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Abstract
Spark plasma sintering (SPS) is a powerful technique for consolidating metal powders at a remarkably shorter time with excellent
quality. We used this technique for sintering nanocrystalline WC10Co powders and simultaneously bonding with high-strength
steel. A series of experiments were conducted in order to find out the optimised set of SPS controlling parameters. The effects of
temperatures (1000 to 1150 °C, with a 50 °C interval) in sintering nanocrystalline WC10Co powders and their bonding
phenomena with AISI4340 steel were examined at a constant pressure of 80 MPa and a holding time of 5 min. The full density
of the carbide powders was achieved at a lower temperature compared with that of conventional techniques. A number of
techniques were employed to evaluate the microstructural characteristics of WC and steel bilayered composite and their me-
chanical properties. For determining the bonding strength of the joint, a novel micro-tensile testing system was adopted. Since
such investigation is the first of its kind, to the best knowledge of the authors, where SPS is used to join the tungsten carbide with
the steel, this research is expected to provide a valuable future reference for fabricating dissimilar bilayered composite materials.
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1 Introduction

Spark plasma sintering (SPS) is a popular and potential tech-
nique for consolidating metal and ceramic powders. The key
benefits of SPS include rapid sintering capability, achieve-
ment of full density at a considerably low temperature and
an excellent control over the grain sizes. As SPS involves a
quick joule heating technique with applied pressure, it is not
necessary to achieve eutectic temperature, particularly, when
the ultrafine or nanocrystalline powders are used. This indi-
cates that the powders used can achieve full density without
rendering liquid state condition. It is worth mentioning that
when controlling the temperature in SPS, usually there is a
temperature gradient involved inside the sample and the
graphite die depending on the design of the die materials; this
range is from 30 to 300 °C [1]. Rapid heating and small hold-
ing time in SPS make it possible to control the sintering pro-
cess and grain growth.

According to previous studies, high density ofWC–Co can be
achieved using the SPS technique, between 1050 and 1100 °C,
by applying even medium pressure, e.g. 30–50 MPa. Cha et al.
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[2] investigated the sintering of nanocrystalline WC10Co pow-
ders at 1100 °C and mentioned that the sintering occurred in a
liquid state. Sivaprahasam et al. [3] used nanocrystalline
WC12Co at the same temperature (1100 °C); however, they
stated that the sintering of WC occurs in solid phase whereas
the cobalt (binder materials) in WC grains acts like liquid phase
sintering [3]. Huang et al. [4] studied the consolidating of WC–
Co at 1100 °C and reported it to be a solid-state sintering. In
order to measure the temperature gradient, they also used an
empirical technique and found it to be ~ 150 °C. Thus, the ulti-
mate temperature inside the samples (1100 + 150 °C) reached
below the eutectic temperature (~ 1320 °C) of the Co-W-C sys-
tem. Though this indicates that the consolidation at 1100 °C,
most probably, occurred in solid phase, however, therewas some
similar morphological appearance in the WC grains that resem-
blances liquid phase sintering (i.e. from spherical to faceted grain
structures) [4]. The temperature distribution incurred by SPS
inside the WC–Co was also demonstrated by Liu et al. [5].
They stated that Co layers on the WC grains experience higher
temperature, and thus, localised WC–Co contact zones may
reach the eutectic temperature. This indicates that even at lower
sintering temperature, there can be a thin layer of liquid phase
presenting on the grain boundaries which may assist densifica-
tion process [5]. Thus, the difficulties to attribute the densifica-
tion behaviours (liquid or a solid phase) explain clearly the chal-
lenges to measure the temperature in SPS technique.
Nevertheless, some indications could be given by analysing the
microstructures. The solid-phase sintering of WC–Co provides
some inhomogeneity in the microstructure, depending on some
factors between WC and cobalt particles. For example, when
WC particle size is smaller than Co, the inhomogeneity in-
creases. On the other hand, it is important to mention that
solid-phase sintering results in smaller grain size distribution
and thus improves the mechanical properties [6, 7].

