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Abstract

WC–W2C composites of seven different compositions (in the range of 30–50 at% C) have been prepared by arc plasma melting and

in situ cooling. Microstructural characterisations of the melt-cast composites done by X-ray diffraction, transmission electron

microscopy, selected area electron diffraction, field emission scanning electron microscopy and energy dispersive spectroscopy (of X-ray)

identify the various phases that grow in the composites consisting of WC, W2C and unbound C (graphite and diamond/ diamond like

carbon); and the grains are seen to develop three types of contrast, such as white, grey and dark, depending on degree of carbon content.

While the white grains show marginal higher microhardness than the grey ones, the dark grains show the lowest microhardness.

Nanoindentation technique exhibited 31–54% higher microhardness value compared to microindentation technique. Young’s moduli

determined by nanoindentation technique show values in the range 514–754 GPa indicating reduced brittleness of the composites. Micro

Raman spectra recorded on the grey and the white grains identify presence of several molecular phases: WC (major), WC–O and WQO

(minor). Raman peaks of C due to G, 2G, D, D0, 2D, GþD, T, TþD phases are also detected in various grains. It is found that W2C

phase in the composites is not Raman active (incident with 514 nm Arþ radiation). Overall effort has been made in the work to correlate

carbon content with various microstructural properties and hardness.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Tungsten carbide (WC) is an important hard compound
that finds wide use in cutting tools, wear resistance compo-
nents and hard facing applications. Carbon reacts with
tungsten to produce compounds like WC, a-WC1�x and
W2C. While WC1�x is metastable, WC and W2C are the two
stable phases. WC, the mono carbide of tungsten, shows
superior properties like high melting point (�2750 1C), high
hardness (16–22 GPa) and high fracture toughness (28 MPa
m1/2 when bonded with Co) [1–3]. It is also characterised by
very high compressive strength (5 GPa at 20 1C) and high
corrosion resistance [4–6]. W2C is the semi/sub carbide of
tungsten which is variously reported to exhibit lower [7,8] as
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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well as higher [9–11] hardness than WC. Because of the high
melting point and the brittle nature of tungsten carbide,
metals like Co, Ni and Fe are usually added to it for binding
to form cemented carbide cutting tool tips [12–15]. Binder
increases toughness and prevents brittle fracture in sintered
cemented carbide tool tips but results in degradation of the
corrosion and oxidation resistance. The application lists of
tungsten carbide include critical components such as spray
injection nozzle, sand blasting nozzle, guide sleeve in
machines, thread guide in textile industry, micrometre anvil,
burnishing tool, centre for lathe and grinder, ball point tip,
teeth and jaw of excavator and rock cutting drill bit, etc. In
rock cutting and hard facing applications, it is widely
observed that WC–W2C composite shows better performance
than pure WC. Of late, tungsten carbide has drawn the
attention of nuclear materials scientists due to its high
neutron absorption coefficient [16]. Its performance in
neutron shielding is better than the conventional materials
ll rights reserved.
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like SS 316LN used in plasma based fusion reactors like
tokamaks.

Tungsten carbide components are generally fabricated
by powder metallurgy process or by melt-casting. While
the powder metallurgy process involves a number of
process steps such as mixing with binder, compaction,
sintering, etc., melt-casting of tungsten carbide into desired
shape and size is less cumbersome and easy to adapt in
industrial practice. Melt-cast components show lower
porosity compared to sintered products. In view of high
melting point of tungsten carbide, induction furnace and
graphite furnace are used in industries to melt this
compound [17,18]. Both the heating processes are costly
and energy intensive. Thermal arc plasma (operating in
transferred arc mode) offers a viable alternative to induc-
tion and graphite furnaces due to several advantages in
high temperature melting [19,20] and therefore chosen here
for preparation of melt-cast WC–W2C composites.

WC–W2C composites of seven different compositions
(30–50 at% C) have been prepared by arc plasma melting
method and their microstructural and mechanical proper-
ties have been evaluated using X-ray diffraction (XRD),
transmission electron microscopy (TEM), selected area
electron diffraction (SAED), field effect scanning electron
microscopy (FESEM), energy dispersive spectra (EDS) of
X-ray, micro and nanoindention techniques and micro
Raman spectroscopy. The paper makes an effort to
correlate properties of the melt-cast composite such as
phase, microstructure, microhardness, etc. with composi-
tion, particularly the C content. For the first time, the
paper reports the significant improvements in microhard-
ness values (more than 30%) of tungsten carbide grains
when determined by nanoindentation technique and estab-
lishes the non-Raman active property of W2C.

2. Experimental

WC and W taken in the form of powder were mixed at
seven different ratios between 0 and 55.5 wt% of W
(Table 1) to prepare respective homogenous mixtures at
Table 1

Variation of W, WC and C composition in the charge (pellet) vis-�a-vis electrical
WC–W2C composite products.

Sample

ID

Wt% in charge stagen at% of

charge

(theor.W

taken

WC

taken

C

(theor. calc.)

