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Abstract

The realisation of fusion energy depends on the development of advanced materials for challenging environments.
Rapid screening of prototype alloys using magnetron sputtering and high throughput characterisation is currently
being applied to candidate W alloys with improved mechanical performance, reduced activation and tolerance to
damage from neutron irradiation. Delamination of these films is a barrier to the application of this approach. In this
study, delamination of W films was determined to be a result of high compressive residual stresses, and inadequate
adhesion to the Si substrate. It was found that using a Ti or Cr interfacial layer increases adhesion, something that
was strongly supported by interface W/Cr studies from first-principles calculations based on the Density Functional
Theory (DFT). It is shown for all configurations that the interface binding energies between W and Cr are attractive
with the W(110)/Cr(110) is predicted to be the most stable with a higher adhesive energy.

Keywords: Tungsten chromium alloys, Nuclear fusion, rapid prototyping, Density function theory

Alloys of W have been investigated for many years as
candidate materials for the plasma facing components
(PFCs) of a future nuclear fusion power station. Pure W
is the leading candidate material due to it’s attractive
high temperature properties [1, 2] and low activation
under neutron irradiation [3, 4]. The properties of W
severely degrade when exposed to neutron irradiation,
including radiation embrittlement [5–11], an increase in
the Ductile to Brittle Transition Temperature (DBTT)
[12–16], a reduction of thermal conductivity [17–19],
and radiation enhanced recrystallisation [20]. Alloys
of W have been investigated to improve key properties,
whilst maintaining low activation.

Re has a strong ductilising effect in W and was stud-
ied extensively in 1960s and 70s [21–24]. Radiation
induced precipitation of Re reverses these positive ef-
fects and results in the formation of brittle intermetallic
phases under neutron irradiation [6–8, 25–29]. W al-
loys containing Cr, Ti, Y, Si have been designed to for a
passive oxide layer in the event of a loss of vacuum ac-
cident, to limit oxidation and sublimation of WO3 [30–
39]. Addition of dopants such as potassium [15, 40], or
oxide/carbide particles such as TiC, ZrC have also been
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used to limit grain growth at high temperatures and re-
duce the DBTT [40–43].

One key challenge with developing new alloys is the
wide compositional phase space, and the large number
of operational conditions in which the materials are ex-
pected to perform. The use of new materials requires a
good understanding of how they can be expected to per-
form under the full range of operational conditions, par-
ticularly under neutron irradiation. Neutron irradiation
experiments are complex and require specialist equip-
ment. Prototype alloys need to be rapidly screened for
radiation tolerance before these neutron irradiation ex-
periments are conducted. A novel approach to screen-
ing new alloys is to use composition-spread films to cre-
ate samples using magnetron sputtering, which contain
hundreds to thousands of different alloys compositions.
In the case of sputtered composition-spread films, the
physical properties of the deposited layers are sensitive
to a number of deposition parameters, such as target
voltage, substrate temperature and working gas pres-
sure. Our ultimate aim is to use transient grating spec-
troscopy, and other rapid characterisation techniques, to
screen the thermal and mechanical properties of compo-
sition spread W alloy films.

In this study we found that depositing thick W films,
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Figure 1: Schematic diagram showing the cross section of the samples
investigated in this study; (a) W on Si, (b) W on Si with a Cr interlayer,
(c) W on Si with a Ti interlayer and (d) W-10wt.%Ti on Si. Shwon in
(e) and (f) are cross-sectional SEM images of fracture surfaces in (e)
W-10Ti and (f) W with Ti interlayer shown in schematic diagrams (d)
and (c) respectively.

such as those required for mechanical and thermal prop-
erty measurements using high throughput charactersa-
tion techniques, can result in delamination from Si sub-
strates due to the high residual stresses that be de-
velop during deposition. This delamination problem
is limiting the rapid development of new W alloys
by high-throughput screening with composition-spread
thin films. We therefore aim to prevent delamination
of the W using two approaches; using surface modifica-
tion to increase inerfacial adhesion between the film and
substrate, and modifying the Ar gas sputtering pressure
to affect the residual stresses.

