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Effects of condensation temperature and subsequent annealing on composition and
structure of tungsten boride condensates obtained by ion-plasma sputtering have been
studied. In the condensation temperature range 300 to 900°C, the formation of condensates
with amorphous/nanocrystalline structure has been found to take place. As compared to the
material being sputtered, the condensate composition is characterized by boron atomic defi-
ciency. High-temperature vacuum annealing (T,,, = 1100 to 1230°C, P < 7-107* Pa) results
in crystallization into lower boride phases, among which the y-W,B is most stable. The
causes of observed effect are discussed.

WccnenoBaHo BIMSIHME TEMIIEPATYPHI KOHIEHCAIMN U IIOCJEIYIOIIEro OTKUra HA COCTaB U
CTPYKTYPY MOHHO-ILJIa3MEHHBIX KOHIEHCATOB 0opuaa BoabMhpama. ¥ CTAHOBJIEHO, UTO B HCCIELye-
MoM TeMueparypHoMm mHTepBaje ocaxkaeHus 300...900°C npoucxozut opMuUpoBaHUe KOHIEHCA-
TOB ¢ aMOP(HO-HAHOKPUCTAILINYECKON CcTPyKTypoii. IIo cpaBHEHMIO C PaCIbLIAE€MbIM MAaTEpPHA-
JIOM COCTAB KOHIEHCATOB XapaKTepuayeTcs HeIOCTATKOM II0 aTromam Oopa. BeicoxoremiepaTyp-
HeIlt Bakyymubii otswur (T, = 1100...1230°C, P < 7.10~% IIa) npUBOAUT K KPHCTAJIMBAIAN
B (hadpl HUBMINX OOPHUIOB, M3 KOTOPBIX IIPHM BBICOKHUX TeMIlepaTypax Hambojee CTa0uUJIbHONI
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asnaerca y—VW,B-dasa. IIpoanammsupoBanbl NIPUYNHLI Habrogaemoro addexra.

Tungsten borides are among the most
prospective materials for industrial applica-
tions in machine building and microelec-
tronics [1, 2]. For tungsten borides, very
rigid interatomic covalent-metallic bonds
are typical, which cause high level of elastic
constants, infusibility, high hardness, and
chemical stability. Among the known phases
of tungsten borides, the most studied is
W5B5, which possesses a high chemical sta-
bility, high thermo-conductivity (28.4 to
30.3 W/m-deg in temperature range 300 to
1300°C) and a relatively high hardness
(26 GPa) [3]. The boride W5B5 has a hexago-
nal type lattice (space group D46‘h_
P65/mmce) with layers of metal and boron
atoms alternating along the axis ¢ [3]. The
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metal atoms in W,Bg lattice form closely
packed layers, while boron atoms, flat and
partially bidimensional hexagonal nets [4, 5].

Unfortunately, tungsten boride ceramics
in coarse crystalline bulk state is very brit-
tle, that limits its wide application in engi-
neering. One of the promising directions for
strength increase and cracking resistance is
decreasing the sizes of structural compo-
nents down to nanometer range, where the
prevailing role for improving the strength
and crack resistance is played by the atoms
positioned at interphase and intergrain
boundaries. A substantial content of atoms
which do not form a long range order and
are positioned in inter-crystallite layer of
nano-material, results in formation of a bi-
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structural state, i.e. crystalline ordered
state and inter-crystallite without long
range order one [6]. A high specific contri-
bution of surface atoms may result in
change of crystalline ordering type in nano-
crystallites, that would stimulate formation
of a crystalline structure with minimum
surface energy (for instance, going to struc-
tural formations containing less than
5000 atoms, the most stable are configura-
tions with fec lattice or with more sphere-
like decahedral and icosahedral ones [7, 8]).
The mentioned features allow to expect the
borides in ion-plasma nanocrystalline con-
densates having an unusual structure state,
phase composition and functional charac-
teristics. It is worth to note as well that the
intended applications of tungsten boride
coatings as protective ones including protec-
tion of construction elements working at
elevated temperatures (1000 to 1300°C), re-
quire to study the stability of condensed
boride coating composition and structure in
this temperature range. Thus, the aim of this
work was to study the effects of condensation
conditions and high temperature annealing on
phase composition and structure of W-B ion-
plasma condensates prepared by sputtering
the target of the most thermodynamically
stable W5Bg stoichiometric phase.

