black) and RUMP simulated spectrum (red). Included in the 
figure is the experimental geometry.  

The arrows at channel numbers 473 and 115 indicate the surface positions of W and C, 
respectively. If the C were present at the surface with W film, its signal would have appeared at 
the higher energy edge, indicated by the arrow in Fig. 2. The simulated spectrum overlaps the 
RBS measured spectrum very well, especially in the region of the tungsten signal, where the 
simulated and measured spectra are difficult to distinguish from each other. But at the lower 
energy channel of the C peak, it is difficult to achieve a good fit. This fitting problem at the low 
energy tail of the RBS is typical of this analytical method. Wang and Jacob [25], attributed this 
problem to the increasing background as a result of multiple scattering [26] from the overlaying 
W films, which is not quantitatively reproduced in the RUMP simulation program. Multiple 
scattering caused the traversing ions to possess reduced energy. This in turn produced a high 
scattering cross section, which resulted in high yields at the low energy tail. The effect of multiple 
scattering is common with layers of heavy elements and increases with layer thickness. The 
thickness of W film deposited on the C substrate was estimated as 726.8 X 1015 atcm−2 (i.e. ̴ 
115.2 nm), bulk density was assumed for the W thin films. 

The RUMP simulations of all the RBS spectra were also carried out to investigate the atomic 
intermixing between the W and C atoms for all the samples annealed at temperatures of 673–
1273 K. The fit obtained from the as-deposited sample was coherently maintained in the 
simulations of the annealed samples. The simulated results for samples annealed isothermally 
from 673 to 973 K for annealing duration up to 1440 min showed that there was no sign of 
intermixing of atoms between the two materials in this temperature range. Their simulated 
spectra (not shown here) were similar to that of the as-deposited sample presented in Fig. 2. 

Intermixing of W and C atoms was observed at 1073 K and increased progressively with 
annealing temperature and duration as presented in Fig. 3. This result was a little departure from 
our earlier finding [23] where the intermixing of W and C atoms appeared to have started at 
973 K. This discrepancy can be attributed to the effect of difference in film thickness. The W 
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films used in the present study were thicker than the previous ones, which had a thickness of 
62 nm. Jehn et al. [27], also observed similar results in their work on the reaction between 
amorphous carbon and tungsten. They reported that diffusion involving thinner films occurred 
at a lower temperature compared to thicker materials. Hugon et al. [28] observed that crystallite 
sizes were larger in thicker films compared to those in thinner ones. This implies that there is 
more accumulation of grain boundary in thinner films, which could aid atomic intermixing or 
diffusion at lower temperatures. Thin films are characterized by small grain sizes, which in turn 
give rise to more grain boundaries. The later act as pathways for diffusion in thin films even at 
low temperatures. For example, at an annealing temperature as low as 623 K, Lamble, et al. [29] 
reported that ditungsten carbide (W2C) formed at the interface of C/W multilayer films. The 
C/W film thicknesses were 1.8 nm and 6.5 nm, respectively. 

 

Fig. 3. The superposition of RBS spectra of as-deposited and the samples annealed at 1073 K for different 
annealing duration as indicated on the figure. Shown in the inset is evidence of atomic intermixing between W and 
C. 

The simulated result of the sample annealed at 1073 K for 30 min, showed that there was an 
intermixed layer of thickness 6.32 X 1015 atcm−2. In the sample annealed at 1073 K for 60 min, 
the thickness of intermixed layer was 8.64 X 1015 at cm−2 (simulated spectra not shown here). At 
1073 K for 120 min, the simulated result showed that the intermixed layer widened to 13.96 X 
1015 at cm−2. In Fig. 3, the RBS spectra at 1073 K showed only small variation in the lower region 
of the W signal. This was an indication that, the annealed temperature was not high enough to 
trigger a substantial interface mixing, which could lead to phase formation in the diffusion 
couple. This is also evident in the height of the W signals for the annealed samples being the 
same with that of the as-deposited sample. 
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Fig. 4. The superposition of RBS spectra of as-deposited and the samples annealed at 1173 K for different 
annealing duration as indicated on the figure. The decrease in the W signal (II–W) and increase in the plateaus on 
the C signal (II–C) of the annealed samples correspond to the formation of the carbide phase. Shown in the inset is 
the reacted C (II–C) in the carbide phase. 

