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Abstract

Tungsten borides (WB,; x=2.5 or 4.5) with an increasing substitution of tungsten by zirconium from 0 to 24 at.% were syn-
thesized by spark plasma sintering (SPS) for the first time. The influence of the holding time (2.5-30 min) on the densification
behavior, microstructure evolution and development of the properties of W—Zr—B compounds were studied. The samples
were characterized using scanning electron microscopy (SEM) for microstructure analysis, X-ray diffraction (XRD) for phase
identification, Vickers micro-indentation for microhardness measurements, tribological tests to determine the coefficient of
friction and specific wear rate, as well as measurements of electrical conductivity. The XRD results confirm the presence of
the WB, phase in the microstructure, despite the high sintering temperature (1800 °C) and small overstoichiometric excess
of boron (4.5) addition in the sintered samples. This is caused by the high heating rate (400 °C/min), short holding time (2.5
min) and addition of zirconium. The Vickers hardness (HV) values measured at 1 N are 24.8 +2.0 and 26.6 + 1.8 GPa for 24
at.% zirconium in WB, 5 and for 0 at.% zirconium in WB, s, respectively. In addition, the hardest sample (W 76Zr( »4B5 5)
showed electrical conductivity up to 3.961-10° S/m, which is similar to WC—Co cemented carbides. The friction and wear
test results reveal the formation of a boron-based film which seems to play the role of a solid lubricant.

1 Introduction for currently used carbides or nitrides in next generation

cutting tools or work as refractory materials.

Transition-metal borides have increasingly gained scien-
tific interest because they have high values of hardness,
chemical inertness and electrical conductivity [1]. Unique
properties such as the high-temperature superconductivity
of magnesium diboride (MgB,) [2], super hardness of rhe-
nium diboride (ReB,) [3] or high melting point of zirconium
diboride (ZrB,) [4] inspire research on new materials. Even
in the form of thin films, transition-metal borides preserve
their properties [5]. All of these attributes are desirable in
materials for structural and engineering compounds, and
could indicate that borides may be suitable replacements
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Among transition-metal borides, tungsten borides are
a very promising group for industrial applications such as
abrasive, corrosion resistant and electrode materials exposed
to harsh environments [6]. Tungsten tetraboride (WB,) is an
example because of the combination of high electron density
of transition metals with short covalent boron—boron bonds,
this material belongs to the new generation of intrinsically
superhard materials. The WB, microhardness value reported
by Gu et al. [7] at the load of 0.49 N reached 46 GPa. WB,
can attain an even higher hardness through the formation
of solid solutions, in which the addition of an alloying ele-
ment impedes dislocation motion throughout the crystal lat-
tice [8]. The addition of zirconium caused, for example, the
hardness of W, g,Zr, 3B, to be 34.70 +0.65 GPa under the
applied load of 4.9 N, which is the highest value obtained
for any superhard alloy at a relatively high load [8]. It should
be noted that this hardness is load dependent and under the
lower load (0.49 N), W o,Zr,, osB, was superhard with the
hardness of 55.9+2.7 GPa [8]. This work is the only one in
which tungsten borides with a small amount of zirconium
and higher content of boron were investigated. The problem
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is that the formation of such a structure requires molar ratios
of tungsten to boron of 1:12 to prevent the formation of
secondary boride phases of tungsten (e.g., WB,) during arc-
melting synthesis. Because ZrB, has been widely considered
a potential candidate for aerospace and propulsion applica-
tions, this diboride has been doped with tungsten to improve
its mechanical properties and oxidation resistance [9-11].
Hirota et al. [9] investigated the effect of ZrB, doping with
tungsten (Zr,_,W,B,; 0 <x<0.5) on the mechanical proper-
ties and thermal stability of materials obtained by the spark
plasma sintering (SPS) technique. In comparison to pure
ZrB,, the obtained materials possess much better bending
strength, Vickers hardness and fracture toughness at both
ambient and high temperatures. The reported high-temper-
ature strength values exceeding 600 MPa were obtained in
a test conducted at the temperature of 1600 °C [9] and more
than 800 MPa at 1800 °C [4]. In addition to improvement
in the mechanical properties, it has also been shown that a
small addition of tungsten can result in increased resistance
to oxidation at temperatures above 1500 °C due to the for-
mation of a solid solution of (Zr,W)B, [10, 11]. Tungsten
additives can also affect the densification behavior of ZrB,.
An addition of 5 wt% tungsten caused an increase in linear
shrinkage by 50% in comparison with pure ZrB, [12]. Kis-
lyi et al. [12] also showed that tungsten additions of up to
10 wt% could be incorporated into a ZrB, solid solution.
Because of the valence difference, the addition of tungsten
caused the formation of vacancies, which improved den-
sification by lowering the activation energy for sintering.
While the Zr,_ W B, (0<x<0.5) is quite well researched,
there is not enough information about the lower content of
zirconium in the WB, matrix. It is known that W,B5 and
ZrB, form a eutectic at 20 mol% ZrB, with a melting point
of 2180 °C [13]. Ordan’yan et al. [13] also showed that
the hardness and lattice parameters practically do not dif-
fer in the whole solid solution W,Bs—ZrB, system. As was
shown in [9], this conclusion is not true for solid solutions
of Zr_ W ,B, (0<x<0.12). In this range of tungsten con-
tent, lattice parameters a and ¢ change from 3.16 to 3.13 A
and from 3.17 to 3.15 /OX, respectively, and the hardness
increases from 14.1 to 20.7 GPa. It is suggested that similar
situations would occur with lower contents of zirconium.
Taking into account previous studies on zirconium-doped
tungsten tetraboride [8] and the superhard quality of (W,Ti)
B, films deposited by magnetron sputtering (MS) [14] or
hybrid PLD-MS [15] with a small addition of titanium,
which is in the same group of the periodic table as zirconium
and builds a hexagonal structure, studies on borides with a
small admixture of zirconium and low content of boron are
needed. The differences of the obtained material properties
may result from the used method of synthesis. Ordan’yan
et al. [13] performed pre-sintering at 2000 °C and then the
sample was melted via levitation melting. Hirota et al. [9]
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used pulsed electric current pressure sintering (PECPS) at
1800 °C for 10 min under 30 MPa in vacuum. In this case,
the samples were not melted. The change in the sintering
temperature, compacting pressure and holding time are key
parameters that influenced the microstructure evolution and
development of properties of the obtained materials. The
SPS technique provides an opportunity to investigate the
influence of these parameters on the densification behavior
and microstructure formation [16]. The aim of this work
is to investigate the effect of the holding time as well as
the influence of a low zirconium content and boron excess
on density, microstructure, phase composition, mechanical
properties and electrical conductivity of W,_,Zr B, 5 and
W,_,Zr B, s (0<x<0.24) samples obtained by the SPS
technique.