The 4-8 pm thick samples were prepared
by magnetron sputtering of W,B;g
stoichiometric target. A planar magnetron
sputtering system was used. The substrate
was positioned at 55 mm above the anode,
and anode-to-target distance was 4-5 mm.
During the ceramic film deposition, argon pres-
sure (P) in vacuum chamber was 6-107! Pa.
The target average sizes were: diameter d =
50 mm, thickness ¢t = 4 mm. The deposition
rate was about 0.5 nm/s. As substrates,
polished single-crystalline silicon (111)
plates were used as well as polycrystalline
tantalum plates with melting temperature
higher than maximum experimental tem-
peratures in this work. Before the coating
deposition, the substrates were held in vac-
uum 3-107% Pa at 950°C to remove any
gaseous impurities from the surface. The
films were deposited on the substrates
heated up to 300-900°C. The films were
annealed in a modernized vacuum system at
900-1230°C for 40-60 min under residual
gas pressure lower than 7.107% Pa (the
working vacuum was provided using diffu-
sion pumps). The main components of resid-
ual gas were molecular H,O as well as oil
decomposition products from pumping sys-

tem (C,H, CO,(N), etc.).
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Fig. 1. X-ray diffraction patterns for tung-
sten boride films obtained at substrate tem-
peratures (T, °C): 300 (1), 500(2) and 900 (3)
(Fe—K, radiation). The initial diffraction
curve (a) and the diffraction profile separa-
tion results into components (b, c).

X-ray diffraction was studied using a
DRON-38 diffractometer with Fe—-K, and
Cu-K, radiation, the scattered beam being
registered in discrete regime with scanning
step in the range A(28) = 0.01-0.05°, de-
pending on half-width and intensity of dif-
fraction lines. The exposure duration for a
step was 20 to 100 s. The diffraction pro-
files separated using the overlapped line
separation software package "New profile”
developed at NTU "KhPI". The phase vol-
ume fractions were calculated using stand-
ard technique taking into account both inte-
gral intensity and reflectivity of several
lines for each phase [9].

Condensation temperature effect on
phase composition of tungsten boride films.
The scanning in the large-angle X-ray dif-
fraction mode (26 > 10°) have shown (Fig. 1)
that as the single-phase stoichiometric hex-
agonal a—W,Bs target is sputtered, a char-
acteristic feature of condensates deposited
on relatively low heated (300-400°C) silicon
and tantalum substrates is a diffraction
peak of nano-crystalline phase with hexago-
nal crystalline lattice of P6/mmm space
group typical of transition metal borides
MeB, on the "halo-like” profile background
of amorphous-cluster component (Fig. 1,
curves Ia, b, ¢). In the case of W-B system,
such a phase may be WB,, its existence in
bulk equilibrium state being evidences by
some contradictory data [3]. At the same
time, under annealing up to 900°C of non-
stressed films separated from the substrate,
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Fig. 2. X-ray diffraction spectrum for annealed
(900°C, 1 h) bi-structure films containing
amorphous-like matrix and nano-crystalline
WB, inclusions (Cu-K, radiation). The initial
diffraction curve (a) and diffraction lines sepa-
rated by computerized processing (b, c).

the whole spectrum of diffraction lines typi-
cal of this phase is revealed. In Fig. 2, a
typical part of diffraction pattern (obtained
using more hard Cu-K, irradiation in order
to compress the spectrum) is shown. The
calculation of WB, phase crystalline lattice
parameters using 7 main lines has resulted
in a = 0.3044 nm, ¢ = 0.8030 nm.