WC-1 0 100 6.14 50.0

WC-2 5 95.0 5.83 48.6

WC-3 16 84.0 5.15 45.4

WC-4 32 68.0 4.17 40.0

WC-5 37.2 62.8 3.85 38.0

WC-6 48.3 51.7 3.17 33.4

WC-7 55.5 44.5 2.72 30.0

nAtomic weight values were taken as: W¼183.84, C¼12.02.
0.1 kg scale. Corresponding C composition was varied
between 50 and 30 at%. Specifications of the starting
powder procured from M/s Rapicut Carbides Ltd., India
are as follows:

W powder: grain size 4–5 mm
WC powder: grain size 4–7 mm
C wt% in WC: 6.11–6.16 (bound C), 0.05 max (free C)

2% polyvinyl alcohol (PVA) solution (in water) was
used as binder for pelletizing the powders under uniaxial

compaction by applying a load of 4.5 T (pressure:
140.44 MPa) for 30 s. After compaction, the green pellets
were air-dried for 3 to 4 h to develop good handling
strength. The air-dried pellets were melted in a 30 kW
extended arc plasma furnace using graphite crucible.
Following arc conditions were maintained during melting:
voltage 45–60 V (dc) and current 300–350 A. Ar was used
as plasma forming gas and it was introduced into the
reactor through an axial hole in the graphite cathode (top
electrode) at a rate of 1.5 l per min. As WC is a good
conductor of electricity, positive polarity of arc was
maintained on the charge (WCþW pellet) through contact
with the graphite crucible, thus facilitating production of
transferred-arc condition which transfers more energy to
charge in the melting process. The top graphite electrode
(in the form of a circular rod) was connected to negative
polarity of power supply and served as the cathode. At the
beginning, the top cathode was brought to close proximity
of the charge (pellet) kept on the inner base of crucible by
employing rack and pinion arrangement and then the arc
was initiated by switching on the electric power. The
cathode was then slowly withdrawn up to a distance of
0.03–0.04 m in the vertical upward direction. Plasma (Ar)
was thus formed and got stabilized at an arc length of
around 0.035 m. The details of the arc plasma furnace
melting have been reported in the earlier works [19–21].
It took 25–40 min to completely melt the charge depending
on the mass of the pellets. Then, the liquid melt was
allowed to solidify/ cast in situ within the graphite crucible
by switching off power in the arc and allowing furnace
energy consumption recorded in arc plasma melting and recovery/yield of

C in

stage

calc.)

Total wt% of

C in melt-cast

sample (expt.

detnd.)

Electrical energy

consump. recorded for

arc plasma melting

(kWh/0.1 kg)

Recovery/ yield of

WC–W2C product

from furnace

(wt%)

6.27 13.9 91.1

5.76 13.5 85.0

4.88 15.7 86.5

4.34 15.0 89.2

3.69 11.0 91.4

3.07 15.0 86.0

3.15 11.4 83.6



Fig. 1. Phase diagram of W–C system (Refs. [24,25]).
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cooling. Ar flow at a rate of 0.5 l/min was continued for
1 h in the furnace during cooling to prevent oxidation of
the cast product. After 4–5 h of furnace cooling, the cast
product attained room temperature and was then taken
out for various characterisations.

XRD analysis of the cast composites was done using
powder samples in the 2y range 5–951 at a scan speed of
0.017 min�1. Mirror polished samples prepared by grinding
and fine polishing (by diamond paste) were used for FESEM,
EDS (of X-ray), micro and nano indentations. Micro Raman
spectra studies were carried out with powder samples. The
following analytical instruments were used in the evaluation
of microstructural and mechanical properties: XRD-
PANalytical X’Pert Pro diffractometer with CuKa radiation
(l=0.15406 nm), TEM—TECNAI G2 (200 kV), FEI, Neth-
erland, with facility for SAED and Gatan Inc.’s digital
micrographTM software for the phase and plane identifica-
tions, FESEM-ZEISS SUPRA 55 (back scattered mode)
(with above Gatan software), EDS-Oxford, X-Max (20 kV
accelerating potential) attached to FESEM, Microhardness
tester – LECO (load 0.5 kg, 13 s dwell time), Nanoindenter—
UMIS system (Fisher-Cripps, Australia) with diamond Ber-
kovich indenter (tip diameter: 400 nm) at a maximum applied
load of 50 mN, Micro Raman spectrometer–Renishaw inVia
Reflex (UK) with a spectral resolution of 1 cm�1( Arþ laser,
l=514 nm). Using the Oliver-Pharr method [22], the load
depth data were analysed to determine Young’s moduli of
the samples. For calculation purpose, Poisson’s ratio of the
tungsten carbide composite was taken 0.21 which is the
typical value for WC [23].
3. Results and discussion

