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The effect of the WC content and the sintering temperature, as the main technological factor, on the phase
composition of TIC—xWC-5VC-18NiCr alloys was investigated by X-ray phase analysis. It was established that
the main phases in the investigated alloys were the NaCl-type quaternary (Ti,V,W)C phase and a solid solution of
Cr in Ni. Depending on the size of the WC particles used for the preparation, the metal binder could be described
by the formula Nio.7sCro.2s (for nano WC) or NiosCros (for fine-sized WC). In alloys prepared with fine-sized
WC, elementary Cr and traces of the CrsCz and Crz3Cs were also found. With increasing content of nano-sized
WC and sintering temperature the solubility of W in (Ti,V)C increased. No W2C phase was detected under the

conditions of the investigation.
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Introduction

Improvements of the quality of hard alloys, and
enhancements of their physical, mechanical and
operational properties, may be achieved by different
methods [1-5], including optimization of the chemical
composition [6, 7], in particular by adding alloying
additives in the nano-dispersed state [8, 9]. Alloying of
carbides or metal binders by nanocarbides or nanometals
increases the strength, hardness, and wear resistance of
the alloys [10, 11]. It is known [12-14] that one of the
reasons for specific properties of nanomaterials is the
increase of the volume fraction of interface boundaries
with decreasing size of the grains or crystals. There is,
however, no unique opinion regarding the nature of the
process.

Tungsten carbide is an efficient additive for hard
alloys based on titanium carbide, since it increases the
mechanical and operational properties [15]. For alloys on
a polycarbide base, for example, TiC—VC-NbC, nano-
sized powder additives have an even stronger positive
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effect [16, 17].

The influence of additives of nano-sized WC on the
properties of the hard alloy WC—-8Co was investigated in
[18]. The authors consider that one of the reasons for the
increased hardness of the alloys with nano-sized WC
additives was the formation of a cubic modification of
W-C in the process of sintering the alloys and its effect
on the mechanical properties. According to their data the
content of W,C phase was 5 - 8 wt.% after sintering.

W,C was also claimed to have a positive effect on
the properties, in particular increase of the hardness and
abrasive stability, of alloys in the system W,C—(Co,Ni)
[19], as well as on the operational properties of WC/M-
composites and coatings [20, 21].

According to the phase diagram of the tungsten-
carbon system, the W,C phase exists only at high
temperature; it forms above 1250°C and has a broad
homogeneity range (from 25 to 33 at.% C near the
melting  point) [22,23]. Several polymorphic
modifications of W,C tungsten carbide are known and
identified as rhombohedral, orthorhombic, hexagonal,
and trigonal, in addition to the cubic modification
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mentioned above. According to ab initio calculations
(full-potential linearized augmented planewave FLAPW
with generalized gradient correction GGA), only the
rhombohedral and orthorhombic modifications were
found to be thermodynamically stable [24]. Kublii and
Velikanova [23] identified two modifications in the
phase diagram, formed above and below approx. 1850°C,
respectively, both with hexagonal structures. The
distribution of the carbon atoms is generally considered
to be disordered at high temperature and (partly) ordered
at lower temperatures.

The crystal and electronic structures of the phases in
the W-C system, methods and conditions for obtaining
W,C (including nano-sized) are analysed in [25].
However, some discrepancies regarding the generation
and identification of the polymorphic modifications of
W,C remain.

The aim of this work was to study the influence of
nano and fine-sized WC and sintering temperature, the
latter being the main technological factor, on the phase
composition of TiC-xWC-5VC-18NiCr alloys and the
possibility of formation of a W,C phase in this
heterogeneous system during sintering.

I. Materials and methods

TiC—xWC-5VC-18NiCr alloys containing 5, 10, and
15 wt.% nano WC (commercial, grain size 150 - 200 nm)
and 5 wt.% fine-sized WC (commercial, grain size 1 -
2 um) were prepared. The alloys were sintered at a
temperature of 1400°C in a vacuum of 1.33x1072 Pa,
holding time 20 min. To determine the effect of the
sintering temperature on the phase composition, alloys
with the highest content of nano WC (15 wt.%) were

sintered at 1300, 1350, 1400, and 1450°C. The initial
composition of the investigated alloys and the sintering
temperatures are summarized in Table 1.

