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The experimental data on the ion-plasma (13.56 MHz) magnetron sputtering of composite targets of
the system W-B are presented. Application of this method allows one to obtain deposited alloys in the en-
tire concentration range of compositions. The as-deposited films show the formation of an amorphous solid
state. The decomposition of an amorphous state is accompanied by precipitation of an intermediate meta-
stable, nanocrystalline W-phase with FCC-structure. By applying magnetron sputtering, we have obtained
an amorphous state in pure W-films at room temperature. The thermal stability, electrical and mechanical
properties of metastable states in W-B films are studied. The study shows that the amorphous state in the
WB; alloy is characterized by abnormally high temperature stability and microhardness. The ion-plasma
sputtering method has demonstrated its effectiveness in the case of tungsten films, showing the possibility
of obtaining metastable phases in them. At the same time, the obtained values of microhardness in the
amorphous alloy turned out to be lower than the predicted maximum theoretical values due to the peculi-
arities of the location of atoms in the alloy.
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1. INTRODUCTION

The boride phases in structural and tool steels are
carefully studied in the course of industrialization
based on the needs not only of the nuclear branch, but
also in view of practical needs of metallurgical, engi-
neering and defense industries. The unique properties
of boron, so, have been of practical interest for more
than half a century [1]: methods for creating surface
layers with borides to a depth of only a dozen microns,
while reducing the cost of processing parts by 3-5 times
compared to the known ones has increased the wear
resistance of parts by 10-15 times even for simple steels
without scarce alloys. Coating of the experimental bo-
ride phases (see Refs. in [1]) has shown unique charac-
teristics not only of the Fe-B-C system, but also of other
ones: to describe the desired properties of the materials
being developed, the boride phases technologies have
been worked out with elements Cu, Al (Refs. in [2]), Ti
[2], which seems to have led the authors to describe
new phases at the atomic level [3], to simulate crystal-
lization by the molecular dynamics method [4], to form
structures at mass crystallization of amorphous alloys,
to study multicomponent high-entropy alloys (Refs. in
[5]), the special and rapid modes quenching from liquid
and vapor states [6], as well as modeling of metastable
phases (Refs. in [5]), in particular, by modernized
methods of ion-plasma sputtering [5].

2. OBJECTS DESCRIPTION
2.1 Stable Tungsten Boride Phases

New hard materials are important for modern in-
dustry. These materials must have Vickers hardness
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higher than 40 GPa. The well-known hard materials
are carbon allotropy (diamond), carbon nitrides, bo-
rides, nitrides, and carbides of transition metals. The
carbides (WC) and nitrides (TiN) are widely used in
machining tools and mining, e.g., in drilling equipment.
There are some following stable tungsten boride phases
known from experiments in W-B system: W2B, WB (a
and g phases), WB2, W2Bs5, and WB4, synthesized by arc
melting [7, 8] (see tungsten boride phases known from
experiments with W-B system in 1990th, as well as the
binary alloy phase diagrams of Refs. in [5]).

2.2 Predicted Phases

Significant funds are used to establish a relation-
ship between the structural elements of materials and
their properties. However, in the materials science such
a study has been carried out quite detailed with respect
to elements B and W considered independently [9].

At the same time, “the less expensive” theoretical
methods for studying crystalline structures [10] have
also confirmed the complexity of modeling systems with
boron [11], faced with the limited resources with an
“expected cost of discovery” [12], allowing one to de-
scribe tungsten borides, but with limitations [13].

New genetic algorithms, evolutionary ones, and
their upturn by USPEX [14] allow to detect new phases
by parallel computing and saving computational re-
sources if appropriate experimental results are accu-
mulated, which would help clarify the modelling.

The results of theoretical studies have identified
just tungsten borides as possible candidates for super-
hard materials [15, 16]. Calculations indicating a cer-
tain adaptive structure of borides [17] also have re-
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vealed a lack of experimental data and increasing con-
troversy in the literature.

The likely scarcity of funding for relevant research
projects, however, reveals especially sharply the lack of
practical techniques for creating new phases, the com-
putational efforts to describe which have recently been
so little noticed [18, 19].