The substrate temperature elevation up
to T,,;, = 500°C under condensation results
in formation of the only amorphous-cluster
structure with characteristic angular posi-
tion of intensity maximum 260 =~ 51° in dif-
fraction curve obtained in Fe-K  radiation
(Fig. 1, curves 2a, Ib, 3b). It is well known
that amorphous-like state is characterized
by local short-range chemical ordering simi-
lar to crystalline structure [10]. Thus, for
layered systems based on tungsten, having
no long range, a diffraction maximum is
typical positioned close to ordering length
d,=0.225 nm (in Fe-K, radiation,
260 = 51°) corresponding to the first intera-
tomic distance R, ,=17.78d,/2n =
0.277 nm for crystalline tungsten [11].

The condensation temperature elevation
up to 800-900°C results in formation of a
new type of bi-structural state in the films,
where along with amorphous-cluster compo-
nent, p—WB boride nano-crystallites are pre-
sent [12] with the (111) strongest diffrac-
tion line (Fig. 1, curves 3a, c¢). The crystal-
lite sizes estimated from the diffraction line
broadening (Selyakov-Scherrer equation
[13]) are 12-14 nm.
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Fig. 3. X-ray diffraction spectrum for a film
obtained by magnetron sputtering of a W,Bg
target at the condensation temperature 900°C
prior to annealing (1) and after 1 h annealing
in vacuum at 1050°C (2) (Cu-K radiation).

A much more complete spectrum of dif-
fraction lines inherent in high temperature
B—WB phase was revealed in diffraction
spectra of the films annealed for an hour at
Tynn = 1050°C  (Fig. 3, Cu-K, radiation).
Calculation of formed orthorhombic p-WB
lattice parameters has given the following
values: a=0.8313 nm, b=0.931 nm,
¢ = 0.3071 nm which differed a little from ref-
erence values (a = 0.319 nm, b = 0.840 nm,
c = 0.307 nm) [12]. It is seen that the main
difference is increased b value. It is to note
that, according to equilibrium diagram [14],
the B—WB phase has a relatively large homo-
geneity area that, under boron atomic non-
stoichiometry, makes it more stable as com-
pared to o.—WB.

Annealing temperature effect on tungsten
boride condensate phase composition. After
annealing of the samples prepared at rela-
tively high T, of 500 to 900°C for an hour
at 1100°C the lines from the stable phase
y—W,B most depleted of boron atoms with
tetragonal lattice [15] are appeared in the
diffraction spectra. The lines of W,B5 phase
typical of the sputtered target were not re-
vealed under high temperature annealing as
well, while, besides of y—W,B phase, the
lines were registered identified as p-WB
ones, the content thereof in the film being
dominating for T, = 500°C and commensu-
rable with y-W,B phase concentration for
annealed sample deposited at T,; = 900°C
(Table 1). Increasing of annealing tempera-
ture above 1200°C did not caused qualita-
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Fig. 4. Changes in the condensate diffraction
spectrum due to high-temperature annealing:
initial state (T, = 500°C) (I); annealed at
1120°C (2); and at 1230°C (3).

tive variations in the film phase composi-
tion; however, it was accompanied by
changes in the quantitative correlations to-
wards stabilization of y—W,B phase with the
lowest boron content. This is the most pro-
nounced for the samples initially deposited
at higher T, = 900°C (Table 1). In Fig. 4,
typical diffraction patterns for different an-
nealing stages of the condensates prepared
at Ty, = 500°C are shown. It is seen that in
the temperature range 1050-1150°C, the
crystallization of initial amorphous-cluster
structure occurs with formation of the
B—WB crystallites with preferential orienta-
tion parallel to (111) crystallite plane
growth surface.

Annealing at 1200-1250°C results in
changing of the crystalline phase ratio with
preferential formation of non-textured
y—W,B-crystallites (Fig. 4, curve 3). Lattice
parameters of y-W,B-phase were a=
0.5578 nm, ¢ =0.4745 nm, the ¢ being
close to nominal value (0.4744 nm [15]),

while a exceeding a little the nominal value
(0.5568 nm).