2 Materials and methods
2.1 Spark plasma sintering

Tungsten (purity: 99.9%, APS: 25 um), zirconium (purity:
99.8%, APS: 250-350 pm) and amorphous boron (purity:
95%, APS: 1 um) powders were mixed for 30 min using
a Turbula® T2F shaker-mixer (WAB, Switzerland) in the
compositions presented in Table 1. The obtained powder
mixtures were SPSed in vacuum using an HP D 25/3 (FCT
Systeme, Germany) furnace. The SPS process parameters
are listed in Table 2. Samples with a diameter of 25.4 mm
and thickness of approx. 3.5 mm were produced.

2.2 Characterization

The density of the SPSed samples was measured using
the Archimedes method according to the ISO 18754:2013
standard using an EX 2225DM (Ohaus, Switzerland) scale.
The phase composition of the samples was examined by
XRD with a D8 Discover (Bruker, USA) using CuK,
radiation (A=1.5418 10%). Microscopic observations of the

Table 1 Weight content of tungsten, zirconium and boron in W/B and
W/Zr/B powder mixtures

Material composition Tungsten, g Zirconium, g Boron, g
WB, 5 11.067 - 2.931
Wi.00Z1( 03B4 5 10.517 0.454 3.028
W42t 16B4s 9.929 0.938 3.131
Wo.76Z1024B4 5 9.300 1.457 3.241
WB, 5 12.202 - 1.795
Wo.00Z10 03B 5 11.635 0.502 1.861
Wo.s4Zr1 16B2 s 11.025 1.042 1.931
Wo.76Z1924B5 5 10.366 1.624 2.007
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Table 2 Spark plasma sintering

Material composition
process parameters of W/B and

Sintering tem-

Heating rate, Holding time, min Compacting

i perature, °C °C/min pressure, MPa
W/Zr/B powder mixtures
WB, 5 1800 400 24 50
Wi 0221 0sBua s 1800 400 2.5,8,15.5, 24, 30 50
W s4Zrg 16Bas 1800 400 24 50
W 76210 24B4 s 1800 400 24 50
WB, 5 1800 400 24 50
Wi 0021 0sB2 s 1800 400 10, 24 50
W s4Zrg 16Ba s 1800 400 15,24 50
W 76210 24B5 5 1800 400 24,30 50