3.1. WC–W2C composites preparation

In industrial practice, it is generally observed that when
WC undergoes solidification or casting (in inert atmo-
sphere) after melting, the single phase WC does not grow
again but it grows along with W2C. The melt-cast product
is a composite of WC–W2C which exhibits higher hardness
than WC [17]. WC–W2C composite is commercially known
as fused tungsten carbide and is mostly used in making
drill bits for oil well digging, rock cutting and RCC
(reinforced concrete cement) cutting. The phase diagram
of W–C system shown in Fig. 1 is widely referred in
literature [24–25]. Phase diagrams are worked out on the
basis of thermodynamic equilibrium reaction/process. In
contrast, our results have been obtained on the basis of a
non-equilibrium plasma process. In absence of any report
in literature on non-equilibrium growth process of WC–
W2C composite, an effort has been made here to under-
stand our results with reference to above phase diagram in
Fig. 1. It may be marked in the figure that the composite
WC–W2C grows by eutectoid transformation (including
hypo- and hyper-eutectoid) at 2380 1C between 33.4 and
50 at% C. The growth of single W2C phase in the narrow
range 30–33.4 at% C is difficult to achieve due to C loss
taking place during melting and also owing to possibility
of unwanted (eroded) C addition from graphite crucible
during melting operation. Keeping such points in view, we
have chosen here the variation of C in the W–C system in
the range of 30–50 at% (at seven different values) and
made a systematic study to evaluate the microstructural
and mechanical properties of the resulting WC–W2C cast
composites developed by the non-equilibrium melting
process (such as plasma) and correlate composition in
terms of C content/W:C ratio with product recovery/yield,
energy consumption (electrical), phases of tungsten carbide
and carbon, microstructure, microhardness and molecular
peaks in Raman spectra. So far no one seems to have
reported such kind of detailed study of the composites
produced by the plasma method. Because of brittle nature
of tungsten carbide, no cold working of the casts was
possible. The high melting point (�2750 1C) of WC makes
it difficult for post casting heat treatment; therefore the
as-cast samples were directly characterised. The proportion
of W in the starting mixture of WCþW (each taken in its
powder form) was varied to change the W/C ratio in the
composite. The C% (Table 1) and the W:C ratio (Table 2)
have been used in this work to identify/index each
composite towards correlation with other properties. It is
marked that white, grey and dark contrast of the grains in
FESEM micrographs (Fig. 2) occur due to the presence of
different amounts or quantities of C and their distributions



Table 2

Lattice constants (in nm) determined from XRD for arc plasma melt-cast (WC–W2C) composites.

Sample ID (ratio in at%) WC phase (hexagonal structure) W2C phase (hexagonal structure) C phase (hexagonal structure)

WC-1 (W:C¼50:50) a¼0.2913, c¼0.2849 a¼0.5195, c¼0.4744 a¼0.246, c¼0.6729

WC-2 (W:C¼51.4: 48.6) a¼0.2912, c¼0.2844 a¼0.519, c¼0.4737 a¼0.246, c¼0.6727

WC-3 (W:C¼54.6: 45.4) a¼0.2904, c¼0.2836 a¼0.5195, c¼0.472 a¼0.246, c¼0.6729

WC-4 (W:C¼60: 40) a¼0.2912, c¼0.2843 a¼0.5193, c¼0.4739 a¼0.246, c¼0.6724

WC-5 (W:C¼62:38) a¼0.2916, c¼0.2847 a¼0.5195, c¼0.474 a¼0.246, c¼0.673

WC-6 (W:C¼66.6:33.4) a¼0.291, c¼0.284 a¼0.5195, c¼0.473 a¼0.246, c¼0.6716

WC-7 (W:C¼70:30) a¼0.2906, c¼0.2836 a¼0.5195, c¼0.4725 a¼0.246, c¼0.6727

Standard values

Phase and structure Lattice constants (in nm) 1999 JCPDS file number

WC (hexagonal) a¼0.2906, c¼0.2837 73-0471

W2C (hexagonal) a¼0.519, c¼0.4724 79-0743

C (graphite) (hexagonal) a¼0.247, c¼0.6724 41-1487

Fig. 2. FESEM micrographs of arc plasma melt-cast sample surfaces with different C contents: (a) WC-1 (50 at% C), (b) WC-3 (45.4 at% C), (c) WC-5

(38 at% C), (d) WC-6 (33.4 at% C), (e) WC-7 (30 at% C) and (f) WC-7 (30 at% C).
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(determined by area fractions in micrographs) (Table 4)
can serve as indices to calibrate the composites. The details
of the distributions are discussed in subsequent Section
(3.4) dealing with microscopy and microhardness.
3.2. Energy consumption and product yield

Variation of power consumption in the arc plasma
melting for preparation of WC–W2C composites of seven
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different compositions along with product recoveries/
yields are shown in Table 1. At charge stage, mixing of
W and WC powder was done in the following ranges: W
55.5–0 wt% and WC 44.5–100 wt%. The total C content
variation in the composites (determined by calculation)
occurs in the range of 2.72–6.14 wt% (30–50 at% C),
where as experimentally it was found in 3.15–6.27 wt%
range. Electrical energy consumption for melt-casting of
the WC–W2C composites is found to be relatively high, i.e.
11–15.7 kWh/ 0.1 kg (110–157 kWh/ kg), which is around
30 times higher than that of iron. Such high figure may be
attributed to high melting point of WC and energy loss
(20–25% of heat energy) taking place in a semi-open type
30 kW dc-arc plasma furnace employed in this work in the
laboratory scale investigation. Recovery or yield of the
composite products from the furnace varies between 83.6
and 91.4 wt%. It is reasonably high and can be further
improved upon beyond 90 wt% by suitably minimising
heat loss. Excepting the case of pure WC, i.e. WC-1
sample(50 at% C), the recovery/yield is noticed to show
an increasing trend from 48.6 at% C sample (WC-2) to
38 at% C sample (WC-5) and then the trend is reversed up
to 30 at% C sample (WC-7). The highest yield of 91.4%
Fig. 3. (A) XRD pattern observed for starting tungsten carbide powder. (B) XR