Phase analysis of synthesized alloys was performed
based on X-ray powder diffraction data collected on a
DRON-4.0M diffractometer (Fe Ka radiation) [26]. The
data collection was carried out according to the Bragg-
Brentano scheme: a flat sample and the counter rotating
in a horizontal plane around the vertical axis of the
goniometer. Studies of individual alloys were also
performed with Co Ka radiation. Pearson’s Crystal Data
Database was used to identify the phases [27]. The
structural parameters were refined using the Rietveld
method [28], which is based on a full-profile analysis,
using the DBWS program [29]. The crystallographic
parameters of the compounds in the W-C system [27,
30] are summarized in Table 2 and were used for
comparison.

1. Results and discussion

The main phases in all the samples alloyed by nano
WC, regardless of the sintering temperature, were
(Ti,V,W)C and (Ni,Cr), crystallizing with the cubic
structure types NaCl (Pearson symbol cF8, space group
Fm-3m) and Cu (Pearson symbol cF4, space group Fm-
3m), respectively. The results of the X-ray phase
analysis, the content of phases (w), the unit-cell
parameter of the phases (a), as well as the reliability
factors (Re — Bragg factor for the phase (Ti,V,W)C, R, —
profile factor for the diffraction pattern) are presented in
Table 3.

The quaternary (Ti,V,W)C phase is a solid solution
of V and W in the binary compound TiC. It is known

Table 1

Alloy compositions and sintering temperatures

Alloy No. Tic Ve Nominal c\(j\r;]gosmon, Wt'%Ni Cr Sintering temperature, °C
1 72 5 5 (fine-sized) 13.5 4.5 1400
2 72 5 5 (nano) 13.5 4.5 1400
3 67 5 10 (nano) 13.5 4.5 1400
4 62 5 15 (nano) 13.5 4.5 1400
5 62 5 15 (nano) 13.5 4.5 1300
6 62 5 15 (nano) 13.5 4.5 1350
7 62 5 15 (nano) 13.5 4.5 1450
8 72 5 5 (nano) 13.5 4.5 1300
9 72 5 5 (nano) 13.5 4.5 1350
Table 2
Crystallographic parameters of the compounds in W—C system
Unit-cell parameters
Compound Structure type Pearson symbol Space group anm b, nm e nm
W3Coars CrsSi cP8 Pm-3n 0.5041 — —
WCo ;s ht2 NiAs hP4 P63s/mmc 0.2996 — 0.4724
W-,C htl W,C hP12 P-31m 0.5162 — 0.4739
W,C trig Cdl hP3 P-3m1 0.29948 — 0.47262
W,C orth FeaNo,o4 oP12 Pbcn 0.4721 0.6030 0.5180
WCos ht NaCl cF8 Fm-3m 0.4215 — —
wWC wcC hP2 P-6m2 0.2901 — 0.2830
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Table 3

Results (weight fractions, unit-cell parameters, reliability factors) of the X-ray phase analysis of the samples
alloyed by nano WC

(Ti,v,w)C Nio.75Cro.25
Alloy No. - —"=55 4, nm TilW Rs o, Wt.% a4, nm Re
2 95(5) 0.43148(7) | 29996V | 0614 | 55) 0.35807(9) | 0.0511
: 0.001(6) | : :

0.998(7)/

3 85(4) 0.429856) | (opan | 00692 | 1503 0.35639(5) | 0.0388
0.978(7)/

4 85(4) 042978(6) | (ooon) | 00877 | 152 0.35632(5) | 0.0420

5 88(5) 0.43063(7) %%81?;((88))/ 00461 |  12(4) 0.35738(6) | 0.0481

6 90(3) 0.43047(5) %%ﬁg((%))/ 00655 |  10(2) 0.35791(4) | 0.0339
0.971(6)/

7 85(3) 043030) | Gohes) | 00404 | 15@) 0.35700(3) | 0.0317

Table 4

Results (weight fractions, unit-cell parameters, reliability factors) of the X-ray phase analysis of the alloy
with 5 wt.% fine-sized WC

Alloy (Ti,v,wW)C NiosCros Cr R
No. o, Wt.% a, nm Ti/lW Re w, Wt.% a, nm w, Wt.% a, nm P
1 87(3) 0.43083(5) | 1.0/0.0 | 0.0572 | 6(4) 0.36012(6) | 7(4) 0.28892(5) | 0.0405

[22] that titanium and vanadium carbides in the TiC-VC
system form continuous rows of solid solutions (TiCo.g5—
VCoss); in the system TiC-WC at 1500°C there is a
limited solid solution (TiCoes—TiossWo.45C). For the
quaternary (Ti,V,W)C phase only the (Ti,V)/W ratio was
determined (see Table 3), since the scattering abilities of
the Ti and V atoms are approximately the same.