microstructure and elemental microanalysis to study the
elemental distribution of tungsten, zirconium and boron
in the investigated samples were performed using a JSM-
6010PLUS/LV (JEOL, Japan) scanning electron micro-
scope (SEM). Energy-dispersive X-ray spectroscopy
(EDS) microanalysis was used to study the distribution of
elements. During the EDS measurements, the accelerat-
ing voltage of 10 kV was used. The surface topography
of worn samples after wear tests was examined using an
Inspect S (FEI, USA) SEM. Vickers microhardness meas-
urements were performed using a Micro Indenter (CSM
Instruments, USA). In the majority of the micro-indenta-
tion tests reported in the literature, sharp indenters (Vick-
ers) were employed and the microhardness was specified
by means of the Oliver—Pharr method [17] using a Vickers
tip with the load of 1 N. Over 10 indentations on each
sample were performed. The electrical conductivity was
measured according to the ASTM E1004 standard using a
SigmaCheck (Ether NDE, UK) eddy current conductivity
meter. The wear behavior of the samples was evaluated by
ball-on-disk wear tests using a T-21 (ITEE, Poland) tester.
According to this method, the sliding contact is created
by pushing a ball onto a rotating disc sample under a con-
stant load. Disks 25.4 mm in diameter and 3 mm thickness
and an Al,O; ball of 10 mm in diameter were used at the
sliding speed of 5 m/min. During the wear tests, the coef-
ficient of friction of the tribology pair was measured in a
stabilized stage of friction (after start-up), and the specific
wear rate (SWR) was calculated based on the determined
wear volume in accordance with Lancaster’s Eq. (1) [18]
shown below.
VL

SWR = 7.SD’ €h)
where VL (in mm?) is the disc volume loss, F (in N) is the
normal load, and SD (in m) is the sliding distance. The tests
were carried out without lubricant according to the ISO
20808:2004(E) standard.

3 Results and discussion

3.1 Effect of spark plasma sintering parameters
on densification

The densification behavior of the powder mixtures during
the SPS process, shown in Fig. 1, was analyzed based on
the punch displacement dependences on the holding time.
In Fig. 1a, it is clearly seen that sintering W 9,71 osB 5
for 2.5 min is not enough to complete the densification pro-
cess. The minimum time required to do this is 8 min and a
couple of seconds before this time, the plateau of the sin-
tering curves is seen. It means that sintering is completed
under certain conditions. Nevertheless, a further increase in
the holding time (up to 15.5 min) resulted in further punch
movement. This is related to the reactive sintering and par-
tially started phase transformation from low-density hexago-
nal WB, (8.40 g/cm? [1]) to high-density hexagonal WB,
(12.76 g/lem? [1]) and B phases resulted in an increase in the
density of the sintered body and finished between 14—15 min
without any further densification (plateau of curves). The
further WB,~WB, phase transformation started between 19
and 20 min and finished a couple of seconds before 24 min.
Increasing the holding time to 30 min does not cause any
further phase transformations or densification of the sam-
ples. The same densification behavior is observed in Fig. 1b
where various powder mixtures were SPSed at the holding
time of 24 min. What is clearly seen, the densification of
the W,_,Zr B, 5 (0 <x<0.24) was completed earlier than
W,_.Zr B, 5 (0<x<0.24), which results in a lower amount
of boron powder in the powder mixtures.

Changes in the density of the SPSed samples are shown
in Fig. 2. It is clearly seen in Fig. 1a that as the holding
time increased, the density increased and this is related
to the phase transformation occurring during the holding
time from the WB,~WB, phase, whose density is higher
than the WB, phase. In turn, the density of the W,_ Zr,B, s
and W,_Zr B, s (0<x<0.24) samples SPSed at 24 min
decreases with an increasing zirconium content. The samples

@ Springer
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Fig.1 Sintering curves of a W ,Zr, (sB45 samples spark plasma
(0<x<0.24) samples spark plasma sintered for 24 min

with the lower boron content have a higher density than the
samples with the higher boron content and this is due to the
low density of boron (2.34 g/cm®) compared to density of
tungsten (19.25 g/cm3) and zirconium (6.51 g/cm3).

3.2 Microstructure evolution

In Fig. 3, the distribution of elements is presented. As an
exemplary, representative sample, W, g,Zr 1,B4 5 with the
holding time of 24 min was chosen. In Fig. 3a (SEM-BSE),
the distributions of individual phases are indicated by red
arrows. Due to the fact that boron is the lightest, it is visible
as black fields. The tungsten compounds are the heaviest,
which means that they are visible as the brightest fields.
The intermediate color—Ilight gray—is zirconium or ZrB,.
The area of EDS analysis showed that the center of the grain
mainly consists of unreacted zirconium. However, during

Fig.2 Density of a (a)
Wo.00Zr 0gB4 5 samples spark 129 W 7r B
plasma sintered at various hold- I Vo, 2 B
ing times and b W, _ Zr B, 5 10+
and W,_ Zr B, 5 (0<x<0.24)
samples spark plasma sintered mg 81 713 6.99
for 24 min E) 6.46 ' ;
2 %7
‘@
c
8 41
24
0
25 8 15.5