Films were deposited using two magenetron sput-
tering systems, with 51 mm diameter metal targets of
99.95% purity, as summarised in table 2. The two sys-
tems were an AJA Orion 5, and a custom system, both
of which were equipped with radio frequency sputter-
ing guns. The custom built sputtering system consists
of two AJA ST20-HV RF Magnetron Sputtering Guns
mounted axially, with a target mounting block between
the two guns. The guns are powered by a T&C Power
Conversion Inc 0113 GTC RF Power Source, capable
of outputting up to 100W at radio frequency. The AJA
and custom systems achieve base chamber pressures of
3.5 × 10−5 Pa and 7.3 × 10−4 Pa respectively. The tar-
get to substrate distance was 18 cm and the substrate
was not rotated during deposition which leads to lower
uniformity.

The films were deposited onto Si (001) substrates
which were first cleaned with acetone and isopropanol
before being rinsed with deionised water and dried us-
ing compressed nitrogen. The substrates were not ex-
ternally heated during deposition except by the ambient

heating due to the plasma, which was not monitored.
Film thickness and composition were quantified using
X-Ray Fluorescence (XRF) measurements, carried out
with a Bruker M4 Tornado, Micro-XRF Spectrometer.
Filterless measurements were performed using a tube
voltage of 50 kV, with an emission current of 300 µA,
a spot size of 20 µm. Specimen thicknesses were con-
firmed by imaging fracture surfaces with a JEOL JSM-
7600F Field Emission Scanning Electron Microscope
(FESEM).

W deposition was first performed directly onto Si us-
ing the AJA system at a power of 200 W, as shown
schematically in figure 1 (a), giving an expected sam-
ple thickness of around 400 nm. Complete delamina-
tion of this film was observed, which prevented any
further measurements of residual stress. Two samples
were prepared with Cr and Ti interlayers of thickness
12 and 57 nm respectively, on top of which a W layer
was deposited, as shown in figure 1 (b) and (c). Deposi-
tion powers are summarised in table 2. XRF maps were
made using an analysis area of 100 mm × 100 mm with
350 x 350 spectra, and using an acquisition spacing of
289 µm. A pixel dwell time of 30 ms was used with a
scanning speed of 9.6 mm/s.

The films deposited in the custom sputtering system
have a non-uniform sample thickness, as the substrate
is not rotated during deposition. The deposition profile
is shown in figure 2. In the sample with a Cr interlayer,
delamination of the W layer was observed, but occurred
radially rather than at the point of highest W deposition.
Where the W was thickest, 380±5.6 nm, near the centre
of the specimen, delamination was prevented by the Cr
interlayer, as shown in figure 1. Two regions of delam-
ination were observed, at different Cr interlayer thick-
nesses. Between 10 and 11 nm, multiple fractures in
the W top film produced a network of cracks where the
deformed foil separated from the substrate. Where the
Cr was <10 nm thick, radially propagating telephone
cord delamination patterns were observed. These pat-
terns are typically observed in films containing highly
compressive residual stresses, and can be induced by a
number of environmental variables [45]. W deposition
under equivalent conditions was performed onto a uni-
form, 57 nm thick layer of Ti, that was deposited with
the AJA system. In this case, the film was completely
stabilised and no delamination was observed.