In [18], it is predicted the boron-rich phase WBs
with anomalously high hardness and high fracture
toughness. The absence of WBs phase on the phase
diagrams of 1990th and [8] may be naturally explained
by the difficulties on the path of its formation as the
peritectoid (WB4+ B=WBs5) type. However, by the
method of ion-plasma sputtering, the formation of this
phase directly from the vapor state is possible under
the conditions of reaching necessary undercooling and
realization of the metastable equilibrium between
phases WBy4, B, WBs. The possibility of this mechanism
is discussed at quenching from the liquid state in 1982
(see Ref. in [5]). In [18], by computed method it is in-
vestigated the boron-rich side of W-B system, in partic-
ular, the compound WBs, which remains a high-
performance material. This compound may possess the
ultrahigh mechanical hardness of 45 GPa. The predict-
ed boride WBs has a structure consisting of hexagonal
prisms WBi2, in which the W atom is coordinated by
12 B atoms, and the open Bis clusters are linked by B—
B bonds into a 3D-structure (Fig. 1) [18].

Pmmn-WBs

Fig. 1 - Crystal structure of the predicted PmmnWBs phase
[18], smaller balls correspond to boron atoms, larger ones — to
tungsten atoms

The Ashby plot of Vickers hardness represents some
mechanical properties of phases in the W-B system,
from which it follows that the predicted phase WBs
may have ultrahigh mechanical properties [18].

3. EXPERIMENTAL

Solubility of B in W is practically absent. It is of in-
terest to establish the ability of WBs-phase to form
metastable (including amorphous) states under non-
equilibrium conditions of crystallization, in particular,
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in the process of vapor deposition. In order to obtain
this phase we use the method of ion-plasma sputtering
in vacuum. The films of this system are obtained by RF
magnetron sputtering technique (13.56 MHz) using a
composite target. The generated torus-shaped plasma
affects the target sputtering process and results in the
formation on its surface of erosion in the form of a ring
with diffuse edges (1, 2 in Fig. 2) that is typical of the
magnetron sputtering method. Usually for installation
in a magnetron, a single-component target is prepared
as a disk with larger diameter than the plasma torus
diameter. The multicomponent target is prepared as a
disk consisting of triangular sectors. Each sector is an
individual component of the target (Fig. 2).

Fig. 2 — The composite target under plasma effect: 1 — torus-
shaped plasma, 2 — zone of target erosion (R and d are radius
and thickness of the erosion ring), 3 — sectors of A components,
4 — sectors of B components

For the production of the films of most stoichio-
metric composition, the sectors were divided into nar-
row sections. The position of different component sec-
tions was sequentially alternated. Despite the change
in the plasma ring diameter or thickness, the area ratio
of the vaporizable components remained unchanged
due to sector design of the target. The effect of plasma
on different materials was varied. That is why different
materials were evaporated with various speeds at iden-
tical plasma parameters. To calculate the ratio of areas
of the target components, it was necessary to determine
the evaporation coefficient of each component.

So initially, the target for each component was pre-
pared. In addition, the deposited film mass was deter-
mined sufficiently accurately by weighing on precision
balance of the substrate made for each component of
the target separately. It was important that all work-
ing parameters of the device were repeated punctually
during each film deposition process including the dis-
tance from the target to the substrate which must have
been selected taking into account the strong heating of
the target by infrared radiation from the plasma torus.
The substrate was weighed immediately after film dep-
osition and cooling in vacuum. This was necessary due
to the possible subsequent oxidation of the deposited
components.

The following expression was used to calculate the
ratio of the number of deposited atoms of components
K1 (for a two-component system):
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K1 = maMgs/(Mams) = A1/Bu,

where ma, My, ms, Mg are the masses and atomic mass-
es of target components A and B, respectively.

The ratio of the component areas can be calculated
by the expression:

K> = Ko/K1 = B1Ao/(A1Bo),

where Ko=Ao/Bo is the required ratio of components
(for example, 1/5).

In addition, K2 was the ratio of the sector angles.
Then, the angle of B sector (in degrees) in the full tar-
get circle was B°=360°(1 + K2) and, respectively, the
angle of A sector was A° = 360° — B°. To obtain a stoi-
chiometric film on the substrate surface, 12 or more (no
protrusions) flat sectors had to be placed on the target
circle. These were the sectors with angles A°/6, B°/6.

When depositing a multicomponent alloy, it is nec-
essary to set the sputtering parameters that were used
earlier in determining the sputtering coefficients Ki. W
and B atoms sputtered from the composite target sur-
face had ultra-high velocity of thermal relaxation on
the substrate (1012-10!% K/s) and various spread in di-
rections and speeds. These effects explained the homo-
geneity of the film composition. Using preliminary ex-
perimental results one can determine with sufficient
accuracy (up to within 3 at. %) the alloy composition in
the film. The films WBs were deposited in argon at-
mosphere (P =1 Pa chamber pressure) under the depo-
sition parameters such as the target-substrate distance
of 45 mm, automatic bias voltage of 800 V, RF power of
60 W/cm? and deposition rate of 30 nm/min.