Table 1. Influence of T,,, effect on volume
content of phases in the films condensed at
T, = 500 and 900°C

Tann’ OC

1050 1120 1230
B-WB |y—W,B | B-WB [y~W,B| B~WB |[y-W,B

)
-

O

500 {100 % | - 90 % (10 % |15 % |85 %
900 |100 %| - 45 % |55 % | b % |95 %
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Fig. 5. Sections of the diffraction spectra for
condensate obtained at T, = 300°C: initial
state (1); annealed at 1230°C for 1 h (2).

In the condensates prepared at lower
T,,» = 300°C, high temperature annealing
gives other results. In this case, the anneal-
ing both to 1120°C and to 1230°C stimu-
lates the formation of practically single-
phase sample. This is the low-temperature
o—WB phase with tetragonal lattice [3] (in
some other references, the notation 8—WB is
used [16]). In Fig. 5, the areas of diffrac-
tion patterns obtained before and after
high-temperature annealing are shown for
the sample deposited at T,; = 300°C. Con-
sidering the causes of a—WB phase forma-
tion under high-temperature annealing, the
main feature which should be noted is a
rather weak influence of thermal factor on
the coating structure and elemental compo-
sition at relatively low condensation tem-
perature, while the preparation conditions
being close to equilibrium. As is seen from
Fig. 5, such preparation conditions result in
formation of phases structurally close to
the hexagonal W,Bs being sputtered. Per-
haps this is the main cause of phase transi-
tion to more stable low-temperature a—VWB
modification under high-temperature an-
nealing [14], which is accompanied by the
simplest reconstruction of initial crystallite
hexagonal lattice into tetragonal I14,/amd
type one of the a—WB [3, 16]. It is to note
that the o—WB lattice is obtained from hexago-
nal MeB, one by rotation and translation of the
layers of triangular prisms formed by tungsten
atoms and centered at boron ones [17].

Basing on the results obtained for phase
compositions of as-prepared and annealed
condensates, it could be supposed that, due
to high diffusion mobility characteristic
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typical of nano-crystalline materials (espe-
cially for grain-boundary diffusion) [18],
boron atom deficiency in the coating takes
place already during the formation process,
which is increases as the condensation tem-
perature is elevated. Indeed, as the time-of-
flight secondary ion mass spectrometry (as
described in [19]) has shown, the increase of
substrate temperatures results in changing
the atomic ratio boron/tungsten in the sam-
ples. The change of B/W signal ratio as
compared to reference value indicates a de-
crease of boron atoms content in the films
condensed at higher substrate temperatures.
While the atomic ratio corresponds to
WB, 49 formula for the samples prepared at
T,,, = 800°C, this is described by WB, 39
for the films deposited at T,,, = 900°C
(Table 2). It should be noted that the atomic
ratio remains almost constant over the film
thickness (of the order of microns) except
for a thin (5—7 nm) subsurface layer near.

It is well known that formation of intersti-
tial phases of transition metals results in
transformation of the metal electron spec-
trum [20]. However, in the direction
TiX > WX (X is a non-metal atom: C, N, B),
d® state stability degree increases sharply
while that of sp configuration, for instance,
boron atoms, drops, i.e. the covalent compo-
nent of Me-X bond decreases [20]. Thus,
thermal stability of tungsten based intersti-
tial phases is relatively low. This feature
manifests itself most clearly under vacuum
annealing of coatings and films of microme-
ter scale thickness. It was found that under
annealing of the tungsten carbide coatings at
T > 1100°C in vacuum (0.138 to 1.8)-107! Pa,
intense decarbonization takes place as a result
of easy carbon diffusion to the surface and
formation of volatile carbon compounds with
residual gas atoms [21-23]. For such subsur-
face oxidation and formation of volatile carb-
on compound, a water vapor pressure as low
as 10 ppm is sufficient [21].