The (Ni,Cr) phase is a solid solution of Cr in Ni, the
composition of which was fixed at a Ni to Cr ratio of 3:1
and described by the formula Nig75Cro2s, in accordance
with the ratio of the metal binder components in the
samples.

For an alloy containing 5 wt.% nano WC, the
solubility of W in the (Ti,V)C phase is 0.88 at.%; by
increasing the content of nano WC to 15 wt.% the
solubility of W increases to 1.32 at.% [31]. This increase
of the solubility is well reflected by the change of the
unit-cell parameter: in the first case, the cell parameter is
a = 0.43148(7) nm, and on further substitution of W
atoms for Ti atoms the unit-cell parameter decreases to a
= 0.42985(6) nm (alloy with 10 wt.% nano WC) and a =
0.42978(6) nm (alloy with 15 wt.% nano WC), which is
consistent with the atomic radii of Ti (r = 0.147 nm) and
W (r = 0.139 nm).

The X-ray diffraction pattern of the sample alloyed
with fine-sized WC contained reflections corresponding
to the phases (Ti,V,W)C and (Ni,Cr), but also body-
centred Cr (structure type W, Pearson symbol cl2, space
group Im-3m), and traces of CrsC, and Cr23Cs. It should
be noted that the composition of the phase (Ni,Cr) in this
sample was described by the formula NigsCros, based on
the unit-cell parameter (a = 0.36012(6) nm), which was
significantly different from the unit-cell parameter of the
phase assigned the composition Nig7sCro2s (a=
0.35807(9) - 0.35632(5) nm).

The phase composition of the alloys with 5 wt.%
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fine-sized WC is presented in Table 4. The unit-cell
parameter of the (Ti,V,W)C phase in this alloy (a =
0.43083(5) nm) is slightly smaller than the parameter in
the nano WC alloy (a = 0.43148 (7) nm), which may
indicate a larger amount of W in (Ti,V)C.

Observed, calculated and difference X-ray powder
diffraction patterns of the alloys with different WC
contents are shown on Fig. 1, whereas Fig. 2 shows
patterns of the alloys with 15 wt.% nano-sized WC
submitted to different sintering temperatures. The
solubility of W in the (Ti,V)C phase is illustrated on
Fig. 3.

As can be seen from Table 3, in the alloy with
5 wt.% nano WC the content of the Nio75Cro2s phase is
2 - 3 times lower than in the alloys with 10 and 15 wt.%
nano WC. For the samples with a content of 15 wt.%
nano WC, prepared at different sintering temperatures, an
increase of the solubility of W in the TiC phase (from
0.85 to 1.5 at.% W) was observed on increasing the
sintering temperature from 1300 to 1450°C.

Increasing the content of nano WC, or increasing the
sintering temperature, leads to an increase of the amount
of W dissolved in the (Ti,V)C phase and a decrease of
the unit-cell parameter of the quaternary (Ti,V,W)C
phase from a = 0.43063(7) nm to a = 0.42978(6) nm (see
Table 3), up to the sintering temperature 1400°C. For the
sintering temperature 1450°C, an increase of the unit-cell
parameter to a = 0.43030(4) nm was observed.

For the highest sintering temperatures (1400°C and
1450°C), the maximum content of the Nio.75Cro25 phase
was observed in alloys containing 10 and 15 wt.% nano
WC. The intensity of the reflections belonging to the
Nio.7sCro2s phase on the X-ray powder diffraction
patterns is consistent with the intensity of the reflections
on the powder pattern calculated for this phase (Fig. 4),



au

Intensity,

Intensity, a.u

Influence of the Nano-WC Content and Sintering Temperature...

300

200

100 4

T
60

T
70

T
80

a

T
90
26.°

300

300
5 wt.% fine-sized WC 5 wt.% nano-sized WC
T ioseg = 1400°C T, = 1400°C
200 +
E|
e
z
7
S 100
E
0
b ‘:I 1 ! ! 1 \‘
T T T T T T T T L3 T A T T
100 110 120 130 40 50 60 70 80 90 100 110 120 130
26,
10 wt.% nano-sized WC 300 - —
T = 1400°C 15 wt.% nano-sized W(
sintering T, prerin = 1400°C

rmtern

Intensity, a.u

T T T T T T T T T

T
40 50

T
60

70

T
80

c

T
90

26,

1o 120

50 60 70 80 9 100 110 120 130
26.