On the other hand, bonding between WC and steel is
challenging because of their large difference in physical
properties e.g. coefficient of thermal expansion [8, 9]. A
number of different techniques have been reported in the
past to bond WC and steel. Zafar et al. [10] inspected the
bonding of WC-12Co with AISI 304 stainless steel, using a
microwave hybrid heating technique. Feng et al. [11]
researched the diffusion bonding of WC–Co/Ni and stain-
less steel and obtained a tensile strength of 195 MPa at
950 °C. Thomazic et al. [12] employed powder metallurgy
to combine cemented carbides and steel. They also exam-
ined the effects of various parameters such as composition,
compaction pressure, heating rate, sintering temperature
and duration. Similar research was also performed by
Pascal et al. [13]. Another common technique of bonding
WC and steel is using an interlayer. A wide range of inter-
layer materials are used, including Cu/Ag-based solders
[11]; multilayer brazing of Cu and Ni alloys [14–16]; in-
terlayer coatings of CrN, ZrN and TiCxN1-x [17]; Ti

interlayer [18] and electroplated Cu/Ni interlayer [19].
Haghshenas et al. [20] used the diffusion brazing of AISI
4145 steel to WC–Co cemented carbide using RBCuZn-D
interlayer with bonding temperature values of 930, 960,
990 and 1020 °C. The main reason for employing an inter-
layer is to alleviate the mismatch of the coefficient of ther-
mal expansion (CTE) of these two materials. Another pop-
ular technique of depositing WC on steel material is high-
velocity oxy-fuel (HVOF). Nascimento et al. used WC and
successfully sprayed on AISI4340 through HVOF [21].
Monticelli et al. used WC-12Co on carbon steel [22].
Similar investigations were also performed in [23–25].
Though HVOF is a pragmatic technique to deposit WC
on steel, however, it is a coating technique and thus only
a limited thickness can be achieved on the steel surface.
Recently, a novel technique called hot compaction diffu-
sion bonding (HCDB) was employed to bond WC and
steel. A Gleeble 3500 thermal-mechanical simulator was
used for hot pressing and sintering. In HCDB, a
diffusion-based powder-solid bonding mechanism was
employed and a successful bonding was achieved between
WC and steel [26, 27]. These researches provide funda-
mental knowledge on the effects of various experimental
parameters, bonding mechanics and microstructure analy-
sis. Nevertheless, studies on bonding between WC and
steel are still a flimsy. Better manufacturing technique,
attaining stable and stronger bonding, further microstruc-
tural characterisation and mechanical property evaluation
are still the scopes of investigation.

In this study, the sintering behaviour of nanocrystalline
WC10Co of 100-nm particle size was examined. In addition,
their bonding phenomena with AISI4340 were also examined.
The effects of sintering temperature ranging from 1000 to
1150 °C with a 50 °C interval and SPS controlling parameters
were analysed. A constant pressure of 80 MPa was employed
with a sintering time of 5 min. The sintering quality of
WC10Co powders and their bonding phenomena with
AISI4340 steel were analysed. A number of characterisation
techniques, including optical microscopy, scanning electron
microscopy equipped with Aztec energy-dispersive spectros-
copy and backscattered electron, X-ray diffraction and elec-
tron backscatter diffraction, were employed. The mechanical
properties were evaluated by examining microhardness, den-
sity measurement and micro-tensile strength tests. For deter-
mining the tensile strength of the joint, a novel microsystem
was adopted as reported in [28]. Since this is the first study of
its kind, to the best knowledge of the authors, where SPS is
used to join WC10Co powders and solid AISI4340, it is ex-
pected that this research can provide valuable reference for
joining ceramic and steel materials to manufacture dissimilar
bilayered functionally graded composite materials. Such ma-
terials could potentially be used in the applications where both
high hardness and high strength are necessary.
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2 Experimental

SPS, also familiar as field assistant sintering technique, is a
sintering scheme that uses high-pulsed DC current at very low
voltage for heating. In this system, the sample powders are
placed inside a die, usually made of graphite and acts as a
heating component when the current is passed through it.
The Joule effect is used to heat up the die. In this case, the
powders are conductive, and the current also passes through
the sample, experiencing some additional heating internally.
Consequently, a uniaxial compression pressure is applied in
order to minimise the requirement of sintering temperature
and holding time. Figure 1 presents the schematic diagram
showing the working principle of the SPS system. The exper-
iment is conducted in a vacuum environment of 2.0X10−2

Torr. A thermocouple is usually used to regulate the sintering
process, inserted through a hole from the bottom spacer.
Sometimes, pyrometers are used; however, in that case, the
readings at lower temperature are not that accurate. For the
detailed working procedures of SPS [1–6], studies could also
be referred.

Commercially available, near-spherical shaped plasma arc
discharged nanocrystalline WC10Co powders with an aver-
age particle size (APS) of 100 nm and AISI4340 rod of 12mm
diameter were used in this study. SEM micrographs of the
used powders and their chemical compositions are mentioned
in our previous work [20].