We performed the deposition under equal conditions
simultaneously onto the Sitall-substratums (ST-32-1)
and the freshly cleaved crystals of sodium chloride. The
alloy films deposited onto NaCl were separated by dis-
solving the salt in distilled water and used for studying
the structure and composition by X-ray diffraction and
electron microscopy techniques. The electrical proper-
ties were studied using the films deposited onto Sitall-
substratum. The sheet resistance (Rsh, &/0) was meas-
ured by the four-point probe technique with continuous
heating of the film in vacuum (10 -2 Pa). The structure
of the initial and annealed films was studied by the X-
ray diffraction patterns obtained with X-ray Debye
camera and filtered CoKd radiation. In the WBs compo-
sition, we succeeded in suppressing the process of for-
mation of W- and B-crystalline phases and in fixing an
amorphous solid state. This result was evidenced by
the presence of only diffuse halo in the X-ray diffraction
pattern at the angle of 24.2°. We have calculated the
sizes of effective coherent scattering regions (L) of this
amorphous phase by the Selyakov-Scherrer formula
L =0.94/(fcos®), wherepf is the integral width of dif-
fraction line; ® is the Bragg reflection angle; A is the
wavelength of X-radiation. They were equal to
L =0.96 nm (value L for pure amorphous W was equal
to 1.9 nm at a diffraction angle of 22.9°). The shortest
interatomic distances R by the Ehrenfest relation for
amorphous WBs (R = A/(Esin®), where the structure
dependent constant E = 1.625; A is the X-ray radiation
wavelength; © is the position of the first maximum)
were 0.267 nm (for amorphous W R = 0.283 nm) due to
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the compressive influence of B atoms in the amorphous
state. Crystallization of the amorphous phase passed
by the mechanism of original crystallization with the
appearance of intermediate nanocrystalline phase
(NCP) (L = 3.9 nm), Fig. 3.

The size R of NCP was 0.314 nm. It was experimen-
tally determined that W possessed three modifications
at various conditions — amorphous and two crystalline
modifications such as ordinary body centered cubic
(BCC) (@=0.3165 nm) and metastable face centered
cubic (FCC) structures. The last structure was formed
during vapor deposition on substrate above 370 K and
at a thickness less than 2.5 nm and had the lattice pa-
rameter @ =0.4131 nm. The period of metastable NCP
(@ =0.4175 nm) from our data was determined by the
(111) line for the FCC-structure after the initial stage
of crystallization of amorphous phase.

From this, we considered that the process of crystal-
lization of amorphous phase in WBs alloy was passing
through the stage of formation and disintegration of
metastable NCP on the base of FCC-structure accord-
ing to the thermodynamic rule of Ostwald stages. The
position of the first metastable FCC-line of NCP, in our
opinion, may testify about the same nearest coordina-
tion of W atoms in the amorphous state in films. The
heat treated amorphous WBs films above 1073 K
showed the equilibrium structure with a period of W
(e =0.3176 nm) + B-phase + complex oxide (WBO) with
interplanar distances 0.2544, 0.2087, 0.1793, 0.1597,
0.1381, 0.1370, 0.1232, 0.1211, 0.1074, 0.1011, and
0.0991 nm. The dot-characteristic of X-ray diffraction
lines of this oxide indicated a significant oxidation of
surface and a relatively large size of the oxide of WBs5
films at this temperature. From here, it may be sug-
gested that crystallization of amorphous WBs films
passed by original formation and following decomposi-
tion of NCP.
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Fig. 3 — XRD patterns (intensities' angular relations) of: 1) as-
sputtered W film (L~ 1.9nm); 2) as-sputtered W-B film
(L ~ 0.9 nm); 3) W-B film after annealing at 973 K (L ~ 3.9 nm)

4. RESULTS AND DISCUSSION
4.1 Electrical Properties of WBs5 Films

In parallel with the X-ray diffraction analysis, the
phase transformations in WBs films were traced by
constructing the plots of relative (Rt1/Rs00) electrical
resistivity versus temperature (polytherms) with con-
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tinuous heating of the films in vacuum with measuring
the temperature coefficient of resistivity (TCR) and by
studying the prolonged thermal stability of the films.
The TCR in the amorphous film went into the region of
negative values (- 1.1-10-3 K-1), which indicated the
similarity of the electrical properties of WBs films with
the properties of semiconductor materials. In addition,
the temperature behavior of relative resistance was
typical of amorphous semiconductors (Fig. 4).
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Fig. 4 — Temperature variation of relative resistivity of amor-
phous WB;s films