samples at different W to C ratios (detailed ratios are shown in Table 2); Symb

(C) XRD pattern of arc plasma melt-cast sample WC-1 depicting small peak

sample WC-4 depicting small peaks due to diamond/DLC/W2C.
for WC-5 sample (38 at% C) occurs for eutectic composi-
tion, the reason of which is not apparent at this stage.
3.3. XRD analysis of WC–W2C composites and lattice

constants

Various phases grown in the plasma melt cast compo-
sites were identified from their XRD patterns by compar-
ing the observed d values with 1999 JCPDS data files (WC:
73-0471, W2C: 79-0743, C (graphite-2H): 41-1487, C
(diamond): 75-0410 and W: 04-0806). Fig. 3A shows only
one phase, i.e. WC, in the starting tungsten carbide
powder. XRD patterns of the melt-cast composites of
seven different compositions, including melt-cast pure WC
(sample WC-1), are presented in Fig. 3B. It is observed
that all melt-cast products exhibit two major phases such
as WC and W2C. Occurrence of free C (graphite-2H) is
significantly marked in two samples, viz. WC-6 (33.4 at%
C) and WC-4 (40 at% C). In WC-5 (38 at% C), WC-3
(45.4 at% C) and WC-1(50 at% C), the free C (graphite)
shows small peaks; and in the rest of the samples, i.e.
WC-2 (48.6 at% C) and WC-7 (30 at% C); traces of the
D patterns observed for arc plasma melt-cast tungsten carbide composite

ol C(G) stands for graphite phase, C(D) stands for diamond/DLC phase.

s due to diamond/DLC/W2C. (D) XRD pattern of arc plasma melt-cast
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free C (graphite) peaks are noticed. Quite small peak of C
in diamond/DLC phase, denoted as C(D), appearing at
around 2y¼44.581, is observed in the respective diffracto-
grams of WC-1, WC-4, WC-5, WC-6 and WC-7. Fig. 3C
and D clarifies the small C(D) peaks of WC-1 and WC-4
samples. Moreover, the peak at around 2y¼75.531 is found
in all samples which may be attributed to C(D)/ W2C.
Trace of free W (metal) peak is observed only in the case of
WC-7 (30 at% C) sample which may be due to some
unreacted W, resulting at higher W/WC ratio in the charge
stage. Also, possibility of dissociation/decomposition reac-
tion taking place in tungsten carbide at 1250–1300 1C
(W2C3(W)þWC [26]) cannot be ruled out to contribute
to the presence of W metal. While WC is the only phase
detected in the XRD of the starting tungsten carbide
powder, the melt-cast sample of this powder (sample
WC-1) shows extra phases such as W2C and C (both
graphite and diamond/DLC). Growth of C in different
phases is also marked in different composition samples
prepared in this work. Based on these observations, one
may infer that the melt-cast products consist of WC–W2C
composite along with unbound C occurring in diamond/
DLC and graphite phases. The total C (bound with
Wþ free/unbound) content for each composite is seen to
vary for all cases of the seven samples. Experimentally
determined values in melt-cast samples vis-�a-vis calculated
values of C (total content) in respective samples (at charge
stage) are compared in Table 1.

C% in the WC–W2C composites has been varied from
50 at% (6.14 wt%) to 30 at% (2.72 wt%) (Table 1). One
may note from Fig. 3B that except two cases, i.e.
WC-5 (C: 38 at%/3.85 wt%) and WC-7 (C:30 at%/
2.72 wt%), in all other cases the major phase WC (0 0 1)
shows improvement in peak intensity with decrease in C%.
W2C (1̄1̄1) (another major phase), shows increase in peak
intensity with decrease in C% up to 38 at% (or 3.85 wt%)
and then exhibits marginal change. It is also marked that
except for the samples WC-2, WC-3, WC-5 and WC-7, the
peak intensity of C (002) increases with decreasing in C%.
Improvement of peak intensity is generally understood in
terms of better crystallisation and increase in quantity/
amount of phase occurring in any sample. The most
intense peak due to C(D) (220)/W2C (302) occurs in
WC-5 sample which shows the lowest intense peak of
graphite. It is observed that rest of the samples (except
WC-5) having very low intense peaks of C (D) (220)/W2C
(302), do not show any significant trend. In non-
equilibrium process like plasma melting, this kind of result
is not unusual because of existence of varying temperature
zones in the plasma region causing different reaction
kinetics.