Figure 2 shows the photograph and dimension of the
AISI4340 used in this study which was purchased from
Bohler Uddeholm, Australia, with a dimension of 12 mm di-
ameter and 8 mm height. Table 1 presents the details of the
experimental parameters used in this study. The sintering

temperature varied from 1000 to 1150 °C with an interval of
50 °C. A constant pressure of 80 MPa and holding time of
5 min were applied. These parameters were chosen based on
the literature [1–6] and experiments. Moreover, a number of
experiments were unsuccessful in the beginning which were
due to inappropriate controlling parameters involved in run-
ning the SPS machine. This includes heating rate, cooling rate
and applying pressure rate, which play a significant role to
successfully finish the experiment. As the information is rare-
ly available in the literature, a number of trial and error exper-
iments were needed to perform, for the successful completion
of the experiments.

For examining the microstructure of the sintered carbides
and their bonding quality with the steel, the specimens were
cut along the cross-section. Fanuc Robocut α-OiD hig-preci-
sion wire cutting with 0.25-mm-diameter wire was used to cut
the samples. Specimens for measuring the tensile strength of
the bond were also prepared by wire cutting. A 3D illustration
as shown in Fig. 3 presents the sequence of sample cutting
mechanism. After cutting, the specimens were mounted in
20 ml of polyfast resin by CitoPress mounting press machine
(Struers) followed by grinding and diamond polishing down
to 0.25-μm and OP-S Chemical treatment. The microstructure
was observed by JEOL NEOSCOPE SEM equipped with
backscattered electron EDS. The distribution of chemical ele-
ments at the bonding interface was examined through built in
EDS in NEOSCOPE SEM. The phases formed during the

Pressing cylinder
Load frame

Pressing ram

Graphite die

Sample

Vacuum chamber

Reaction ram

Load cell

Optical 
pyrometer

Pulsed DC

Power supply, 

controlled by 

pyrometer or 

thermocouple

Fig. 1 Schematic diagram representing the working principle of the SPS
machine

Table 1 Experimental parameters used in this study

Parameters Variables

Temperature °C Variables 1000 1050 1100 1150

Fixed values Pressure: 80 MPa, time: 5 min

12 mm

8 mm

Fig. 2 Photographs and dimensions of AISI4340
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sintering process were identified by XRD using monochro-
matic Cu Kα radiation in GBC MMA diffractometer, with
an angular step size of 0.05°, and a speed of 2°/m, at 35 kV
and 28.4 mA. The mechanical properties were evaluated by
examining the microhardness, density and direct tensile
strength of the bond. The microhardness indentations were
carried out across the sample, using a Matsuzawa Via-F auto-
matic microhardness tester under 50-N load and dwell time of
10 s.

The bonding strength of the fabricated bilayered composite
was determined by a miniature tensile test system. According
to the best knowledge of the authors, such investigation to
determine the direct tensile bonding strength of WC10Co
and AISI4340 has not been reported in the past. By consider-
ing the size effects, the tensile test specimens were scaled
down, and therefore, the thickness of each sample was only
1 mm. Consequently, a miniature system was employed as
depicted in [28]. Figure 4 shows the setup used for the tensile
test. Figure 5 presents a typical image of the prepared sample
cut from the fabricated dissimilar bilayered composite. Since
the specimen is small in size, conventional elongation mea-
surement could not be used. Therefore, a non-contact elonga-
tion measuring system was employed. An image processing

program was used in MATLAB to calculate the strain. A
rectangular area was marked by contrasting colour on the
middle of the sample. A microscope, as shown in Fig. 4,
was used to capture the video focusing on the coloured area;
the video was then separated into individual images using the
MATLAB program. The images were then transferred to the
grey level and then to binary images. During this transforma-
tion, a process for noise reduction was performed to eradicate
the small areas where the colour was lost during the test. Thus,
the errors caused by colour loss in the marked area can be
avoided. As a result, boundaries on the marked area can be
found by colour value comparison among adjacent pixels. If
the colour value is zero or one for a particular pixel in the
binary image, of which the neighbouring pixels are different,
the pixel was selected as a boundary point. After all such
boundary points are detected, the points were sorted according
to their X and Y coordinates, sequentially. This leads to four
groups of points on four boundaries of the coloured area. The
displacement along the length direction can be calculated
based on these boundaries. By comparing the length of the
marked area, in each image, the strain can be acquired.
Correspondingly, a force sensor was used to record the tensile
force which was transferred to the computer. By matching the
video and the force recording frequencies, both engineering
and true stress-strain curves can be obtained.