Holding time, min
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Time, min

sintered at various holding times and b W,_Zr B, 5 and W,_Zr B,

the SPS process, reactions take place, which result in the
formation of ZrB, at the zirconium grain boundaries (Fig. 3b
and c). The areas where tungsten is present (Fig. 3d) are
characterized by different colors. As the amount of tungsten
decreases, the amount of boron increases (Fig. 3c), which
may indicate the presence of various tungsten borides (WB,;
x=2 or 4). At the same time, in areas with the highest tung-
sten content, an increase in the amount of oxygen (Fig. 3f)
can also be observed. Due to the high temperature and exten-
sion of the time, the amount of tungsten oxides increases.
Habainy et al. [19] showed that for the time of 24 min at
907 °C and an atmosphere with 0.5% O,, the amount of
tungsten oxides is about 3 times greater than for the time of
8 min. Increasing of the amount of WO, crystalline phase
results in the appearance of reflections in the X-ray diffrac-
tion pattern. The black areas (Fig. 3a) are places with a high
boron content. However, they do not match the oxygen dis-
tribution. It can be concluded that during the SPS process,
no significant amounts of boron oxide are formed.

(b) [ W(1~x)zprZ.5

12+
- W(1-x)zpr4.5
104
o gl
718 723 §
>
2 6
7
c
[0
[m]
24 30

x% Zr
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Fig.3 EDS maps of exemplary sample (W g,Z1, 1B, 5, holding time 24 min) a SEM-BSE micrographs, b EDS spectrum, ¢ boron map, d tung-

sten map, e zirconium map, f oxygen map

In Fig. 4, the dependences of the microstructure on the
holding time for W, ,Zr( (3B, 5 are presented. It is seen
that for the shortest holding time (2.5 min), the grains
are the most finely divided. As the time increases and the
density of the samples grows, the grains increase in size.

After 15.5 min (Fig. 4c), the growth stabilizes. The WB,
matrix is continuous with inclusions of unbound boron
grains. During the mixing of the powders, boron can form
agglomerates, whose size is larger than the diameter of
the used powders. When such a mixture is SPSed, boron

@ Springer
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grains up to 100 pm in diameter are formed, especially
when an overstoichiometric amount of boron (4.5) is used.
Clusters of ZrB, are also evident. Their grains reach sizes
around 100-200 pm. Figure 5 shows the dependences of
the microstructure on the change in zirconium content
in the sample after 24 min of holding time. As can be
seen, the growth of zirconium content caused increases in
the number of ZrB, grains. In the case of W 9,71 03B, 5
(Fig. 5¢), the number of ZrB, grains is relatively small,
which may be related to zirconium filling the vacancies in
the WB, hexagonal structure. According to Akopov et al.
[8], zirconium can form a solid solution with WB, to a
value 10 at.%. After exceeding the solubility limit, two
phases—WB, and ZrB,—appear, which is confirmed by
the microstructure in Fig. 5S¢ and d. At the same time,

Fig.4 Dependence of

W 9221 0gB4 5 microstructure
on holding time. SEM-BSE
micrographs spark plasma
sintered fora 2.5, b 8, ¢ 15.5,d
24 and e 30 min. Phases: WB,
(light gray), ZrB, (dark gray)
and boron (black)

BEC 10kV  WD9mm SS45 x100

@ Springer

increasing the zirconium content reduces the amount and
size of boron grains.

A similar phenomenon is observed for W,_ Zr B, s
(Fig. 6). Due to the lower content of boron and also zirco-
nium addition, the size of the boron grains decreases below
25 pm. In the case of the lower boron content, an inverse
trend in the properties can be observed compared to the sam-
ples with the higher boron content. The compatibility of the
material increases with increasing the zirconium content,
which also results in increased microhardness and electrical
conductivity.

In Fig. 7, the X-ray diffraction patterns of the W,_ Zr B, 5
(0<x<0.24) samples are presented. Despite using 4.5 atoms
of boron, after 24 min of holding time, the main phase is
WB,. The lattice parameters of this phase practically do not
differ in the whole range of zirconium content from x=0 to

100pm  —
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Fig.5 Influence of zirconium
alloying of W,_ Zr B, 5. SEM-
BSE micrographs for zirconium
content: ax=0, b x=0.08, ¢
x=0.16 and d x=0.24. Holding
time 24 min

x100

Fig.6 Influence of zirconium
alloying of W,_,Zr B, s. SEM—
BSE micrographs for zirconium
content: ax=0, b x=0.08, ¢
x=0.16 and d x=0.24. Holding
time is 24 min

100pm  S—
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24 at.%. Parameters a and ¢ are 2.985 and 13.900 A, respec-
tively, for the WB, phase. Similar values of those param-
eters were reported by Ordan’yan et al. [13] in a similar
comparable W,Bs—ZrB, system. In the case of WB,, the
a parameter is 5.202 A and ¢ is 6.370 A, which is in good
agreement with the data presented by Akopow et al. [1] The
addition of zirconium caused the formation of hexagonal
ZrB, (P6/mmm). Additionally, with an increasing of content
of zirconium the second phase of WB, appears. It is a new
observation because previous experimental studies [6, 20]

1000

= WB,
¢ ® WB,
* ZrB,
600 # WO,

24 at.% Zr

800

400

200

16 at.% Zr

800

600

8 at.% Zr

Intensity, a. u.