The residual stresses in the films were investigated
using X-Ray Diffraction (XRD) and compared with
other studies. Verbrugghe et. al studied W film de-
cohesion from Si substrates before and after annealing
at 500oC in thick W films (> 600nm). De-lamination
in this case was limited using the deposition of a thin
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Figure 2: Maps showing the thickness of (a) W and (b) Cr measured using XRF emission of the respective layers. Plot of (c) W and (d) Cr thickness
as a function of radial distance from the point of maximum Cr thickness. Inlaid are optical images taken using the XRF system showing the different
delamination patterns observed at certain points on the sample.The position of peak deposition was obtained using an intensity threshold of the
W k-α XRF map. A radial intensity profile centred on the point of maximum intensity was calculated using the radial profile plugin for ImageJ.
Figures 2 (c) and (d) show plots of the normalised integrated radial intensity as a function of radius from the point of maximum intensity for W and
Cr respectively. Figure 2 (c) shows that slight misalignment of the substrate with respect to the gun results in an offset in W deposition profile, with
respect to Cr. Between 0 and 10 mm from the point of highest fluoresce, deposition was uniform. Further from this point the W layer thickness
decreases slightly, down to 300 nm at 25 mm due to the deposition profile of the gun.

(< 100 nm) layer of W prior to deposition of the film
to both improve adhesion and reduce film stresses [46].
Various studies have also varied the deposition parame-
ters to reduce the magnitude of residual stresses, includ-
ing by using a heated substrate and a higher Ar pres-
sure [47, 48]. Direct deposition of W onto Si was also
trialled in this study, using an initial W interlayer de-
posited at 40 W, followed by 400 nm of W, however,
delamination was not prevented.

XRD measurements were carried out in a symmet-
ric, Bragg-Brentano, configuration in which the signal
is obtained from both the film, interlayer and substrate.
All measurements were performed using a Bruker D8
Discover equipped with a Cu x-ray gun producing a
wavelength of 1.5418Å. Measurements were obtained
in the range of 2θ =10 - 120 using an angular increment
of 0.02◦, which provides sufficient resolution to separate
the α and βW (110) peaks and calculate the lattice dis-
tortion. A strong Si (400) peak at 69.20◦ was measured,
which is produced by the substrate. The position of the
Si peak relative to the theoretical position was used to
confirm that there was no offset in the data, and that the
system was correctly aligned.

The α-W (110) peak in the samples with Cr and Ti in-
terlayers, shown in figure 3, is shifted from the expected

position, indicating that high residual stresses are still
present in these samples despite the fact the delamina-
tion was prevented. High residual stresses in the film are
expected for low Ar pressures deposited without sub-
strate heating [47].

To understand understand how residual stresses are
affected by deposition parameters, two films of W and
W-10wt.%Ti were deposited directly on to Si substrates
at Ar pressures of 0.5 and 2.5 Pa respectively. In both
cases no visible delamination occurred after sputtering.
Compressive stresses are present in the W-Ti alloy, but
no delamination was observed (note that deposition of
pure W at 0.5 Pa onto Si led to delamination). Deposi-
tion at 2.5 Pa led to a lower residual stress in the film,
but also generated a small peak at 2θ = 35.25◦, cor-
responding to the (200) peak of β-W. The fraction of
non-equilibrium phases after sputtering should be min-
imised in the current approach to accelerated alloy de-
sign, as radiation induced precipitation could also lead
to the formation of non-equilibrium phases. Annealing
of samples deposited in this way could be used to dis-
solve these phases.

To further investigate the experimental results, a sys-
tematic study based on the cohesion properties of in-
coherent W/Cr interfaces was carried out using first-

3



Table 1: The technical details of DFT calculations of W/Cr interfaces (the number of layers and atoms used for the W and Cr sub-systems) with
different surface orientations and the corresponding interface binding energies from fully relaxed DFT calculations.