3 Results and discussion

3.1 Microstructure

The microstructure of the WC10Co/AISI4340 bilayered com-
posite fabricated by SPS was observed by SEM. The distribu-
tion of chemical elements on the interface was also investigat-
ed through elemental mapping using EDS. The effects of

(a) (b) (c) (d)

WC10Co

AISI4340

1 mm

Fig. 3 Sequence of preparing tensile test specimen: a 3D diagram of the
bilayered ceramic steel composite, b cut section from the middle part of
the specimen using Fanuc Robocut α-OiD wire cutting machine, c

dimensions for cutting the tensile test sample, and d 3D illustration of
the final tensile test specimen

Computer Microscope

Power

Miniature Tensile tester

Fig. 4 Setup for miniature tensile test system [28]
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sintering temperature on the microstructure of the composite
were examined. It is evident that in all experimental condi-
tions, the bonding between the two materials takes place. No
significant fracture or crack is observed, particularly at elevat-
ed temperature, indicating a successful bonding occurred un-
der all conditions. Nevertheless, the quality of sintering and
bonding mainly depends on the experimental conditions ap-
plied. Hence, as mentioned earlier, one of the main challenges
in such novel experiments was to successfully complete the
experiment. For smooth operation of the experiments, it was
found that increasing pressure in the beginning and then slow-
ly heating the samples, followed by an increased rate of ap-
plying pressure as well as rapid heating, result in successful
completion of the experiments without exploding the powder
particles or damaging the die-punch setup due to abnormal
overheating. In addition, from the microstructure, it appears
that the consolidation at all temperatures happened in solid
phase which is analogous to the study conducted by Huang
et al. [4]. Hence, the temperature gradient between the ther-
mocouple and the samples placed inside the graphite die is
estimated to be ~ 150 °C, which, in turn, specifies that the
ultimate temperature inside the same is below the eutectic
point of Co-W-C system. In addition, the smaller grain sizes
as can be seen from the microstructures (Figs. 6b and 8d) and
the improved mechanical properties of the sintered carbides
(Figs. 10, 11, and 12) are the indications of solid-phase
sintering as reported in [6.7].

Figure 6 shows the typical SEM image at the interface
of WC10Co and AISI4340 bilayered composite, obtained
at 1000 °C, sintered for 5 min under a pressure of
80 MPa. Figure 6a shows the overall microstructure in a
large area of the bilayered composite with a low magnifi-
cation image. Figure 6b presents closer view of the inter-
face with high magnification. It can be noticed that
microvoids exit in the carbide regions, indicating insuffi-
cient sintering because of inadequate temperature and
sintering time. Due to these reasons, minor microcracks
appeared at this low temperature. Apparently, the inter-
face mostly exhibits a crack-free and continuous bonding
between the ceramic and steel materials resulting in a
successful bonding. From the microstructure (Fig. 6b),
bonding between carbide and steel materials took place

without any significant delamination. However, the qual-
ity of sintering is poor as can be seen by lots of voids/
cavities. The corresponding EDS areal maps show the
elemental distribution of the key elements (W, Fe, Co,
C, O and Ni) in the bonding area. It is clearly seen that
migration of the alloying elements took place, indicating
successful bonding of WC10Co and AISI4340. However,
this migration occurred on a limited scale which gives an
indication that the bonding is not that strong at this stage.

Figure 7 presents the elemental spectrum and composition
of the elements. The elemental spectrum was constructed on
the region as shown in Fig. 6(b). The spectrum was obtained
keeping the interface region in a place as middle as possible
while capturing the spectrum. It confirms the presence of
allowing elements with the highest peaks of tungsten and iron.
The percentage of the compositions (in the middle of the im-
age) also indicates a fair distribution of the elements in the
sample.

With increasing sintering temperature, the sintering of
the carbide powders as well as their bonding quality with
the steel can significantly be improved. Figure 8 shows
the SEM image of the composite obtained at 1150 °C,
sintered for 5 min under the compaction pressure of
80 MPa. It is clearly seen that the sintering quality of
the powders largely improved. Negligible amounts of mi-
cropores are present. The interface appears crack-free, in-
dicating sound metallurgical bonding of the WC10Co and
AISI4340. Figure 8a shows the consolidated area of
WC10Co without any significant voids/cavit ies.
However, one can notice that there are some sequentially
increase of white regions towards the interface. The white
regions present agglomerated carbide powders with slight-
ly poor quality of sintering compared with that at the top
regions. This indicates that the sintering quality near the
punch area is somewhat better than the far area of the
punch, i.e. near the interface. Figure 8b presents a larger
view of the bonding area of WC10Co and AISI4340 with
lower magnification. A crack-free, continuous and suc-
cessful bonding is clearly observed. Figure 8 c and d
show the magnified image of the bonding interface
representing clear view of the microstructure. A tight me-
chanical contact between the two layers indicates stronger