800

0 at.% Zr

800

20 25 30 35 40 45 50 55 60 65

2 theta, °

Fig.7 XRD pattern of phase composition of samples with molar
zirconium content x=0, 8, 16 and 24 at.% spark plasma sintered for
24 min and B/(W + Zr) molar ratio of 4.5

@ Springer

show that metastable WB, decomposes into WB, at tem-
peratures higher than 1600 °C. What is more, the moderate
B/W molar ratio of 8 is the critical factor for the synthesis
of WB,. As it is seen from Fig. 6, the addition of a second
compound with a higher thermal stability (ZrB,) can also
increase the content of WB,, even if the sintering tempera-
ture is above critical (1800 °C) and the molar ratio is close
to stoichiometric (4.5). Figure 6 also shows the XRD pat-
tern of the sample without zirconium. This result confirms
earlier observations [6, 20]. The XRD spectrum of the sam-
ple sintered at 1800 °C and compacting pressure of 50 MPa
corresponds to the pure WB, phase according to the Joint
Committee on Powder Diffraction and Standards (PDF No.
00-043-1386). For a zirconium content x=0.16 and 0.24,
there was partial decomposition from WB, to WB,.

The low content of WB, is detected in the samples at 26
values of 24.3°, 33.4° and 45.1°, which correspond to the
(101), (110) and (112) facets, respectively, according to the
Joint Committee on Powder Diffraction and Standards (PDF
No. 00-019-1373) for WB,,. The origin of the presence of
WB, is connected with the creation of the hexagonal ZrB,
phase. Already at x=8 at.%, characteristic peaks of ZrB, at
26 values of 25.1°, 32.5°, 41.5°and 57.9 are present. Zir-
conium forms a very favorable, stable ZrB, phase [13] and
does not readily alloy with WB, or WB,,. However, ZrB, can
stabilize and stimulate the growth of the hexagonal crystal
structure of WB, when a higher content of zirconium is pre-
sent (x> 8 at.%). It can be concluded that ZrB, precipitates
first from the sintered powder mixture and provides a tem-
plate pattern for further precipitation of the WB, phase. This
phenomenon is known as precipitation hardening. Although
an excessive synthesizing temperature can result in the
decomposition of WB, [6, 20, 21], an increase in the content
of zirconium can improve the crystallinity of the tungsten
tetraboride phase. As presented in Fig. 8, the content of the
WB, phase increases with shortening of the holding time.

After sintering at the holding time of 2.5 min, the strong
peaks at characteristic 26 values for WB, (the Joint Commit-
tee on Powder Diffraction and Standards; PDF No. 00-019-
1373) are present. After increasing the holding time to
8 min, the intensity of the WB, peaks grow, and the content
of this crystalline phase is higher than that after 2.5 min.
Further extension of the holding time to 15.5 min causes
the first stage of reactive sintering (Fig. 4a). The metasta-
ble WB, phase decomposes to the more stable WB,, which
causes the intensity of the WB, peaks to diminish. Between
18 and 24 min, the second reactive sintering stage is pre-
sent and the WB, phase practically disappears (Fig. 8).
Similar observations were presented by Itoh et al. [20] for
a comparable molar ratio of boron to tungsten B/W =4.0.
A rapid increase in the amount of WB, was observed up to
15 min [20]. The formation of WB, by boron diffusion into
the core of the tungsten particle prevails in the initial stage
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Fig.8 XRD pattern of phase composition of samples with molar zir-
conium content x==8 at.% spark plasma sintered at various holding
time and B/(W +Zr) molar ratio of 4.5

of treatment due to the high concentration gradient. After
15 min, there is little punch movement (Fig. 4) and the con-
centration of WB, does not change. The system strives for
equilibrium and the phase stability of WB, decreases due to
the high sintering temperature and holding time, allowing
further boron diffusion. The addition of zirconium results
in the stabilization of WB, at the temperature of 1800 °C,
whilst it is only possible at 1400 °C for the unalloyed com-
pound [20].