We assume that the electrical properties of the ob-
tained films are determined by the peculiarities of the
properties of amorphous boron which prevails in the
composition of WBs films. It is known that amorphous
boron films contain the nanocrystalline inclusions dis-
tributed in an amorphous matrix [20]. The presence of
nanoinclusions leads to the decrease in local stresses
and as a result to the reduction of the defect density in
this matrix. Therefore, the fluctuations of the valence
band edge decrease. Accordingly, the decrease in the
activation energy and increase in the carrier mobility
are observed [20]. It is possibly, the similar nanoinclu-
sions are formed in the amorphous WBs films. Within
the framework of this idea, most likely, the existence of
boron nanoinclusions determines the peculiarities of
the charge transport mechanism in WBs films.

The polytherm exhibits no signs of structural trans-
formations up to a temperature of 873 K, while the TCR
varies reversibly and amounts to about — 1.1-10-3 K- 1,

The amorphous to nanocrystalline phase transfor-
mation in WBs films is studied at temperatures from
873 K to 1073 K. Fig. 4 shows the slight bend in the
Rr/R300 = f(T) dependence near ~ 880 K. However, visu-
al alterations on the diffraction patterns are not dis-
covered in this temperature range. This indicates the
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MeTacrabinbui cranu i gpisuuni Biaacrusocri 3d0aravenux 6opom W-B mirisok

B.®. Bames, C.I. Pa6ues, T.B. Kpyaiua, C.O. ITomos, €.C. Croposamencermnii, 10.M. IToramosuy,

C.M. AnTporios

Kagbeopa excnepumernmanvroi gpizuru, J[ninposcorkuil hayionanvrut ynisepcumem imeri Oneca Ionuapa,

72 np. L'aeapina, 49010 Ininpo, Ykpaina

IIpencrasieHi exkcliepuMeHTAIbHI JaHl 110 10HHO-Ia3MoBoMy (13.56 MI'1) MarueTpoHHOMY HATIMJICHHIO
cryIanoBux MmimneHei cucremu W-B. 3acrocyBanHsI 3a3HaYeHOro MeTOy I[03BOJISIE OTPUMYBATH HAIIWJIEH]
CILUIABH B YChOMY KOHIIEHTPAIIIMHOMY 1HTepBaJi iX ckJyamiB. HamuieHl IUIIBKH LIIOCTPYIOTH BUHUKHEHHS
amMopdHOro TBepAoro crany. Po3riagaHus aMop(@HOro cTaHy CyIpPOBOIKY€ETHCSA BUIIIIEHHSIM IIPOMIKHOL Me-
TacTablIbHOI, HaHOKpHUCTATIYHOI W-(asu 3 rpaHeIleHTPOBAHOI Ky0i4HOI CTPYKTYPOI0. 3a JOIOMOI0K MAar-
HETPOHHOTO HAIMJIEHHA MU OTPUMAJIH aMOPHUM cTaH B YucTUX W-IUIIBKAX IIPU KIMHATHIN TeMIlepaTypi.
Jocmimxeno meractabinbui cranu B W-B mmiBkax, ix TepMiuHa cTablIbHICTD, €JIEKTPHYHI 1 MeXaHIYHI BJIac-
TuBocTi. B pobori mokasamo, mo amopdHmit crau B ciutaBl WBs xapakTepuayerhcss aHOMAaJIBHO BACOKOIO Te-
MIIEpaTypHOI0 CTIMKICTIO 1 MiKpoTBepzicTo. MeTos 10HHO-IIJIA3MOBOIO PO3IMJIEHHS IIPOJIEMOHCTPYBAB CBOIO
eeKTUBHICTH B pas3i IUTIBOK BOJIbpaMy, IIOKA3aBIIN MOMKJIMBICTG OTPHUMAHHS B HUX METACTAOLIbHUX daas.
Pasom 3 Tum, oTpumaHi 3HaAYEHHS MIKPOTBEPIOCTI B aMOPHOMY CILIABl BHSBUJIACS HIKYMME Ilependoade-
HUAX MaKCUMAJIbHUX TEOPETUIHNX 3HAYEHH BHACIIIIOK 0COOJIMBOCTEH PO3TAIIIyBAHHS aTOMIB B CILJIABI.

Knrougori ciiopa: lonHo-nmasamoBe MarHeTposHe posnuieHH:sa, AMopduuit ctan, Meracrabinpai cranu, W-B
Bk, TemmeparypHa crabiibHicTh, MIKpOTBEPIIiCTD.
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