(a) (b)

(c)

WC10Co

AISI4340

Paint on specimen

Clamping

Fig. 5 Tensile test sample
preparation, a prepared sample, b
painted sample which is mounted
on the miniature tensile tester, and
c clamped sample ready for
tensile testing
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bonding to take place between WC10Co and AISI4340.
The corresponding EDS areal maps show the elemental
distribution of the key elements (W, Fe and Co) in the

bonding area. It is clearly seen that the migration of the
alloying elements took place, indicating successful bond-
ing between WC10Co and AISI4340.
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showing the peaks of the elements

100 µm
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Crack

Micro voids
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(a) (b)

AISI4340 zone

(c) (d) (e)

W Fe Co

OC Ni

(f) (g) (h)

Fig. 6 Typical SEM images and EDSmaps of theWC10Co andAISI4340 bilayered composite, a sintered at 1000 °C, for 5 min under 80-MPa pressure;
b magnified view of a EDS maps showing c W, d Fe, e Co, f C, g O and h Ni elements
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3.2 Phase analysis

The XRD patterns of the WC10Co/AISI4340 bilayered com-
posite were recorded using a GBC MMA diffractometer with
an angular 2θ diffract ion between 25 and 100°.
Diffractograms were collected with an angular step size of
0.02° at 1°/m. Cu Kα radiation was obtained from a copper
X-ray tube operated at 35 kV and 28.4 mA. The formed
phases were identified using X’Pert High Score Plus.

The spectra of XRD are illustrated in Fig. 9. The influence
of the change in temperature during sintering and bonding of
WC10Co and AISI4340 by SPS is indicated. The details of
the phases, including their chemical formula, ICCD card no
and crystal structure information, are listed in Table 2. It is

revealed that, at lower temperatures such as 1000 °C (Fig. 9),
the phases are mainly composed of tungsten carbide (WC),
iron (Fe) and iron cobalt (Fe3Co). The formation of Fe3Co
superlattice phases is evidenced in the presence of Fe and
Co above 550 °C [29, 30], with tetragonal crystal system
and P4/mmm space group. The chemical reaction involved
is as follows in Eq. 1 [30].

3Fe3 þ Co3 ¼ 3Fe3Co ð1Þ

With the increase of temperature, along withWC, the other
phases identified include iron manganese (FeMn), iron oxide
(FeO), tungsten carbide (W2C) and traces of ternary phase
such as tungsten iron carbide (W6Fe6C). FeMn is usually

Bonding interface

WC10Co zone

AISI4340 zone

WC10Co zone

AISI4340 zone

AISI4340 zone

WC10Co zone

Co

Micro voids

Sintered WC10Co

(a) (b)

(c) (d)

FeW Co

(e) (f) (g)

Fig. 8 Typical SEM images of the WC10Co and AISI4340 bilayered
composite, sintered at 1150 °C, for 5 min under 80-MPa pressure, a
consolidated WC10Co region, b bonding interface, c magnified view of

the bonding interface, and d further magnified SEM image of the bonding
interface and EDS maps showing e W, f Fe and g Co elements
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formed at above 1000 °C and the presence of which is con-
firmed by the XRD peaks as denoted byM (Fig. 9). Likewise,
FeO is formed under high temperature and pressure condition
as reported in [31]. The decomposition of WC and formation
ofW2C could be attributed by Eqs. 2 and 3 which occur in the
temperature range of 1000 to 1300 °C as reported in [32], with
hexagonal crystal system and P-3m1 space group.

WC→Wþ C ð2Þ
2W þ C→W2C ð3Þ

The complex ternary carbide phase of W6Fe6C is known
for its high microhardness value [10], with cubic crystal struc-
ture and Fd-3m space group. The formation of W6Fe6C could
be attributed to the following possible chemical reaction of
Eq. 4.

6W þ 6Feþ C→W6Fe6C ð4Þ

With a further increase in sintering temperature, no signif-
icant difference is observed. The phases formed are similar to
those reported at 1100 °C, except for the presence of traces of
FeCo. The formation mechanism of equiatomic FeCo is re-
ported in [33] and concluded that the formation takes place by
an interfacial reaction between the constituents. The formation
of the so-called eta carbides or M6C, such as Co3W3C and
Fe3W3C, is also evident when the temperature is raised to
1150 °C along with WC, FeO, FeCo, iron-tungsten (WFe)
and cobalt iron (Co3Fe7). The corresponding peaks are shown
in Fig. 9 and phase information is listed in Table 2. The for-
mation of such metallic mesophases is expected to form at or
above 1100 °C [34, 35].