The decrease in the boron to metals ratio B/(W + Zr) to
2.5 results in an effect that only two compounds—WB, and

2 theta, °

Fig.9 XRD pattern of phase composition of sample with molar zir-
conium content x=16 at.% spark plasma sintered for 24 min and B/
(W +Zr) molar ratio of 2.5

ZrB,—are available. A variation in the holding time and also
zirconium content did not influence the phase composition
of the samples. The exemplary XRD pattern of the sintered
materials at the temperature 1800 °C with the B/(W + Zr)
molar ratio of 2.5 (the molar zirconium content x=16 at.%
and holding time 24 min) is presented in Fig. 9. The results
are in agreement with the observations presented by Itoh
et al. [20]. Due to the high temperature, after 24 min the
amount of tungsten oxides increases. The main WO, peaks
correspond to the 26 positions =26.1, 32.6 and 37.5°. Peak
26.1° lies on the slope of peak WB,, and therefore, it is dif-
ficult to identify. The other two can be found in the different
patterns (Figs. 7, 8, 9).

3.3 Mechanical properties

In Fig. 10, the dependence of microhardness on the hold-
ing time for samples with the composition W, 9,71, osB, 5 is
presented. At the shortest holding time (2.5 min), the sam-
ple has not yet reached full densification, which results in
a lower microhardness of 12.3 + 1.3 GPa. After 8 min of
sintering, the sample is fully densified under certain condi-
tions of sintering. The sample obtains a maximum density,
and thus, a maximum microhardness of 17.4+2.3 GPa. In
this case, the holding time is too short and despite the high
temperature, the superhard WB, phase formed in the previ-
ous sintering stage does not decompose into WB, +B [6].
Further sintering leads to disappearance of the WB, phase
and its complete conversion to a softer WB,. Therefore, the
microhardness is reduced to 11.8 +2.4 GPa (Fig. 11).

The addition of zirconium causes the formation of ZrB,
and further to WB,. Due to the fact that this compound is
relatively soft, its appearance results in a decrease in the
microhardness compared to the non-doped case (Fig. 11(a)).

In the case of the boron content of 4.5 (in relation to
the used amount of W + Zr metals) with the increase in
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Fig. 10 Microhardness of W, g,Zr ,sB,4 5 samples in relation to hold-
ing time

zirconium, a decrease in material densification and also a
reduction in the microhardness are observed. This is due
to the change in the curing mechanism from solid solution
hardening to dispersive hardening. According to [22], it is
indicated that zirconium is soluble in WB, at or below 10
at.% but at a concentration higher than 20 at.% of zirco-
nium, the secondary phase ZrB, appears. Due to the smaller
amount of boron (4.5 instead of 9 [8]) and the high sintering
temperature, the amount of WB, phase is small. This can
result in a change in the hardening mechanism at much lower
zirconium contents. An inverse relationship can be observed
for the lower boron content, where the microhardness grows
with an increase in the zirconium content (Fig. 11b). As
was previously shown in Fig. 8, the superhard WB, phase
is not present under such conditions. Due to the fact that
the differences in the microhardness of ZrB, and WB, at
lower zirconium contents, i.e., 0 and 8 at.% are insignifi-
cant [13], this property practically does not change and is
15.1+£2.2 GPa (Fig. 11b). According to the phase diagram
of the W,Bs—ZrB, pseudobinary system [13], a further
increase in the amount of zirconium results in achieving the

composition with the lowest melting point (2180 +30 °C
for the eutectic composition of 80 mol% W,B5+20 mol%
ZrB,). This phenomenon promotes greater densification
of the material, and thus, also an increase in microhard-
ness. Moreover, on the basis of the analysis of the micro-
structure of the samples with the higher zirconium content
(Figs. 5 and 6), both the unbound boron and ZrB, grains are
smaller and more evenly distributed, which promotes disper-
sion strengthening. A similar relationship was observed by
Hirota et al. [9] when ZrB, was doped with small amounts of
tungsten. For monolithic Zr;_ W B, (0<x<0.12), W-doped
ZrB, solid solutions with a lower hardness were formed and
the hardness grew and stabilized for composites consisting
of ZrB, solid solutions and WB, when x>0.12 due to the
formation of solid solution, homogeneously dispersed nee-
dle-like WB, particles [9].

The results of coefficient of friction measurements dur-
ing the Al,O; ball-on-disc tests are shown in Fig. 12 as the
“coefficient of friction—sliding distance” diagrams and in
Table 3. The diagrams demonstrate the coefficient of fric-
tion peak at the beginning of sliding and its following fall
during the run-in stage. Zirconium doped tungsten borides
show a coefficient of friction similar to that of non-doped
tungsten borides. However, influence of the holding time on
the coefficient of friction is seen (Fig. 13). The coefficient
of friction decreased at the sliding distance of 300—600 m
and then reached a constant value of about 0.5-0.6 (Fig. 12).
The possible reason for the fall in the coefficient of fric-
tion is the formation of a “third body’’ [23] during slid-
ing which consists of the particles that detached due to the
wear process and formed a self-lubricating boron-based
debris on the wear surface. In this case, the wear mode con-
verts from adhesive wear to abrasive wear. One can note
the minimal coefficient of friction of 0.4 is achieved for the
Wo.76Zr 24B4 5 sample SPSed during 24 min due to the pos-
sible solid lubrication effect of wear debris being generated
during the sliding process.