In the bulk state, a relatively weak bond
between tungsten and interstitial atoms (C,
N, B) was revealed when studying the tung-
sten boride stability in nitrogen atmos-
phere. It was found that already at 800 to
900°C, nitrogen starts to react intensely
with tungsten borides (W,B, WB, WB,) and
form boron and tungsten nitrides [24]. The
results obtained in this work indicate as
well that already at the W-B film formation
stage, depletion of light boron atoms oc-
curs. In this case, the bonding between
tungsten and boron atoms in obtained
"amorphous-cluster” and "amorphous-nano-
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Table 2. T, effect on boron/tungsten
atomic ratio in condensates obtained by
W,Bj target sputtering

Substrate temperature
at condensation, T, °C

B/W ratio
in the films

300 WB,
500 WB, o
700 WB, g
900 WB, 35

crystalline” ion-plasma condensates remains
weak enough to cause a further film deple-
tion of boron atoms under high-temperature
annealing. Thus, the annealing is followed
by film phase composition variation towards
low-boron compounds with one-dimensional
isolated arrangement of boron atoms in tet-
rahedral voids of metal lattice (y—W,B-
phase). It should be noted that the decrease
of boron concentration in tungsten boride
lattice is stimulated by compressive macro-
stresses developing in the films during their
condensation [25]. The starting tempera-
tures of intense boron diffusion in tungsten
boride corresponding to the first (800-
900°C) and second (1100-1230°C) stages of
phase transformations associated with de-
creasing boron content in condensates,
namely, with the lowest boride y-W,B for-
mation, correspond to energy range 0.10 to
0.12 eV. The average energy of the film-
forming atoms deposited from ion-plasma
beams (for the deposition conditions used in
this work, the average energy is 10 to
17 eV [26]) is one order higher than the
calculated values necessary for high boron
diffusion mobility in tungsten boride. More-
over, heavy tungsten atoms bombarding the
growing coating intensify the depletion ef-
fect of light boron atoms in subsurface lay-
ers due to their ballistic sputtering from
the growth surface [27]. The action of both
factors may explain the decreasing
boron/tungsten atomic ratio under conden-
sation. Thus, the condensates formed by a
W,oBg target ion-plasma sputtering have
amorphous-cluster, or amorphous-nanocrys-
talline structure. The phase composition of
formed nano-crystallites corresponds to
tungsten borides lower than the target ma-
terial. The formation of the lowest borides
under condensation is caused by decrease of
relative boron atomic concentration in the
film during its formation as a result of
physicochemical and radiation stimulated
processes. The annealing of the condensates
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tetrahedral voids of tetragonal tungsten }lssmn]' )
atomic lattice. Among the transition metal 14. Diagrams of State for Double Metallic Sys-
borides, such structure corresponds to the !:err}s, ed. by N.P.Lyak%shev, V.'l’ Mashinostro-
jenie, Moscow (1996) [in Russian].
strongest Me—Me bond. . .
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Bnaus YMOB OJ€pKaHHA 1 TEeMIIepaTypu BlAIIaJdy
HA (l)aSOBI/II/I CRJaA Ta CTPYRTYPY 10HHO-IIJIA3MOBHX
KoHaeHcaris cucremu W-B
0.B.Co6onb
Hocaig:xkeHo BIJIUB TeMIIepaTypu KOHJeHcallil Ta IoJaJbIIoro Bigmasy Ha CKJAJL i CTPYK-
TYypy iOHHO-IIa8MOBUX KOHeHcaTiB Gopuny Boabdpamy. BeTanoBjieHo, 1[0 ZOCHiIKyeTHCH,
Temieparypaomy inrTepsauai ocamxernHs 300...900°C sixbysaerbcss (G OpMyBaHHA KOHIEHCATIB
3 aMop(dHO-HAHOKPUCTAJIIUHOIO CTPYKTypoio. ¥ MOPiBHAHHI 3 Marepiajom, IO PO3NU-
JIIOETHCH, CKJIAJ KOHAEHCATIB XapaKTepusyeThci Gpakom aromiB Gopy. Bucorkoremmeparyp-
Huit BakyymuHmi Bigman (T, = 1100...1230°C, P < 7-107* Ila) mpuSBOLUTH 4O KPUCTAJI-
samil y asy HMKUYKX OOpMAiB, 3 SKMX 3a BHCOKMX TeMIepaTyp Haibiabmr cTabinpHOIO €
y—W,B-taza. IIpoanarizosano npuymam edexTy, II0 CHOCTEPiraerncs.
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