By using special software (Search test programme), the
crystal structures of WC, W2C and C are found to be
hexagonal and cubic for W. The lattice constants of WC,
W2C and C (graphite) have been determined by using the d

values of seven different samples determined from XRD in
the above software (Table 2). These lattice constants are
observed to closely match with that of the respective
standard values in 1999 JCPDS data files. Lattice con-
stants variations (maximum values) with respect to stan-
dard values are found as follows- WC: a¼0.344%,
c¼0.422% (increased); W2C: a¼0.096%, c¼0.423%
(increased); C (graphite-2H): a¼0.405% (decreased),
c¼0.089% (increased). The above marginal variations in
lattice constants occur due to the difference in crystal-
lisation phenomena taking place under different prepara-
tion methods. It may be worthwhile to mention that WC
crystallises in hexagonal lattice with P6̄m2 (187) space
group, W2C crystallises in hexagonal lattice with P3̄1m
(162) space group and C crystallising in graphite phase
grows in hexagonal lattice (2H polytype) with P63/mmc
(194) space group.
3.4. Microstructure and microhardness studies

Microstructures of all the arc plasma melt-cast samples
were studied under FESEM where typical multiphasic
morphologies are observed (Fig. 2). Lamellar structures
were observed in Fig. 2e and f for WC-7 sample. Similar
microstructure has been observed by Kublii and Velikanova
[24] for arc furnace melted and quenched W–C samples
containing 34–37 at% C. In other samples (WC-1 to WC-6),
multiphasic granular microstructures are observed in the
hypo- and hyper-eutectoid compositions. Grains of three
types of contrast, such as white, grey and dark, are seen in
the microstructures. Average grain sizes of the grey grains,
measured from the FESEM micrographs, are presented in
Table 3. The grain size is seen to vary from 2.8 to 11.8 mm.
Fig. 4 shows EDS results of a typical sample WC-5 (38 at%
C). While the dark grain (Fig. 4f) contains the highest
amount of C (12.08 wt%), the white grain (Fig. 4d) contains
the lowest C (3.07 wt%), and the grey grain (Fig. 4b) shows
an in between C value (5.66 wt%). The dark grain contains C
quantity around four times more than that of the white.
SAED pattern of pure WC sample (starting powder) at a
selected area is shown in Fig. 5. Fig. 6 records the SAED of
melt cast WC-7 (30 at% C) sample taken on the white, grey
and dark grains along with identification of planes due to
different phases. The SAED pattern shown in Fig. 5b depicts
the presence of WC and very weak spot due to W. This
corroborates our finding in the XRD pattern depicting
presence of WC only (Fig. 3A). Since XRD is not sensitive
to detect very small (�0.1 wt%) or trace amount of any
phase (like W here), such peak is found to be missing in
Fig. 3A. It is evident from the SAED shown in Fig. 6b for
sample WC-7 that the white grain identified in Fig. 6a (cirle1)
constitutes of WC and W2C intermix (containing more
reflections of W2C), and also existence of minor or trace
amount of C in the diamond/DLC phase (C(D)) may not be
ruled out in this. The semi-white or grey grain identified in
Fig. 6a (circle 2) shows intermix of WC and W2C (containing
more reflections of WC) in the SAED pattern (Fig. 6d)
without showing any trace of carbon. Fig. 6a (circle 3)
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identifies a dark grain under selection and records its SAED
pattern as shown in Fig. 6c. The dark grain constitutes of
WC and W2C as major phases (containing more reflections
Fig. 4. EDS analysis of arc plasma melt-cast sample WC-5 (38 at% C) recor

white(c & d) and dark (e & f).

Table 4

Distribution of white, grey and dark areas/grains determined from

composites.

Sample ID Fig. no % of white area/grai

WC-1 (C: 50 at%) 2a 32.836

WC-3 (C: 45.4 at%) 2b 67.135

WC-5 (C: 38 at%) 2c 70.077

WC-6 (C: 33.4 at%) 2d 60.324

Table 3

Microhardness and grain size determined for the arc plasma melt-c

Sample ID Hardness (VHN0.5) determined by the micr

White grain Grey grain

WC-1 (C: 50 at%) 1708770 1670760

WC-2 (C: 48.6 at%) 1714730 1686740

WC-3 (C: 45.4 at%) 1790760 1774750

WC-4 (C: 40 at%) 1780758 1770730

WC-5 (C: 38 at%) 1890748 1818740

WC-6 (C: 33.4 at%) 1684760 1604758

WC-7 (C: 30 at%) 2080720 2055725
of WC) and presence of carbon is significant here because
two spotted rings of C (graphite) are marked. Thus, it may be
concluded that the dark appearance/contrast of any grain in
ded on three types of grains/phases (image in BSE mode): grey (a & b),

FESEM microstructures of arc plasma melt-cast WC–W2C

n % of grey area/grain % of dark area/grain

61.860 5.304

31.575 1.290

28.952 0.971

35.169 4.507

ast (WC–W2C) composites.

o indentation method Average grain size in grey phase,

determined from FESEM

Dark grain (in mm)

616720 8.6

529712 8.4

66076 8.5

535712 11.8

646710 9.8

589730 11.6

516715 2.8
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the melt-cast sample occurs due to presence of relatively more
amount of carbon in graphite form.