 

Fig. 5. The superposition of RBS spectra of as-deposited and the samples annealed at 1273 K, for different 
annealing duration as indicated on the figure. The decrease in the W signal (II–W) and increase in the plateaus on 
the C signal (II–C) of the annealed samples correspond to the formation of the carbide phase. Shown in the inset is 
the reacted C (II–C) in the carbide phase. 
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In Fig. 4, the spectra of the samples annealed at 1173 K for 60 min, 120 min and 180 min 
showed the presence of plateaus at the high energy edge of the C signal (region II in the inset). 
The appearance of these plateaus is an indication of carbide phase formation [30]. In Fig. 4, Fig. 
5, regions II (C) and II (W) represent the reacted glassy carbon and tungsten atoms in the 
carbide phase, respectively. 

On the other hand, the regions marked as I and III, correspond to unreacted glassy carbon and 
tungsten atoms, respectively. The simulated spectra of these samples showed an increase in the 
interaction between W and C atoms. This suggested carbide phase formation, however, it was 
difficult to predict the type of carbide phase based on the stoichiometry of W and C atoms 
obtained. Positive identification of phase is possible only with XRD. The thickness of the 
intermixed layers obtained at this annealed temperature are presented in Table 1. 

Table 1. Intermixed layer growth with annealing temperature and duration. 

 

Shown in Fig. 5 are the spectra of the samples annealed at 1273 K. After annealing at 1273 K for 
30 min, a plateau developed on the high C edge [region II (C). The C signal of the carbide phase 
in this region extends to an energy corresponding to the presence of C at the sample surface. 

It can be observed in Fig. 5 that the plateaus in region II (C) increased in height with increase in 
the annealing duration. The sample annealed at 1273 K for 90 min has the highest plateau. As 
these plateaus grow in response to the high temperature annealing duration, the W signals 
increased in width and reduced in height [region II (W)]. The W signals widen in width because 
C atoms which diffused from the glassy carbon substrate into W layer made those layers thicker. 
The C atoms in the W layer also lowered the concentration of the W in these layers, which 
resulted in the decrease of the W signal. As will be discussed below and will also be seen from 
the XRD results, the diffused C atoms also reacted with tungsten atoms to form carbide phase. 
The absence of a shoulder at the W back edges, suggested that C is the dominant diffusing 
species in this W/glassy carbon system. The plateaus in the intermixed region (II(C)) are flat 
shaped. This indicates the presence of constant composition of the carbide phase formed at 
these high temperatures. 

The simulation results for the sample annealed at 1273 K for 30 min showed that the elemental 
composition was 65 at.% W - 35 at.% C. The ratio of W to C composition is approximately 2 
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which suggested the presence of ditungsten carbide (W2C). Furthermore, the simulation results at 
1273 K for 60 min and 90 min are essentially the same in terms of the elemental composition. 
The samples annealed at 1273 K for 60 min and 90 min have composition of 50 at. % W - 
50 at.% C. The atomic composition for samples annealed at 1273 K for 60 min and 90 min 
showed that the tungsten monocarbide (WC) phase was formed at these extended annealing 
durations. The resulting intermixed layer thicknesses for samples annealed at 1073, 1173 and 
1273 K are tabulated in Table 1. The intermixed layer of W and C associated with the high 
temperature annealing increased with both annealing temperature and duration. 

From Fig. 4, Fig. 5, the RBS results of the annealed samples at 1173 K and above, clearly showed 
that the C atoms diffused into W layer. There is a large difference in the atomic radii of these 
materials. The atomic radius of carbon is 0.071 nm while tungsten has atomic radius of 0.137 nm 
[31]. This implies that the atomic size of tungsten is almost twice that of carbon. The diffusion 
of carbon in tungsten and its carbides proceeds via interstitial mechanism in addition to grain 
boundaries diffusion [18]. Elements with small atomic size such as carbon, nitrogen and oxygen 
usually undergo interstitial diffusion in tungsten. 

3.2. Evaluation of diffusion parameters 

The growth of the intermixed layer thickness (x) with annealing time (t) is often governed by the 
relation [32,33]: 

            (1) 

where k denotes the rate constant. Using the data in Table 1, the plots of x versus  for the 
temperatures 1073, 1173 and 1273 K, gave straight line graphs [Fig. 6 (a-c)]. Also shown in the 
plots are error bars estimated from uncertainties associated with the simulations of the 
intermixed layer thicknesses. 

