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Abstract

The structure, composition and hardness of reactively sputtered W-B-N thin films were investigated by XRD, EPMA, and Vickers
ultramicroindentation.

The chemical composition of the films was changed from WgB,( to W4,BgNyg by varying the partial pressure of N,. All the as-deposited
coatings were amorphous, except the W¢oB7N,3 film, which showed crystalline peaks, indexed as bcc a-W, overlapping the amorphous
feature. This nanocomposite structure lead to a maximum as-deposited hardness of 36 GPa.

The coatings were thermally annealed at 850 and 950 °C in Ar/H, atmosphere. All the films crystallised with the formation of the bcc a-
W and/or the fcc-W,N phases, depending on their B and N contents. A small increase in hardness was registered for 850 °C annealing
temperature in comparison to the as-deposited state. However, an inverse trend was detected after post-annealing at 950 °C, which was more
evident for the high N content films. This behaviour was attributed to the formation of a soft external layer of boron nitride poorly

crystallised.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Solid-state amorphisation reactions were first reported in
1983 [1]. Since this initial report, numerous other systems
have been found in which thin films do not react to form
compounds, but instead interdiffuse to form stable amor-
phous alloys. An example is the case of tungsten-based
binary systems, W-N/C, which could be amorphised by the
addition of a third element, metallic or non-metallic [2],
using the sputtering technique. Among all the W-N/C-M,
M=Co, Fe, Ni, Si, etc... amorphous systems, special
attention should be given to W-Si-N as hard coating for
mechanical applications, due to the nanocomposite struc-
ture, nc-W,N/a-SizN, or nc-W/a-SizN,, achieved after
thermal annealing up to 1000 °C, allowing a good
mechanical stability at high temperatures in both inert [3]
and oxidant atmospheres [4]. Based on this viewpoint, it is
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our intention to evaluate the influence of another non-
metallic element, boron, in the mechanical behaviour of W-
based sputtered coatings, particularly for the W-B-N system.
Compared to sputtered Ti-B-N coatings, little research work
has been carried out on the W-B-N system. The few
exploratory investigations [5—8] showed that this ternary
system is an excellent diffusion barrier, due to a dense
amorphous structure, relatively high crystallisation temper-
ature and chemical inertness.

The present work is devoted to W-B-N sputter-deposited
thin films. Besides the structural characterisation, this work
studies the mechanical behaviour by comparing hardness
results in as-deposited state and after thermal annealing.

2. Experimental work

W-B-N films were deposited by sputtering a W,B target
(150 x 150 x 70 mm) with a power density of 8 Wem™ 2 and
a substrate bias voltage of —70 V, under constant temper-
ature (=450 °C). The N,/Ar partial pressure ratio varied
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within the range 0-1, for a total deposition pressure of 0.3
Pa. The coatings, with thickness in the range 2.5-3 pm were
deposited on Fecralloy substrates (Fe: 72.8%, Cr: 22%, Al:
5%, Y: 0.1%, Zr: 0.1% (Goodfellow); Hy=2.7 GPa). The
substrates were polished with diamond paste down to a
particle size of 1 um. Thermal annealing process was carried
out at 850 and 950 °C for 30 min in an Ar/H, atmosphere
with a working pressure of 5 Pa, after a base pressure of 10~
Pa. A Cameca SX-50 electron probe microanalysis (EPMA)
apparatus was used to determine the chemical composition
of the coatings. The structure was investigated by X-ray
diffraction in grazing incidence (x=4°) and 6-26 config-
urations, by using a Rigaku A (CuK, radiation) and a
Siemens (CoK,, radiation) diffractometer, respectively. The
position and integral width of XRD peaks, for 6-26
configuration, were determined to calculate the grain size
from the Scherrer equation. Optical signatures of B-N
vibrational modes were obtained by Fourier transform
infrared spectroscopy (FTIR) in the absorbance mode from
400 to 2000 cm ™~ '. Microhardness was measured dynam-
ically using a Fischerscope H100 instrument fitted with a
Vickers indenter. Six indentations were performed on each
sample by applying a nominal load of 50 mN. The testing
procedure, including the correction of the experimental
results for geometrical defects in the indenter, thermal drift
of the equipment and uncertainty in the initial contact is
described elsewhere [9].