Amount/quantity of white, grey and dark grains/phases
(in micrograph), present in each of the four samples
(WC-1, WC-3, WC-5 and WC-6) has been calculated (in
%) from respective area fraction (out of the total area in
the micrograph) that each grain occupies in micrographs
(Fig. 2(a–d)). Table 4 shows the distributions of various
Fig. 6. TEM observations in arc plasma melt-cast sample WC-7: (a) TEM mic

SAED taken on the dark area/phase (circle 3), and (d) SAED taken on the s

Fig. 5. TEM microstructure and SAED of the starting WC powder: (a) micros

(within the circle) shown in (a).
grains/phases and their corresponding trends with decreasing
C% in the WC–W2C composites. It is observed that up to
38 at% C (sample WC-5); the amount of white grain in the
composites increases with decrease in C% and beyond this
limit it shows a trend reversal. In the case of grey grain, a
trend opposite to that of white grain is marked. Dark grain
containing more graphite shows lowest area fractions in the
micrographs and it is marked that its amount decreases with
rostructure, (b) SAED taken on the selected white area/phase (circle 1), (c)

emi-white/grey area/phase (circle 2).

tructure observed in WC grain and (b) SAED observed in the selected area
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decrease in C% up to 38 at% C, and beyond this a reverse
trend occurs. The above irregular distribution trend of grains
could be attributed to non-equilibrium reaction kinetics
taking place in the plasma melt-casting operation.

Fig. 7 presents some typical optical micrographs showing
Vickers indentation marks (microindenter) (0.5 kg load)
on the white and grey grains/areas of WC-3 (45.4 at% C),
WC-5(38 at% C) and WC-7(30 at% C) samples. Micro-
hardness was calculated from the indentation technique by
the formula [27].

VHN¼ 1:8544 P=d2 ð1Þ

where P is the applied load and d is the average length of
diagonals.

No cracks are noticed on the surface, thus suggesting
that the melt-cast carbides do not exhibit brittle behaviour
at a load of 0.5 kg. Experimentally determined microhard-
ness values of white, grey and dark grains for all samples
are presented in Table 3. Microhardness of the white
grains occurs in the range 1684–2080 VHN0.5 as against
1604–2055 VHN0.5 for the grey grains, thus showing a
little higher hardness for the white grains. The marginal
Fig. 7. Optical micrographs showing indentation marks made by diamond t

plasma melt-cast samples having different at% C in charge stage: (a) and (b

sample, (c) and (d) show indentation on grey and white area/phase of WC-5 (38

of WC-7 (30 at% C) sample.
improved hardness of white grain may be due to the
presence of C (D) and T (sp3 bonded carbon, peak
identified from Raman spectra as discussed below), and
occurrence of more amount of W2C phase, as seen from
SAED (Fig. 6b). The W2C attribution may not be out of
place because recent literatures [9–11] cite higher hardness
of W2C compared to WC. Fig. 8 shows plot of micro-
hardness variation with C% and W% in the melt-cast
samples. The highest hardness value (2080720 VHN0.5) is
marked in the white grain of the sample WC-7 (70 at% W
and 30 at% C). The dark grains exhibit hardness in the
range of 516–660 VHN0.5 which is around one third of the
values shown by the white and grey grains. This implies the
presence of higher amount of C (graphite) in dark grain.
It corroborates our EDS (Fig. 4) and TEM (Fig. 6) results.
Orban [28,29] had reported that W2C/WC ratio and C%
are the two major factors that influence the microhardness of
quasi eutectoid mixture of tungsten carbide. In the present
work, we have found that the eutectic sample WC-5 (38 at%
C) shows the highest microhardness for both the white and
the grey grains in the C composition range of 33.4–50 at%.
In the eutectoid range (including hypo and hyper range), the
ip of Vickers microhardness tester on grey and white areas/grains of arc

) show indentation on grey and white area/phase of WC-3 (45.4 at% C)

at% C) sample, (e) and (f) show indentation on grey and white area/phase



Fig. 9. Micrograph showing nanoindentation marks on WC-4 (40 at% C)

sample surface.

Table 5

Microhardnesses and Young’s moduli of the arc plasma melt-cast WC–

W2C composites determined by the Nanoindentation method.

Sample ID Microhardness (VHN) Young’s modulus (GPa)

White grain Grey grain White grain Grey grain

WC-2 (C: 48.6 at%) 2334751 2265759 558712 754750

WC-3 (C: 45.4 at%) 2448767 2331782 561751 728761

WC-4 (C: 40 at%) 2662739 2513717 526750 601731

WC-5 (C: 38 at%) 276576 2615786 625723 66176

WC-6 (C: 33.4 at%) 251472 2478762 514754 527752

Fig. 8. Graph showing plot of microhardness vs. composition (C and W

at%) in the grey and white areas/grains of the arc plasma melt-cast

samples.
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microhardness is found to increase with decrease in C content
(up to 38 at% C), and below this composition it drops
significantly at 33.4 at% C (Fig. 8). At 30 at% C, the
microhardness is found to show respective highest values
for white and grey grains. A dip in microhardness for
33.4 at% C sample (WC-6) is observed in Fig. 8 which
may be explained on the basis of higher graphite content
(marked in XRD pattern shown in Fig. 3B). The logic is
further confirmed in case of 40 at% C sample (WC-4) and
which appears in line with Orban’s reasoning [28,29].