k 0
100 2

d

Fig. 1. Observed (dots), calculated (line) and difference (bottom) X-ray powder diffraction patterns of the alloys
with 5 wt.% fine-sized WC (a), 5 wt.% (b), 10 wt.% (c), and 15 wt.% (d) nano WC; vertical bars indicate the
positions of the reflections of the phases (Ti,V,W)C (1), Nio.75Cro.25 (or NiosCros in the case of the alloy with 5 wt.%
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Fig. 2. Observed (dots), calculated (line) and difference
(bottom) X-ray powder diffraction patterns of the alloys
with 15 wt.% nano WC sintered at 1300°C (a), 1350°C
(b), and 1450°C (c); vertical bars indicate the positions
of the reflections of the phases (Ti,V,W)C (1) and
Nig.75Cro.25 (2)
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whereas the intensity of the reflection with the indexes
(200) of the phase Nio.7sCro 25 for alloys, prepared at the
sintering temperatures 1350 and 1400°C, is very weak,
which may be due to the texture of these samples.

The X-ray powder diffraction patterns of the alloys
with 5 wt.% nano- and fine-sized WC are shown in Fig.
5. The difference between these powder patterns is the
displacement of the reflections of the (Ni,Cr) phase due
to the different Ni/Cr ratios and, consequently, unit-cell

T
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1
90 100

T N T
110 120

20, °
Fig. 5. Observed X-ray powder diffraction patterns of the alloys with 5 wt.% fine-sized and nano WC sintered at
1400°C (e — positions of the reflections of the phase (Ti,V,W)C, m — positions of the reflections of the phase
Nio.75Cro.25 (or NiosCros), o — positions of the reflections of elementary Cr).
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parameters, as well as the presence of elementary Cr in
the sample alloyed by fine-sized WC.

The influence of the sintering temperature on the
phase composition was confirmed by an additional
investigation of the sample alloyed by 5 wt.% nano WC
with Co Ka-radiation (Fig. 6).

Consequently, the X-ray phase analysis identified the
following main phases: in alloys with nano WC,
regardless of the initial WC content and sintering
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temperature, the main phases were (Ti,V,W)C and
Nio.7sCro.25, and in the alloy alloyed with fine-sized WC,
— (Ti,V,W)C, NigsCros, elementary Cr, and traces of
CrsC; and Crp3Ce. With the alloying of fine-sized WC
part of Cr is not incorporated into Ni, but forms
chromium carbides or remains in the free state.
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Fig. 6. Observed X-ray powder diffraction patterns of the
alloys with 5 wt.% nano WC prepared at the sintering
temperatures 1300, 1350, and 1450°C.

The W,C phase was not detected in any of the
investigated alloys, regardless of the grain size of the
WC additive, its content or the sintering temperature.

Conclusions

The phase composition of TiC-xWC-5VC-18NiCr
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Brnuius Bmicty HaHO-WC i TeMniepaTypu cliikaHHs HA (pa30BHil CKJIA
TBepaux cmiapiB cucremu TiC-WC-VC-NICr

Ylveiscoruii nayionansutl ynicepcumem imeni leana @panxa, Jlveis, Yipaina, svitlana.pukas@Inu.edu.ua
2Teproninscokuil nayionansnuti mexuivnuti ynieepcumem imeni leana Iynion, Tepronine, Yipaina, vr@tu.edu.te.ua

MetonoM peHTreHiBebkoro (a3oBoro aHamizy pociimpkeHo BruB BMicty WC i TeMnepaTrypu cHikaHHS K
OCHOBHOI'O TEXHOJIOTIYHOrO YMHHMKA, Ha (pasoBuii ckian cruiasie TiIC-XWC-5VC-18NiCr. BcranosieHo, 1o
ocHOBHMMH (azamu y JociipkyBaHuxX cruiaBax € TerpapHa dasa (Ti,V,W)C i tBepamit pozunn Cr B Ni 3i
crpykrypamu tumy NaCl. 3anexHo Bix po3mipy uactuHOK seryiodoro WC, merasneBa 3B’si3Ka ONHUCYETHCS
¢dopmymoro Nio,75Cro,2s (mmst HaHo WC) ado NiosCros (st apibroxucnepcaoro WC). ¥V cmmaBax, JeroBaHHX
npionomncniepcanm WC, BusiBneHo Takox enemeHtapHmit Cr i cmimu a3 CrsCz ta CrzsCe. Ilpu 36imbpIienHi
BMicTy HaHO-po3MipHoro WC i mixBumieHHi Temmeparypu crikaHas po3unHHicTs W B (Ti,V)C 3pocrae. ®azy
W2C, npu yMoBax JIOCIiXKEHHS, HE BUSBIICHO.

KimrouoBi ciioBa: tBepauii crutas, HaHo WC, peHTreHiBChbKa MOPOIIKOBa Audpakilis, pa3oBuil CKiIal.
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