3. Results and discussion
3.1. As-deposited coatings

Table 1 presents the main characteristics of the as-
deposited films. Concerning the chemical composition, the
B/N atomic ratio goes up with increasing N content, to a
maximum value followed by a decrease. This behaviour is
identical to that found for the W-Si-N system [10]. For the
film deposited in non-reactive mode (WgoB,y, B/W=0.25)
there is a significant decrease in the B content of the film in
comparison to the target content (W,B, B/W=0.5). This is
attributed to the preferential re-sputtering of B compared
with W, since B has a lower atomic weight than W. For

Table 1
Characteristics of the as-deposited W-B-N sputtered films

Interplanar distance (A°)

0.2 0.4 0.6 0.8 1
N/W ratio (at.%) in W-N bond

Fig. 1. As-deposited W-B-N coatings: interplanar distance vs. N/W atomic
ratio in W-N bond.

coatings deposited in a reactive atmosphere, it is expected
that preferential formation of B-N bonds will occur, since
the affinity of B for N is higher than that of W for N
(AHY*N=—17 kcalmol ~'; AHEN=—60.8 kcalmol ' [11]).
These preferential bonds make boron re-sputtering from the
growing film more difficult. As a consequence, the B/W
ratio increases. However, when the N content is higher than
the atomic percentage of B, besides B-N, W-N bonds will
also be formed. Thus, W re-sputtering will be made more
difficult than that found for lower N content and con-
sequently there will be a decrease in B/W ratio as the N
content increases in the film.

Considering the as-deposited structure, all the films
present an amorphous structure characterised by two broad
X-ray peaks of low intensity as already reported [5]. In the
single film, W¢oB17N»3, signs of crystalinity were detected,
which could be indexed as bee a-W (ICDD 4-0806). In spite
of the amorphous character of the films, the broad
diffraction peaks shift toward lower angles as the N content
increases (Table 1). The non-linearity of the increase of the
interplanar distance with increasing N content can be
attributed to the presence of B, since this element influences
the order and the arrangement of the atoms. According to
the hypothesis that B combines preferentially with N before
reacting with W, the variation of the interplanar distance can
be represented as a function of the N/W atomic ratio, Fig. 1.

Film Thickness (um) Chemical composition (at.%) Structure Hardness (GPa)
w B N B/W ratio Phase d value (A) ¢ (A)
WsoB2o 23 80.2 19.8 - 0.250 A* 2.2815 12 28+0.6
W3B,aN; 24 73.1 23.7 3.2 0.329 A 2.2909 11 27+ 1.1
WsB2aNg 2.8 67.9 24.5 7.6 0.353 A 2.3069 11 29+0.9
WioB17Na3 3.1 59.9 17.4 22.7 0.283 A 2.3264 13 36+ 1.1
toa-W (a110=3.244) ($110=179)
W47B14N39 3.5 46.8 13.7 39.5 0.298 A 2.3551 12 27+0.5
W42BoNyo 2.8 41.8 8.6 49.6 0.214 A 2.4143 13 26+ 1.1

* amorphous phase.



The N content, used for the calculation of the N/W ratio
represents the quantity that is not combined with the B in compound.
the form of B-N. Note that for nil N/ W ratios the interplanar
distance values are similar, while a good linear trend can be
adjusted to the other N/W ratios. This dependence confirms
that N will preferentially form B-N bonds and, only after the
total consumption of B, will nitrogen react with tungsten.
Nevertheless, no indication of B-containing phases is found
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Fig. 2. Reactively sputter-deposited W-B-N films: a) FTIR spectra; b) X-ray diffractograms.
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in the recorded X-ray spectra, probably, since BN is a light

In order to confirm the formation of BN phase, three
coatings with similar N content were deposited onto (100)
silicon wafers by reactive sputtering (0.4 Pa for total
deposition pressure and nitrogen partial pressure was settled
at 0.2 Pa). They were analysed by FTIR, which is the non-
destructive method often used for identification of BN
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phases [12—15]. The chemical composition of the films was
varied, W3B3Nse, W26B16Nsg and W3,BNs7 by applying
d.c. power of 15, 30 and 60 W to the W target, respectively,
while maintaining the B target r.f. power constant at 130 W.