In microindentation method, the possibility of indenter
tip falling on two different grains (at the same time) may
not be ruled out due to relatively larger tip dimension. To
overcome such an error, microhardness was determined by
nanoindentation technique where it was ensured to mount
the nanoindenter tip (400 nm diameter) on single grains
during measurements. Microhardness of five samples with
different compositions determined by the Nanoindentation
method is presented in Table 5. Fig. 9 shows the typical
nanoindentation marks on single grains at different grain-
sites of WC-4 (40 at% C) sample. It is evident that
inclusion of above mentioned possible error has thus been
avoided. The Nanoindentation method exhibits signifi-
cantly higher microhardness values (Table 5) for both
white (2334–2765 VHN) as well as grey grains (2265–2615
VHN). The trend of marginal higher microhardness of
white grain over that of grey grain is maintained as
observed in Table 3. Microhardness values for white and
grey grains of the five samples are found to increase by
36.172–49.55% and 31.397–54.488% respectively. For
dark grains, microhardness decreases from 516–660 to
11–69 VHN. In Table 5 it is evident that in the composi-
tion range of 48.6–33.4 at% C, micro hardness is found to
be the maximum for 38 at% C sample (WC-5, eutectic
composition). Both the white as well as the grey grains
exhibit similar trends in this sample. Since nanoindentater
mounting was done on single grains, the hardness here
indicates local behaviour.
Table 4 presents the global picture in terms of distribu-

tion of the white, grey and dark grains in four samples
(WC-1, WC-3, WC-5 and WC-6). The WC-5 sample
(38 at% C) is seen to contain the highest amount of white
grain (70.077%) as against low amounts of grey (28.952%)
and dark (0.971%) grains. It is thus found that while
locally white grain shows the highest hardness, globally the
composite (WC-5 sample) containing the highest amount
of white grain also shows the highest hardness. In the
overall scenario, microindentation test and nanoindenta-
tion test give similar trends in the hardness results of the
four composite samples (investigated in the study) even
though hardness (VHN) in each method differs in actual
observed values.
Young’s moduli for the white and the grey grains

determined by nanoindentation method are shown in
Table 5. The value of the modulus is seen to vary in the
range of 514–625 GPa for white grain, 527–754 GPa for
grey grain and 30–60 GPa for dark grain. Fairly improved
modulus values indicate that some degree of elasticity has
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developed in the melt-cast samples, even without heat
treatment. Such finding supports the reduced brittle beha-
viour of the ceramic carbide in the indentation marks
(Figs. 7 and 9).
3.5. Raman spectra

Micro Raman spectra of the three typical powder
samples (starting tungsten carbide, WC-5 (38 at% C) and
WC-7 (30 at% C)) are shown in Fig. 10(A–C) and the
peaks have been identified based on the literature. While
Fig. 10. (A) Raman spectra of the starting tungsten carbide (50 at% C) powde

stands for crystalline graphite, D stands for disordered graphite. (C) Raman sp

as in (B).
the starting tungsten carbide shows occurrence of only WC
phase in the XRD (Fig. 3A), its SAED pattern (Fig. 5b)
shows presence of trace amount of W in addition to WC.
Being a metal, W does not show any Raman activity;
hence the micro Raman spectra of the starting tungsten
carbide powder shown in Fig. 10A is expected to exhibit
the spectra due to WC only. The observed Raman peaks,
in fact, confirmed the predicted result. Following the work
of Mrabet [30], the major peak observed at 801 cm�1 is
attributed to stretching mode of WC, and the three peaks
at 257, 325, 700 cm�1 are assigned to incipient oxidation
state of WC (indicated in the present paper as WC–O). The
r. (B) Raman spectra of arc plasma melt-cast sample WC-5 (38 at% C): G

ectra of arc plasma melt-cast sample WC-7 (30 at% C): G and D indicate
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peak at 700 cm�1 is also attributed to stretching mode of
WC [30,31]. In Fig. 10B, the micro Raman spectra have
been recorded on the dark, white and grey grains for WC-5
sample (38 at% C, the eutectic composition). Dark grain
containing the highest quantity of carbon (Figs. 4f & 6c)
which interestingly shows only C peaks due to its various
crystallographic phases: 1354 cm�1 (D), 1580 cm�1 (G)
[30–32], 2446 cm�1(TþD) [33], 2712 cm�1(2D) [34]. White
grain shows peaks at 259 cm�1 (WC–O), 324 cm�1 (WC–O),
700 cm�1 (WC–O/WC), 803 cm�1 (WC), 1345 cm�1 (D),
1574 cm�1 (G), 2433 cm�1 (TþD) and 2688 cm�1(2D) that
have been identified following literature [30–34]. Two very
small peaks appear here which may be attributed to
1132 cm�1 (T) [35] and 2924 cm�1 (GþD) [34]. Micro
Raman spectra of grey grain presented in Fig. 10(B) show
relatively less numbers of peaks as compared to white grain
in which intensities of two prominent peaks 1574 cm�1(G)
and 2694 cm�1(2D) are significantly reduced. Here, the
symbol 2D stands for second order disordered graphite peak,
2G stands for second order graphite peak and T stands for
peak due to C–C sp3 vibration (nanocrystalline diamond)
[32,35,36]. Fig. 10C presents the micro Raman spectra
observed for the WC-7 sample (30 at% C) having composi-
tion below eutectoid range. Compared to WC-5 (38 at% C)
sample, an additional peak at 2940 cm�1 appears in dark
grain of WC-7 sample (30 at% C) which may be attributed to
(GþD) [34]. Similarly, three new peaks appear in white grain
of this sample (WC-7) which may be attributed as follows:
964 cm�1 (WQO) [30], 1611 cm�1 (D0) and 3078 cm�1