 

Fig. 6. Plots of intermixed layer thickness (x) vs.  for temperatures at (a) 1073 (b) 1173 and (c) 1273 K. (d) 
Arrhenius plot for C diffusion in W. 
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The linear graphs obtained in these figures suggested that the growth kinetics of the intermixed 
layer was diffusion controlled. The slopes of these straight line graphs were the rate constants for 
their respective temperature and the values obtained are tabulated in Table 2. 

Table 2. Temperature dependent diffusion parameters of the W/C couple. 

 

To estimate the diffusion coefficient of the C in W, the following method was adopted. It is well 
known that the diffusion coefficient of the impurity atoms (C-atoms) can be obtained by the 
application of Arrhenius equation [34]. 

          (2) 

where ko, Q, kB and are the pre-exponential factor, activation energy, the Boltzmann constant 
and the absolute temperature, respectively. Consequently, the values of 1/ T and k were 
evaluated and plotted in accordance with the temperature dependent Arrhenius equation to 
obtain the graph shown in Fig. 6 (d). The activation energy was evaluated from Fig. 6(d) and the 
value obtained is presented in Table 2. 

For diffusion in a cubic metallic structure such as tungsten, the pre-exponential factor ko can be 
expressed as [35,36]: 

            (3) 

where a and v are the lattice constant and vibration frequency, respectively. The vibration 
frequency vC of the interstitial carbon atom is given by Ref. [36]: 

           (4) 

where is the mass of impurity atom. Using a mass of 1.9910−26 kg [31] for the carbon atom and a 
lattice constant of 3.17 X 10−10 m [18] for the BCC tungsten as well as the estimated activation 
energy of 2.23 eV, the vibration frequency is obtained as vC  = 1.89 1013 Hz. Substituting these 
values of a and vC into Equation (3), the pre-exponential factor, ko = 3.17 X 10−7 m2s−1. Hence, 
the general diffusion expression governing the interstitial diffusion of C in W is given by: 

      (5) 

where T is absolute temperature kB is Boltzmann constant. 

The value of activation energy of 2.23 eV obtained in this work is comparable to the range of 
activation energies (1.72–4.86 eV) [37], quoted for the diffusion of amorphous carbon in W2C. 
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The possible reasons for the range of activation energies reported by Kharatyan et al. [37] could 
be due to differences in microstructure and defect volume of the diffusion couples used. Those 
materials might have been sourced from different manufacturers. In addition to these, 
differences in the range of temperatures adopted for diffusion study could also be a factor. A 
high activation energy has been attributed to difficulty in diffusion of carbon through the carbide 
phases [38,39]. The activation energy for C diffusion in W obtained in this study suggested the 
presence of carbide phase. But only the XRD technique can give a positive identification of the 
carbide phase formed. 

3.3. XRD analysis 

To complement the RBS results, all the samples were characterised by grazing incidence X-ray 
diffraction (GIXRD). This was meant to identify the phase composition of the diffusion couple 
and monitor any new phase formation as a result of the heat treatment. The diffractograms for 
the as deposited and annealed samples are shown in Fig. 7. 

 

Fig. 7. XRD diffractograms of as-deposited and the annealed W/C samples. The glassy carbon peaks positions 
(GC) are 25.18, 43.10 and 79.07°; as-deposited W film peak positions are 39.73, 74.86 and 87.23°; W2C peak 
positions are 34.19° and 39.29°; WC peak positions are 31.19, 35.32, 48.01 and 61.39°. Samples were vacuum 
annealed for 1 h at temperatures shown in the figure. All crystal planes are marked on the figure. 

The phases were identified by comparing the peak position in the X-ray diffractograms with the 
peak position of the tungsten carbide standard tabulated in the ICDD-PDF-2 [40]. The 
comparison was supported by other papers [18,25,41]. The diffractogram of the as-deposited 
sample showed the presence of a strong diffraction peak at 2θ position of 39.73° and low 
intensity peaks at 74.86° and 87.23°, these peaks correspond to the (110), (211) and (220) 
orientation of W, respectively [40]. Also present was a strong broad peak at 25.18° and two other 
small broad peaks at 43.10° and 79.07°. These peaks correspond to the (002), (100) and (110) 
orientations of the graphitic domains in glassy carbon, respectively [15]. The broad nature of 
these peaks is characteristic of amorphous material due to scattered beams. This showed that 
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glassy carbon, indeed, contains a certain amount of amorphous material, often referred to in 
literature as nanocrystalline or paracrystalline material [42]. 