The IR adsorption spectra obtained are presented in Fig.
2a, while Fig. 2b shows the GIXRD patterns. Turbostratic and
hexagonal boron nitride share similar sp”-bonded structure,
presenting the same two IR-active peaks at =800 and 1400

em ', associated with out-of-plane B-N-B bond bending and
in-plane B-N bond stretching modes, respectively, while sp>-
bonded c-BN show IR-active peak at = 1080 cm™ ' [13,14].
The two absorption peaks observed in the FTIR spectra
suggest that B-N bonds are formed. When the B content
increases, the absorption peaks become stronger and both
peaks shift towards higher wave numbers, indicating an
increase in structural ordering and sp” type of bonding.
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Fig. 3. Structural evolution of W-B-N films post-annealed: a) at 850 °C/30 min; b) at 950 °C/30 min (s =substrate).
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The as-deposited hardness values (Table 1) correspond to
those observed for other W-based sputtered amorphous
coatings (about 28 GPa [16]), but significantly larger than
those reported for Ti-B-N amorphous coatings (about 12
GPa [17]). The W¢oB17N,; film has the highest hardness
value: 36 £ 1.1 GPa. In contrast to the other coatings, this
film exhibits an amorphous matrix with embedded a-W
nanoparticles (¢ =18 nm), indicating that the morphology
significantly influences the hardness.

3.2. Annealed coatings

The application of these coatings in mechanical compo-
nents requires the study of their structural stability at high
temperatures. W-B-N films were heat treated by cumulative
thermal annealing at 850 and 950 °C (Fig. 3; Table 2).

The structural evolutions are in agreement with the type
of bonding established in the as-deposited state. In
particular, N is preferentially bonded to B and only the
remaining free N reacts with W. For films with N content
lower than 25 at.%, only the «-W peaks are detected,
because the B content is enough to consume the whole N
available. For N content higher than 35 at.%, besides the a-
W phase, the peaks corresponding to p-W,N (ICDD 25-
1257) are also present. Notice in Fig. 3a that the W,N phase
is well developed with higher N content in the as-deposited
films. The diffraction peaks are broad and their intensities
are weak, which indicates that the crystalline W,N structure
is less ordered, probably due to small crystal sizes. The
formation of B-W,N, as a crystallisation product in W-based

Table 2
Characteristics of W-B-N sputtered films after thermal annealing in an Ar/
H, atmosphere

Film T (°C)  Structure Mechanical
properties
Phases a\{hkl) ¢°(hkl) Hv (GPa)
) )
WgoB2o RT A* - - 28+0.6
850 a-W+A 3.1789 155 29+1.0
950 a-W+A 3.1824 187 29+1.3
W73B24N3 RT A - - 27+1.1
850 a-W+A 3.1786 141 32119
950 a-W+A 3.1809 191 26+ 1.6
WisB2aNg RT A - - 29+0.9
850 a-W+A 3.1785 125 31+09
950 a-W+A 3.1799 181 28+ 1.6
WeoB17N23  RT a-W+A 3.2440 179 36+ 1.1
850 a-W+A 3.1924 78 33+£0.6
950 a-W+A 3.1833 170 22+2.0
W47B14N3g  RT A - - 27+0.5
850 oW+ 3.1847/  123/35 29+1.0
WoN+A 4.142
950 a-W+A 3.1728 216 8+0.2
W45BgNyg 25 A - - 26+ 1.1
850 aW+W,N 31853/ 29/33 28+0.6
+A 4.176
950 a-W+A 3.1691 231 5+0.1

* amorphous phase.

films, is an unexpected result. Both W-N and W-Si-N
sputtered systems liberate nitrogen around 800 °C in
vacuum [3,18], unless an atmosphere containing nitrogen
is used [19]. The crystallisation of W,N at 850 °C can only
be explained by the presence of B. As the annealing
temperature increases, no important changes in the structural
behaviour is detected in the low N content films (Fig. 3b),
with the exception of a further reduction in the amorphous
phase expressed by a narrowing of the diffraction peaks,
suggesting a strong increase in the grain size (see Table 2).
Besides, for the high N content films, a significant loss of
nitrogen occurs, since the binary phase W,N almost
disappears. The remaining amount of N in the films
corresponds to the B content capable of retaining it in the
form of BN phase.