0

200

400

600

800

1000

1200

1400

1600

1800

25 35 45 55 65 75 85 95

1150 °C

1100 °C

1050 °C

1000 °C

In
te

ns
ity

 (C
ou

nt
s)

Degrees 2-theta

W W

W

W W W
W
W

F

F

O O

B

B

G
G
T

T

N

N

O WY

Y D

B

O
W

M

M

D

D D

D

Y

I

I

Fig. 9 XRD results showing the
effects of temperature from 1000
to 1150 °C with a gap of 50 °C
sintered for 5 min under 80-MPa
uniaxial pressure

Table 2 Phases and their crystal structure information obtained from XRD spectra

Sym Phases Chemical formula Card no Crystal system Space group Space group
number

1000 °C
W Tungsten carbide WC 04-004-6809 Hexagonal P-6m2 187
L Cobalt iron Fe3Co 04-014-6028 Tetragonal P4/mmm 123
I Iron Fe 00-001-1262 – – –

1050 °C (W and as follows)
M Iron manganese FeMn 01-083-4582 Anorthic P1 1
O Iron oxide FeO 04-011-7343 Cubic Fm-3m 225
Y Tungsten carbide W2C 04-008-1623 Hexagonal P-3m1
D Tungsten iron carbide W6Fe6C 04-010-7470 Cubic Fd-3m 227

1100 °C (W, M, D, O, Y and as follows)
B Cobalt iron FeCo 04-014-6028 Cubic Pm-3m 221

1150 °C (W, O, B and as follows)
G Cobalt tungsten carbide Co3W3C 01-078-3750 Cubic Fd-3m 227
T Iron tungsten carbide Fe3W3C 01-078-3749 Cubic Fd-3m 227
F Iron tungsten WFe 04-004-2476 Cubic Im-3m 229
N Cobalt iron Co3Fe7 00-048-1817 Cubic Pm-3m 221
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The formation of Co3W3C phase could be described as the
diffusion of Co atoms into WC particles at high temperature.
The possible reaction that could take place can be presented by
Eq. 5. [36], with cubic crystal system and Fd-3m space group.

3Coþ 3WC þ O2⇔Co3W33C þ 2CO ð5Þ

The formation of Fe3W3C is also clearly evident at this
temperature. The possible chemical reaction that could take
place is shown in Eq. 6 [37], with similar crystal structure as
Co3W3C.

3Feþ 3WC→Fe3W3C þ 2C ð6Þ

The formation of these phases is important for bonding of
the joining materials. They have superior mechanical proper-
ties which include higher bulk modulus [38] and microhard-
ness [9]. Thus, the presence and amount of these phases di-
rectly influence the stability and mechanical properties of the
composite material. Moreover, the formation of such phases
confirms the interdiffusion of alloying elements. This indi-
cates the occurrence of stronger bonding between the steel

and ceramic materials. However, as some of these phases are
brittle in nature, excessive formation of them in the bonding
region may also adversely affect the bonding quality.
Therefore, it is important to control the experimental condi-
tions to maintain an accurate amount.

3.3 Physical and mechanical properties

3.3.1 Density

The mechanical properties of cemented carbides can be im-
proved using superfine/nanoscale powders and optimising
sintering techniques [39]. Owing to a simultaneous system
of heating and pressurising, SPS offers the advantage of
achieving high densification at lower temperature by rapid
elimination of porosity and voids, and rendering fine grain
structures. Figure 10 a and b show representative SEM images
displaying the change of microstructure from the punch area
and towards the bonding interface. It is evident that the area
close to punch shows higher density. In contrast, the area far

(c)

Sintered WC10Co
Increasing 

micro voids

WC10Co zone

Increasing 
density

(b)

(a)

Higher porosity near the 
bonding the area

AISI4340 zone

Less or no porosity at 
top area

Fig. 10 Typical SEM images obtained at 1050 °C, sintered for 20min, under 80-MPa pressure, showing the densification of aWC10Co, b decrement of
density towards the bonding interface and c schematic diagram illustrating the phenomena of density occurred during SPS sintering
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from punch and close to the bonding area shows slightly lower
density. This phenomenon is explained by schematic diagram
as presented in Fig. 10c. The reason for the appearance of such
phenomena is discussed in Section 3. This could be eliminated
by allowing more sintering time.