The absence of a carbide peak in the as-deposited sample showed that the XRD results were in 
good agreement with the RBS/RUMP simulated results, which showed no sign of atomic mixing 
or interaction at the interface. Similar diffraction peaks were observed in the sample annealed at 
973 K, with the three additional features in the W (110) peak. This peak increased in intensity 
with reduced width, and a slight shift in the peak position to 2θ = 39.93°. The increase in the 
intensity of W peak upon annealing showed that the as-deposited W film was characterized by 
small grain size. The W film structure improved in its crystallinity upon annealing, hence the 
reduced width. The slight shift by 0.20° toward the higher 2θ  angle can be attributed to residual 
stress relief due to annealing [43]. All the annealed samples experienced slight shifts in 
2θ  positions of the W(110) peak, with the sample annealed at 1173 K having the maximum shift 
of 0.33° from its initial peak position in the as-deposited sample (Table 3). 

Table 3. Data extracted from the fitted diffraction patterns and the calculated crystallite size. 

 

The sample annealed at 1073 K had the maximum intensity for W peak (110). This was due to 
the fact that at 1073 K, the W film had improved in its crystallinity and there was no carbide 
formed. The absence of a carbide phase in the diffraction pattern of this sample showed that the 
W/C couple was thermally stable at 1073 K. This was fairly in good agreement with the RBS 
results shown in Fig. 3. At 1073 K, the annealed temperature was not high enough to cause 
phase formation. The diffraction pattern for the sample annealed at 1173 K (Fig. 7) showed the 
presence of two additional peaks at 34.19° and 39.29°. These peaks were indexed as ditungsten 
carbide (W2C) with orientation (100) and (101) planes, respectively. A similar observation was 
made by Wand and Jacob [25] who reported that the first phase which formed in tungsten-
amorphous carbon multilayer films was W2C at an annealing temperature of 1150 K. 

Another feature associated with the diffraction pattern of the sample annealed at 1173 K was the 
drastic reduction in W (110) peak intensity. This is obviously reasonable since W was consumed 
to form W2C. At the annealing temperature of 1273 K, the diffraction pattern indicated that the 
intensity of W2C peak increased, while four new phases appeared at 2θ position of 31.19, 35.32, 
48.01 and 61.39°. These peaks were indexed to tungsten monocarbide (WC) with (001), (100), 
(101) and (110) [40] crystal orientations, respectively. The formation of this additional carbide 
phase caused an almost complete depletion of the pure W peak. The W film had reacted 
completely with C to form carbides. Since more WC peaks appeared at 1273 K compared to the 
two peaks of W2C which existed from 1173 K, it showed that further formation of W2C was not 
favourable at this higher temperature. Luthin et al. [44] in their study on carbon film deposited 
on tungsten observed that W2C was the first carbide phase to form and this phase later 
transformed to WC at a temperature of 1270 K. The formation of W-rich phase (W2C) phase at 
a temperature of 1173 K could be attributed to the fact that, at this temperature, there was a low 
concentration of C in W after intermixing, hence favouring the formation of W2C. At the higher 
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temperature (1273 K), more C had diffused into W. Consequently, there was large enough 
carbon concentration available such that the initially formed W2C transformed to WC according 
to the reaction  . Thus, it appears that the carbide phase formation 
sequence is a function of C concentration. Sequence of W2C and WC formation observed in this 
study is in contrast to the sequence dictated by the W–C phase diagram [45], where WC exists 
before W2C in the lower temperature regime. It is likely that high grain boundaries in the 
polycrystalline W film coupled with its less dense structure compared to the bulk W is 
responsible for this development. 

To quantify the crystalline nature of the W film deposited, the diffractograms for all the samples 
were fitted with pseudo-Voigt function using the OriginLab program. This function is a 
convolution of both Lorentzian and Gaussian functions. Fig. 8 shows the fitted diffraction 
patterns for the as-deposited and annealed samples. 

 

Fig. 8. Fitted XRD diffractions of (a) as deposited and the annealed samples at (b) 1073 K (c) 1173 K and (d) 
1273 K. 

From the fitted diffractograms above, the full width at half maximum (FWHM) and peak 
positions of W were determined. The values obtained are tabulated in Table 3. 