W/Cr interfaces (100)/(100) (110)/(110) (110)/(100) (100)/(110) (111)/(111) (211)/(211)
W/Cr layers 14/14 10/10 10/14 14/10 18/18 18/18
W/Cr atoms 56/70 160/200 160/196 126/160 144/180 144/180
γBE (J/m2) 5.31 5.45 5.30 4.76 4.12 4.07
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Figure 3: Portion of the XRD spectra from 5 different W and W-alloy
samples deposited onto Si substrates with and without Cr/Ti interlay-
ers, plotted between 2θ = 34 and 44 ◦. The theoretical position of the
W α (110) peak is highlighted at 2θ = 40.26◦ [44]. The pattern from
the W film at 0.5 Pa was obtained from the thinner region of the film,
where delamination had not occurred. For the other samples, the mea-
surement was taken from the centre of the sample where the thickness
was around 400 nm (see table 2).

principles calculations based on the density functional
theory (DFT). Technical details of our DFT calcula-
tions can be found from the previous investigations re-
garding on W-based high-entropy alloys (HEAs) and
SMART (Self-passivating Metal Alloys with Reduced
Thermo-oxidation) alloys with the presence of high-
concentration of both W and Cr [37–39]. The DFT
calculations were performed using the Projector Aug-
mented Wave (PAW) method implemented in Vienna
Ab-initio Simulation Package (VASP) [49–51]. Elec-
tron exchange and correlation interactions were treated
within the Generalized Gradient Approximation (GGA)
using Perdew, Burke and Ernerhof (PBE) functional
[52]. Total energy calculations were perfrmed us-
ing the Monkhorst-Pack mesh of k-points [53] in the

Figure 4: Lattice dilation of various peaks in sputtered W, measured
using XRD [46–48]. Hollow points represent samples deposited using
a heated substrate, whereas filled points were deposited at room tem-
perature. Lattice dilation measurements for the samples measured in
this study were made using the (110) and (220) peaks. An exponential
curve is fit to the unheated data and is shown as a visual aid

Brillouin zone, with the k-mesh spacing of 0.2 Å−1.
The plane-wave cutoff energy used in this study was
set to 400 eV with the total energy convergence cri-
terion of 10−6eV/cell and force components were re-
laxed to 10−3eV/Å. The lattice parameters for bcc-
W and bcc-Cr predicted from the present DFT stud-
ies are 3.17 Å and 2.84 Å, respectively. Since there
are no experimental information of W/Cr interfaces,
six different W/Cr configurations: W(100)/Cr(100),
W(110)/Cr(100), W(110)/Cr(100), W(100)/Cr(110),
W(111)/Cr(111) and W(211)/Cr(211) are considered in
this study, and are shown in table 3. We use Materi-
als Design (MeDeA) Interfaces builder [54] to create
interfaces from two surfaces by allowing for certain de-
gree of lattice mismatch between W and Cr layers. The
builder provides automatic search for possible quasi-
coherent interfaces and straightforward model construc-
tion for subsequent calculation of, for instance, interface
energies, effect of impurities on interface strength. In
this study of the interface adhesion, the optimized sur-
faces for W and Cr were used to generate interfaces,
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with the area tolerance, length tolerance and angle tol-
erance each set to 5% during the interface generation
stage. A large number of possible interfaces is pro-
duced, and ones with the sensible numbers of atoms
for DFT calculations were selected for further analysis.
Space group tolerance of the resulting interfaces was set
to 0.01, while upper and lower gap were both set to 3 Å,
with 0.5 ratio. Table 1 shows the number of W and Cr
layers and atoms for each sub-system used in the present
work for the 6 interfaces with difference Miller indices
characterising the surface orientation for separated W
and Cr inter-layers. In order to evaluate the adhesion
stability of the interface configurations. we consider the
binding energy (γBE) which is the energy required to
separate the interface into two free surfaces:

γBE((hkl)/(h′k′l′)) = γW (hkl) + γCr(h′k′l′) −
γW/Cr((hkl)/(h′k′l′)) (1)

where γW (hkl), γCr(h′k′l′) are the free surface ener-
gies for W and Cr with orientations (hkl) and (h′k′l′),
respectively and γW/Cr((hkl)/(h′k′l′)) is their interface
energy. We have performed DFT calculations for the
(110), (100), (111) and (211) surfaces and then used the
following formula derived from [55] to calculate the av-
erage surface energy for W and Cr:

γav =
1

385
(86γ100+128γ110+27γ111+144γ211) (2)