The results obtained for density are summarised in Fig. 11,
presented with their standard deviation. It can be seen that the
density was determined by measuring the weight of the used
powders for each sample before the experiment and followed
by dividing it with the magnitude of the volume which was
measured after the sintering is completed. Three samples have
been used to provide each point. It is evident that with increas-
ing sintering temperature, the quality of sintered WC10Co
increases. A continuously increasing trend of density is clearly
observed with the increasing temperature. However, there is a
sharp rise at 1050 °C, after that smooth increment is observed.
The maximum density was achieved at a temperature of
1150 °C (99.34% compared with conventional density of
WC10Co).

3.3.2 Microhardness

Figure 12 presents the influence of sintering temperature
on microhardness of the WC10Co/AISI4340 bilayered
composite, obtained by Vickers microhardness tester
(Matsuzawa Via-F). The distance between the two succes-
sive indentations is about 100 μm. Figure 12b shows the
schematics of the indentation measuring points, and the
microhardness profile is presented as a function of inden-
tation points. The indentation points from the top to bot-
tom in Fig. 12b are presented along the X-axis from left to
right in Fig. 12a. A clear trend of increasing hardness due
to increasing sintering temperature is observed which is
analogous to the results attained in density analysis.
Another trend also observed is the continuous decrease
of hardness towards the bonding interface. This is because
of lower densification in those areas as discussed in

previous section. At lower temperatures, such as
1000 °C, the average hardness reported is 1280 HV.
This occurs because of incomplete densification of the
metal powders and the presence of bulk volume of poros-
ity as mentioned earlier. The trendline (Fig. 12a) indicates
the decreasing microhardness from the carbide region to
bonding interface and then steady microhardness across
the steel region. The microhardness values across the steel
section are found to be similar with an average of
390 HV. No significant change is observed because of
nonappearance of any visible phase change of the steel
part. An increase in experimental temperatures causes
continuous improvement of the hardness. The average
max imum ha rdne s s was ach i eved a t 1150 °C
(1909 HV). The reason for achieving such high hardness
is attributed to the use nanocrystalline powders and SPS
technique. The mechanical properties, e.g. hardness, of
cemented tungsten carbide using nano-sized WC–Co
powders are significantly higher than what could be
achieved using conventional powders [38].

3.3.3 Tensile properties

Figure 13 displays the true stress-strain curves showing
the effects of varied temperatures during SPS sintering
and bonding of WC10Co powders and solid AISI4340.
It can be clearly observed that the bilayered composite
was subjected to elastic deformation, uniform plastic de-
formation and a mixture of brittle and ductile fracture
with the increase of strain. These phenomena are also
evident from the SEM micrograph as presented in
Fig. 14. As can be seen in Fig. 13, the maximum direct
bonding strength is reached to ~ 183 MPa at 1150 °C. It
can be seen that the stress-strain behaviour up to the strain
of 0.15% is not considerable. Additionally, the behaviour
is similar for all samples with the bonding strength
reaching a nominal value of ~ 20 MPa. The elastic point
is situated ~ 120 MPa, and then the curve goes as slightly
uniform plastic deformation. It also appears that the strain
is limited to ~ 0.23. This value is lower than that obtained
at 1050 °C and 1100 °C, which are ~ 0.25 and 0.29 re-
spectively. This phenomenon can be explained as the
presence of increased intermetallic phases at higher tem-
perature causes brittle fracture as also evident from the
SEM micrograph shown in Fig. 14. Thus, the curve ex-
hibits complex stress-strain characteristics where three
distinct regions are clearly observed—an initial linear
elastic region, a stress plateau and lastly a plastic harden-
ing region. The reason for the appearance of such com-
plex nature is attributed to the presence of three different
regions of steel, a steel-carbide interface and carbide, in
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Fig. 11 Results of the density analysis obtained at different sintering
temperatures
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the same materials. From the secondary axis, this is ap-
parent that an increase in sintering temperatures results in
increased bonding strength. From temperature 1000 to
1100 °C, the increment is somewhat in a regular pattern;
however, the increment at 1150 °C is comparatively
sharper. Correspondingly, the curves obtained at temper-
atures from 1000 to 1100 °C are of ductile nature, while
the rest is of brittle nature. These values are comparable to
our previous studies as reported in [26, 27, 32].