The crystallite size (la) of the as-deposited W film and annealed samples were estimated with the 
aid of the Scherrer equation [46]: 

            (6) 
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where , with being the FWHM of diffraction peak in radians and b is the 
instrumental broadening [46],  = 1.5406 Å is the wavelength of Cu X-ray source used for XRD 
measurement, k is the Scherrer constant, taken as 0.94 while θ is the Bragg angle obtained from 
the peak positions. The instrumental broadening b is expressed by the relation [47,48]: 

        (7) 
 
where WR is the receiving slit width (0.2 mm), RG is the radius of goniometer (190 mm) and is Δλ 
resolution of the diffractometer 2 X 10−3. Using Equations (6), (7)), the crystallite size la which is 
the average length of the graphitic lamellae within the glassy carbon [49], was estimated from the 
diffraction pattern of the as-deposited sample. The value of la was estimated as 2.57 nm, using 
the crystal orientation (100) [50] for the glassy carbon. This value is comparable with 
la = 3.10 nm obtained by Njoroge et al. [12], who worked on the same grade of glassy carbon, 
the Sigradur© G, using Raman spectroscopy analysis. The value for the average crystallite size 
obtained in this study supports the assertion that glassy carbon is a nanocrystalline material. The 
estimated average crystallite size for as-deposited W film is 9.77 nm, using the preferred crystal 
orientation (110). This showed that the W film deposited at room temperature was substantially 
composed of small grains. This finding is similar to results obtained by Hugon et al. [28], where 
the deposited W film had grain sizes varying from 13 to 50 nm depending on the W film 
thickness. In this study, the estimated crystallite size for the annealed samples increased steadily 
with annealing temperature (Table 3) up to 18.05 nm for the sample annealed at 1173 K. 

The diffraction patterns show that there is no significant structural change to the glassy carbon. 
This is also supported by the fitting results, which show no sign of change in peak positions of 
the three prominent peaks indexed to glassy carbon. It shows that glassy carbon is thermally a 
stable material. The two non-destructive analytical techniques used in this study complemented 
each other well. XRD appears to be more sensitive to carbide phase formation than RBS. 
Although, both techniques showed the presence of the first carbide formed in the sample 
annealed at 1173 K, only the XRD technique positively identified this carbide phase. It was 
difficult to achieve that with RBS/RUMP technique. Good prediction for carbide phase with 
RBS occurred in the samples annealed at 1273 K. 

4. Summary 

The behaviour of W/C diffusion couples under heat treatment has been studied with 
RBS/RUMP and GIXRD. These two non-destructive analytical techniques have shown that the 
diffusion couples were thermally stable under heat treatment up to the annealing temperature of 
1073 K, as no indication of a reaction was detected in this temperature regime. The RBS/RUMP 
results showed that interface mixing of atoms started at 1073 K and the intermixed layer growth 
increased progressively with annealing temperature and duration. The carbide phase W2C was 
observed in the sample annealed at 1173 K for 60 min duration. It was observed that the amount 
of this carbide increased with the annealing temperature. At the annealing temperature of 
1273 K, multiple peaks of WC appeared, as the dominant carbide phase. At this temperature, the 
W films had completely reacted with the C. 

The diffusion analysis showed that the interaction between C and the W film was diffusion 
controlled. The estimated activation energy for C diffusion in W was 2.23 eV. The XRD results 
showed that glassy carbon was stable under the entire temperature regime used in this study. Its 
crystallite size was estimated as 2.57 nm, confirming the paracrystalline nature of glassy carbon. 
The W film deposited increased in its crystallinity upon annealing with increasing crystallite size. 
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The estimated crystallite size ranged from 9.77 nm in the as-deposited sample to 18.05 nm in the 
sample annealed at 1173 K for 1 h. Based on these results, the W/C couples are stable under 
heat treatment below 1073 K. In addition to the properties of glassy carbon and tungsten stated 
in the introduction section, the tungsten carbide formed contributes to the properties of the new 
system. Although, tungsten carbide is hard and tough against corrosion with good radiation 
shield, but hard materials are known to be brittle. This might bring about cracks development 
without warning. Except with appropriate alloying, the role tungsten carbide is questionable in a 
system where cracking is a serious concern. The radioactive decay heat in the nuclear waste 
decreases with storage time. The decay heat with temperature regime of 473 K might not 
contribute substantially to the degradation (if any) of this system. Therefore, it can be suggested 
that W/C couples are promising materials for fabrication of long term nuclear waste storage 
devices. 
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