(2G) [33]. Grey grain in this sample shows four peaks similar
to that of starting tungsten carbide powder (Fig. 10A). Slight
shift in peak position is generally caused by inharmonicity of
the molecular vibrations which depend on the method of
sample preparation. Table 6 summarises the micro Raman
spectra highlighting presence of various phases like WC, C
(G, D, D0, 2D) (major); GþD, T, TþD, 2G, 2D of C
(minor); and WC–O, WQO (minor) in the melt-cast
samples. Taking such results into account along with the
Table 6

Raman peak shift (cm�1) and phase assignment in WC (starting powder) and

Peak assignment Peak position (cm�1)

WC (starting powder) WC-5 sample

Grey phase White pha

WC–O 257,325 263,324 259,324

WC–O/WC 700 705 700

WC 801 802 803

WQO – – –

T – – 1132

D – – 1345

G – 1574 1574

D0 – – –

TþD – – 2433

2D – 2694 2688

GþD – – 2924

2G – – –
results obtained from XRD (Fig. 3(A–D)) and SAED
(Figs. 5 and 6b–d), it is evident that W2C in the composites
is not Raman active when incident with 514 nm visible
radiation (Arþ laser).
4. Conclusion

WC–W2C composites were prepared for seven different
compositions (W:C ratio varying between 70:30 and 50:50)
by arc plasma melting and in situ casting. The cast
products show recovery/yield in the range of 83.6–
91.4 wt%. A relatively higher value of electrical energy
consumption varying between 110 and 157 kWh/ kg occurs
because of high melting point (�2750 1C) of tungsten
carbide and also due to considerable energy loss taking
place in the semi-open type plasma furnace employed.
XRD analysis of the melt-cast composites shows that WC
and W2C occur as major phases and unbound C mostly
grow as minor phases (graphite and diamond/DLC).
Lattice constants of WC, W2C and C (graphite) were
determined from XRD and found to closely match with
the corresponding values in JCPDS files. FESEM and
TEM microstructures reveal three types of grains: white,
grey and dark. EDS studies of these grains establish that
quantity/amount of carbon in grain decides the appearance
or contrast, e.g., in dark grain carbon quantity is the
highest; around four times that of white. Evaluation of
hardness by micro indentation method shows that micro-
hardness occurs in the range 1684–2080 VHN0.5 for white
grain, 1604–2055 VHN0.5 for grey grain and 516–
660 VHN0.5 for dark grain. Nanoindentation technique
used to measure microhardness on single grains exhibits
31–54% higher hardness for white and grey grains.
Marginal superior hardness of white grains over grey ones
may be attributed to the presence of diamond/DLC, nano-
crystalline diamond and more amounts of W2C in white
grains. Dark grains exhibit hardness, around one third of
white, grey and dark phases of some typical samples i.e. WC-5 and WC-7.

WC-7 sample

se Dark phase Grey phase White phase Dark phase

– 264, 326 269, 330 –

– 705 708 –

– 802 805 –

– – 964 –

– – 1085 –

1354 – 1341 1346

1580 – 1587 1581

– – 1611 –

2446 – 2408 2439

2712 – 2718 2702

– – 2916 2940

– – 3078 –
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white/grey grains, due to the presence of more amount of
carbon in graphite form (major phase). Microhardness is
found to be the maximum (for white as well as grey grains) in
the case of WC-5 (eutectic composition, 38 at% C) sample.
The composite with carbon content slightly below the
hypoeutectoid range (i.e. at 30 at% C) shows a sharp rise
in microhardness for both white and grey grains. Young’s
moduli of the melt-cast composites are found in the range
514–625 GPa for white grains and 527–754 GPa for grey
grains. Such values for the major phases indicate that the
materials are not so brittle like common ceramics. Micro
Raman spectral characterisations reveal presence of various
phases (major and/or minor) such as WC, carbon (G, D, D0,
2D), carbon (GþD, T, TþD, 2D) and WC-O, W¼O in
different types of grains including the dark ones. The spectra
conclude that W2C occurring in the WC–W2C composites is
not Raman active when incident with 514 nm visible radia-
tion (Arþ laser). In summary, the paper presents a detailed
study on the characterisation of arc plasma melt-cast WC–
W2C composites in 30–50 at% C range and correlates
microstructural and mechanical properties with carbon
composition.
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