The test results reveal that the specific wear
rates of the investigated samples are in the range of

Fig. 11 Dependence of micro- (a)s0-, (b) 30-
hardness on the zirconium 26.6 28
addition x=0-24 at.% for a 25 % 25
W,_ZrB,sand b W,_7r B, .
Holding time is 24 min 204 204 18.1
© © 15.0 15.1 %
& &
15 15
= { 12.4 1.9 % = % %
T § T
10+ 104
5 5
0 T T T T 0 T T T T
0 8 16 24 0 8 16 24

X, %
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109 ——WB 24mn  ——WB,;24mn 1X107°-3x10~> mm*/Nm (Table 3), which is similar to
W, 0,275,468, 5 24 min Wy 6:Z700sB4ss 8 Min .
091 W B 2amin —— W, 2 B 24 min those of WC-Co-Cr;C,-VC composites spark plasma
0.8+ = WoeZio 4B, 55 24 min sintered at 1100 °C for 5 min with an applied compacting

Coefficient of friction

T T T T T T T 1
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Fig. 12 Coefficient of friction diagrams of WBy,s5, W( 9,71 5By
(8 min), Wy 0,710 0sBs 5, Wo7621024Bas, WBys5, Wi 0971 08B, 5 and
Wo.76Z124B5 5 samples spark plasma sintered for 24 min

Table 3 Coefficient of friction and specific wear rate of W,_ Zr B, 5
and W,_ Zr B, 5 (0 <x<0.24) samples

Material composition ~ Holding Coefficient ~ Specific wear
time, min  of friction rate, mm>/Nm
WB, 5 24 0.59 2.26x107
Wo.92Z10,08B4 5 8 0.54 9.42x107°
W62, 0sBu 5 155 0.53 1.40%x 107
W.02Z10,08Bu 5 24 0.53 2.28x107
W.02Z10,08B4 5 30 0.59 1.36x 107
Wo84Zr 16Ba s 24 0.57 1.23%x107
Wo76Z024B4 5 24 0.45 1.14x107°
WB, 24 0.50 5.77x 107
Wo.00Zr10,08B2 5 24 0.64 1.44%107
Wo.84210,16B2 5 24 0.55 1.05%x 1075
Wo.76Z1024B1 5 24 0.54 3.33%x107
259 _m— Microhardness r1.6x10°
s m— Coefficient of friction .
B m- Specific wear rate, mm*/Nm n F1.4x10 c
E 2.0 .2
G F1.2x10 «z_
-— | R
5 s E
2 151 - F1.0x10°
5 ) | &
8 L — . 8.0x10 §
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Fig. 13 Influence of holding time on properties of W ¢,Zr; 5By s
samples spark plasma sintered at various holding times

pressure of 80 MPa and a heating rate of 100 °C/min [24].
The wear mechanism and the associated SWR depend
critically on the sintering conditions. The wear resistance
of W-Zr—B materials is assumed to be a function of the
grain size, phase composition and the strength of the par-
ticle and grain boundaries similar to the wear behavior of
WC-Co composites [24]. In this case, the hardness looks
like the best indicator of wear resistance, and cemented
carbides with their high hardness are usually more resist-
ant. However, the WB, 5 and W, g,Zr( 3B, 5 samples
exhibit some differences in the friction behavior—a small
peak of the coefficient of friction and a larger run-in period
(Fig. 12). The microhardness peak for W ¢,Zr; (sB4 5
shown in Fig. 13 does not prove the high wear resistance
of this material. In contrast, the highest wear resistance
(minimum of SWR) is achieved at a lower mircohardness.
The probable reason for such behavior seems to be the
lubrication effect of the wear particles at the sliding inter-
face. One can note that the hardness of the composite in
the range of 12—-16 GPa is comparable and higher than that
of the Al,O4 ball, which results in wear of the Al,O; ball
and an increase in the Al,O; particle content in the wear
debris. This effect may lead to an escalation in abrasive
wear at the sliding interface as well as the presence of an
SWR peak. The diminishing composite hardness due to
the increase in the SPS holding time changes the wear
mechanism and results in possible utilization of the solid
lubrication effect due to the generation of a boron-based
film. The results indicate a sharp increase in the SWR
of the composites SPSed at the holding time of 30 min
(Fig. 13) because of possible grain growth.