In none of the coatings can any crystalline boron-based
phases be detected by XRD. The same can be said for
tungsten borides, which should be expected, particularly in
the films with low N content. In fact, for films containing N
content less than 10 at.%, the B content is high enough to
form W-B binary phases, in a similar way as silicide phases
were detected for comparable compositions in W-Si-N
system [3,19]. Thus, the phase transition during heat
treatment in addition to structural parameters values,
obtained after deconvolution of the main diffraction peaks,
can then be summarised as follows:

— For low N content films, the bcc a-W phase is formed
incorporating some B atoms, which allows a significant
thermal stability without precipitation of W-B com-
pounds and suppress grain growth. Small amounts of
BN phase should be formed whose quantity will depend
of the N content.

— For high N content films, the fcc R-W,N phase
crystallises directly from the amorphous phase including
also some content of B. At 950 °C, this phase decomposes
in the «-W and BN phases, due to the low stability of W-N
bonds. The a-W phase presents a lattice parameter similar
to the standard value indicating the absence of incorpo-
ration of B or N in the lattice. The strong increase in the
grain size (¢ >20 nm) suggests that the B-N phase does
not precipitate at the grain boundaries of the a-W phase
which would impede grain coarsening.

Fig. 4a shows the composition dependence of the
hardness of W-B-N sputtered films before and after thermal
annealing. All the films keep the hardness at 850 °C of the
as-deposited state, followed by a decrease after cumulative
annealing at higher temperatures. A small increase in
hardness at 850 °C can be related with the crystallisation
of the films. Concurrent analyses of the hardness and of the
structural parameter summarised in Table 2, suggest that a
connection exist between the mechanical properties and the
microstructure of the films. For the WgoB,y, W73B,4N3 and
WiesB24Ng films, which present the same structural behav-
iour, the precipitation of small bec crystallites appears to be
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Fig. 4. a) Hardness evolution of W-B-N films before and after thermal annealing; b) and c¢) loading part of the indentation load vs. indentation depth curves
(logarithmic scale) of the WgoB,o and W4;B4N3o coatings, respectively, after deposition and after thermal treatment at 950 °C.

the most significant effect on the observed increase of the
hardness at 850 °C, since the lattice parameter is almost
constant for the three films. The sharp decreases after the
950 °C annealing reveal different origin. With the increase
of the annealing temperature, the grain sizes and lattice
parameters increase. Thus, grain growth seems to be the
main factor contributing to the observed softening.

Fig. 4b and c shows the loading parts of the indentation
curves (on logarithmic scale) for the WgoB,o and
W47B14N39 coatings, both as-deposited and after thermal
treatment at 950 °C. The deviation from the linear depend-
ence presented by W47B14N39 film, Fig. 4c, is not observed
for the film deposited in non-reactive mode (Fig. 4b). The
deviation from the linear dependence corresponds to a
critical indentation depth (hi), according to the empirical

model proposed by J.V. Fernandes et al. [20], from which it
is possible to separate an external soft phase (with minor
slope) followed by an internal hard layer (with larger slope).
The soft layer can only be the BN phase, according to the
previous structural analysis. In fact, the decrease of the bec
lattice parameter of both W47B4N39 and W4,BoN,9 samples
with increasing annealing temperature in addition to the
suppression of 3-W,N, indicates the absence of incorpo-
ration of B or N atoms in the a-W lattice. Notice that the
lattice parameter measured for W4,BoNyg is similar to the
standard value of a-W (3.1648 A). This behaviour suggests
that multilayers coatings are formed for high N content W-
B-N films post-annealed at 950 °C. Further understanding
of these results is expected by ongoing research work with
SEM and TEM analysis.
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4. Conclusions

This study demonstrates that amorphous W-B-N thin
films with increasing N contents, from 0 to 50 at.%, can be
reactively sputter-deposited from a W,B target. Heat treat-
ment allows attaining multiphase nanocrystalline films. The
structural evolutions, including the phase composition, grain
size and lattice parameter, depend on B and N content. For
850 °C annealing temperature a small hardness increases
were obtained. Annealing at the higher temperature (950 °C)
is responsible for a sharp decrease in hardness. The obtained
indentation load curves suggest that an external soft BN film
forms at this temperature with such behaviour becoming
more pronounced with increasing N content in the film.
Finally, it can be concluded that the mechanical behaviour
evaluated by the hardness of the W-B-N post-annealed films
is not significantly improved. Nevertheless, the presence of
an h-BN phase in the coating can be beneficial for dry
machining applications.
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