Figure 14 shows the microstructure of the fractured
surfaces at WC10Co and AISI4340 bonding interfaces,
obtained by miniature tensile test. At lower temperatures,
the fracture occurred mostly in the carbide regions, indi-
cating incomplete densification. In contrast, at higher tem-
perature, the fracture occurs at the bonding interface.
Hence, it is worth mentioning that, though the fracture
at higher experimental temperature occurred at the bond-
ing interface, however, from the naked eyes’ observation,
it was found that the breakage occurred slightly to the

carbide sides. The samples at lower experimental temper-
atures, e.g. 1000 °C, which were broken at the bonding
interface, are basically featureless. The samples which are
broken at carbide regions are not shown. A typical exam-
ple is presented in Fig. 14a. The grey planular island as
shown on the fracture of Fig. 14a is the carbide side.
When the bonding temperature increases to 1050 °C, the
failure occurs in ductile nature as evident from the dim-
pled area shown in Fig. 14b. In addition, some
transgranular brittle failures are also observed as shown
in Fig. 14b. These features continue with the samples
obtained at 1100 °C, with slight increase in brittle frac-
ture. At temperatures of 1150 °C, the brittle fracture be-
comes dominant as evident from the cleavage planes in
Fig. 14c. Figure 14d presents the fracture surface on the
ceramic sides, while Fig. 14a on the other. Some
Kirkendall microvoids are also developed as indicated
by the arrows shown in Fig. 14d. The observed different
phases as discussed earlier allow us to deduce that the
failure at elevated temperature occurs due to intermetallic
ternary phases, and in some places, fracture propagates in
sintered carbide areas which are close to intermetallics.

Figure 15 presents one typical micrograph of the sam-
ple sintered at 1100 °C and for 5 min, showing the ele-
mental areal distribution at the bonding interface of
WC10Co and AISI4340. Figure 16 displays the corre-
sponding spectrum showing their composition in mass
and atomic percentage on the fracture surface. In
Fig. 16, the white area shows the presence of the ele-
ments. The dark area shows the unavailability of the data.
This is because the EDS cannot perform the analysis deep
into the valley that is created on the fracture surface dur-
ing the miniature tensile test. From the elemental areal
maps, it is clearly seen that the elemental diffusion oc-
curred on the bonding interface. This also gives evidence
that the fracture that occurred in the bonding interface is
slightly close to the carbide side.
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Fig. 14 Microstructure of the fracture surfaces of the joints sintered for 5 min and bonded at a 1000 °C, b 1050 °C, c 1150 °C, steel side and d 1150 °C,
ceramic side
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Fig. 15 SEM micrograph of the sample obtained at 1100 °C and sintered for 5 min, and elemental areal map showing the key elements e.g. W, Fe, Co
and C elements
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4 Conclusions

SPS exhibits a potential technique for bonding dissimilar
carbide and steel materials, i.e. WC10Co and AISI4340.
Successful experiments were conducted followed by mi-
crostructural analysis and mechanical property evaluation.
No significant fracture or delamination was observed at
the bonding interface. Nevertheless, the quality of bond-
ing improved with increasing temperature. From micro-
structural observations, a continuous, crack-free bond
confirms sound metallurgical bonding between WC10Co
and AISI4340 materials. The results obtained could be
compared with our previously developed method called
Hot Compaction Diffusion Bonding (HCDB) in terms of
sintering the carbide powders and attainment of their im-
proved mechanical properties; however, in SPS, no signif-
icant reaction layer was observed. This is probably be-
cause of insufficient sintering time which was limited to
5 min during sintering in SPS. This also led to the limited
formation of ternary intermetallic carbides at the bonding
interface. SPS provided excellent mechanical properties at
a comparatively lower temperature in a short period of
sintering time. The average maximum hardness was
achieved at 1150 °C (1909 HV). The reason for achieving
such high hardness is attributed to the use nanocrystalline
powder and SPS technique. The maximum density
achieved at a temperature of 1150 °C is 99.34% compared
with that of the conventional one. The maximum tensile
strength of the bond reached ~ 183 MPa at 1150 °C.
However, the elastic point is situated at ~ 120 MPa, and
then the curve goes as slightly uniform plastic deforma-
tion. The tensile strength obtained in SPS is found signif-
icantly higher than that of the reported result in previous

studies. To the best knowledge of the authors, there is no
literature where SPS is used for joining WC10Co and
AISI4340, so it is expected that this study can provide
an important future reference in order to manufacture dis-
similar bilayered composite materials. Such bilayered
composite also possesses significant industrial application
potentials where high hardness and high strength are si-
multaneously required in a single component.
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