From this viewpoint, the morphology of the wear tracks
formed in the zirconium-doped and non-doped tungsten
borides samples after the wear tests was observed by SEM.
The results shown in Fig. 14. Figure 14a demonstrate the
wear track at 200X magnification without any evidence
of microcracks. It is known that for conventional ceramic
materials, the dominant mechanism of material removal is
grain boundary fracture combined with lateral crack chip-
ping [24]. However, brittle fracture was not observed in our
case. The wear mechanism observed at the interface seems
to be abrasive wear with additional lubrication in the form
of a boron-based film which is clearly seen in the micro-
graphs (black areas and arrows). This film is not seen in the
areas outside of the wear track (Fig. 13a) or in micrographs
Figs. 4 and 5. Only the very fine powder-like wear debris of
Al,O; was observed. The large and bright block-like debris,
Al,O; particles, are seen as evidence of Al,O; ball abrasive
wear (Fig. 14b and c). The boron-based film is believed to
originate from the boron phase, and examination of the film
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Fig. 15 Electrical conductivity of a W, o,Zr, 1sB, s samples spark plasma

(0<x<0.24) samples spark plasma sintered for 24 min

composition will be conducted in future research. The pres-
ence of the boron-based film which seems to play the role of
solid lubricant demonstrates the possibility to use sintered
W-Zr-B materials to make machining tools and various
components working in harsh conditions.

3.4 Electrical conductivity

The electrical conductivity of the W,_ Zr B, s and
W,_.Zr B, 5 (0<x<0.24) samples is shown in Fig. 15. It is
clearly seen that the electrical conductivity of the samples
with the lower boron content is more or less three times
higher than the samples with the higher boron content and
increases at ambient temperature with an increasing zir-
conium content up to 3.961 x 10°® S/m. This is a result of
the poor electrical conductivity of boron (1.0x 10~ S/m)
[25] and better electrical conductivity of zirconium
(2.4 % 10° S/m) [25]. Furthermore, the increased hold-
ing time has an influence on the electrical conductivity of
the SPSed samples (example in Fig. 15b). The electrical
conductivity of W,_ Zr B, 5 (0 <x<0.24) increased from
0.906 x 10° S/m (holding time 8 min) to 1.131x 10® S/m
(holding time 24 min). This is a result of the increasing den-
sity of the samples with increased holding time. The electri-
cal conductivity of W,_,Zr,B, 5 (0 <x<0.24) is similar to
the electrical conductivity of WC-Co cemented carbides,
which is 4.76 x 10° S/m [26)].

X% Zr

sintered at various holding times and b W,_ Zr,B, s and W,_ Zr B, 5

4 Conclusions

In this work, samples of tungsten borides (WB,; x=2.5 or
4.5) with an increasing substitution of tungsten by zirconium
from 0 to 24 at.% were synthesized for the first time by spark
plasma sintering. The influence of the process parameters,
mainly the holding time (2.5-30 min), on the properties of
W-Zr-B compounds was also studied. The main conclu-
sions are:

e The boron and zirconium content influence on the
densification behavior. The increase in the zirconium
content caused a decrease in the density of the SPSed
samples. The samples with a higher boron content are
characterized by a lower density than the samples with
the lower boron content and this is related to the high
deference between the boron and tungsten and zirco-
nium density.

e With an increasing holding time (> 9 min), two stages of
reactive spark plasma sintering were observed, and hence
WB, phase decomposition to WB, +2B occured.

e A rapid heating rate (400 °C/min), short holding time
(2.5 min), zirconium doping and small boron overstoi-
chiometric (B at./(W +Zr) at. =4.5) caused the samples
spark plasma sintered at the relatively high sintering tem-
perature of 1800 °C (higher than the temperature limit of
the occurring WB,) to be characterized by a microstruc-
ture still containing the WB, phase.

e For W,_,Zr B, s (0<x<0.24) the higher content of zir-
conium caused a decrease in hardness from 26.6 + 1.8 to
11.9+ 1.1 GPa. In contrast, for W,_ Zr B, s (0<x<0.24)
the hardness increases from 15.0+2.0 to 24.8 +2.0 GPa.
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e The SPSed samples are characterized by a specific wear
rate in the range of 1 x 10°-3 x 10~ mm*/Nm. The fric-
tion and wear test results reveal the formation of a boron-
based film which seems to play the role of solid lubricant.
This effect demonstrates the possibility to use sintered
W-Zr—B materials to make machining tools and various
components working in harsh conditions.

e With an increasing zirconium content, the electri-
cal conductivity of the SPSed samples increased
both in W,_,Zr B, s and W,_ Zr B, 5 (0<x<0.24).
W 76Zr024B, 5 sintered at a 24 min holding time has
the highest electrical conductivity of 3.961x 10° S/m,
which is similar to the electrical conductivity of WC-Co
cemented carbides.

The very good usable properties of the obtained mate-
rials mean that W—Zr—B compounds may in the future be
competitive with currently used materials such as tungsten
carbide—cobalt cemented carbides. Due to the high electrical
conductivity, hardness, wear resistance and also relatively
simple and fast synthesis method, the developed material can
be used in many fields of industry.
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