The predicted values of γav are 3.49 J/m2 and 3.05
J/m2 for W and Cr, respectively, that are consistent with
those obtained from previous DFT calculations [55, 56].
The calculated binding energies from Eq. 1 are shown
in Table 1. All the calculated values of binding energy
are positive demonstrating the themodynamically stable
interfaces between W and Cr for all considered surface
orientations. The strongest adhesion between W and
Cr is predicted for the W(110)/Cr(110) interface with
the biding energy of 5.45 J/m2. Our modelling studies
support the adhesion of W to Cr layers that is in agree-
ment with the observed experimental results from this
study. Taking into account the fact that Cr-rich segre-
gation plays important role in both W-based HEAs [37–
39] and in SMART alloys [30], the results of our in-
terface W/Cr studies would have a important impact on
understanding of thermodynamic stability as a function
of micro-structural evolution of these materials.

To compare our findings with other studies of W
films, the position of the α (110) and (220) peaks were
identified by fitting a Lorentzian function with a linear

background using Profex [57]. The peak shifts rela-
tive to the expected positions were used to determine
the lattice dilation in the various films, and are plotted
in figure 4. Figure 4, shows that decreasing Ar deposi-
tion pressure tends to increase compressive stresses, and
therefore increases lattice dilation in the W films, which
leads to delamination and buckling from the substrate
above some critical point. Increasing the Ar pressure
can reduce the stresses and prevent delamination [47].
Other studies using substrate heating have been able to
use lower Ar pressures whilst maintaining low residual
stresses [46, 48]. The relationship between Ar pressure
and film stress is well understood in magnetron sputter-
ing, and various studies have investigated the stress re-
versal phenomena in different metals. As the pressure of
Ar gas in the deposition chamber increases, the energy
of particles incident on the sample is reduced which pre-
vents damage to the deposited layer [47, 58]. For W the
critical point for this change from compressive to tensile
stress is between 2 and 2.5 Pa, which is consistent with
our findings.

In summary, delamination of W films can be pre-
vented either by increasing surface adhesion using Ti
or Cr interlayers, or by reducing residual stress de-
velopment by increasing the Ar deposition pressure.
These findings facilitate the growth of thick W films
required for high throughput screening of W alloys.
In W increasing the Ar deposition pressure leads to a
higher phase fraction of the non-equilibrium β phase,
which should be avoided for radiation screening ex-
periments. The experimental findings were strongly
supported by DFT calculations for the W-Cr interface,
which showed a strong attractive interfacial energy in
all of the interface orientations studied. The highest in-
terfacial binding energy of 5.45 Jm−2 was measured for
the (110)/(110) interface.
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Table 2: List of films deposited as part of this study and corresponding deposition parameters. Where no film thickness is given complete delamina-
tion of the film was observed preventing further measurements. The thickness given for the custom sputtering system correspond to measurements
taken within the uniform region of maximum deposition.
Target
(wt.%)

Sputtering
System

Sputtering
Time (s)

Sputtering
Power (W)

Deposition Rate
(nm/W/s)

Ar Pressure
(Pa)

Thickness
(nm)

W AJA Orion 5 3500 200 - 0.5 -
W Custom 2000 100 0.0029 0.5 380±5.6
W Custom 2000 100 0.0029 2.5 454±7.3
Cr Custom 100 50 0.0019 0.5 12
Ti AJA Orion 5 1300 150 0.0003 0.5 57
W10Ti Custom 1930 100 0.0021 0.5 410±6.5

Table 3: Table of optimised initial cell dimensions used for DFT calculations for the 6 different interfaces, prior to relaxation, and the corresponding
k-points. Blue spheres represent Cr atoms and yellow represent W atoms.

W/Cr interfaces Cell lattice matrix (Å) Kpoints Figure
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0 0 41.18325 1

(110)/(110)

7.96475 0 0 6
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0 0 46.63269106 1
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