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Abstract

WC–40 vol% Al2O3 composites were prepared by high energy ball milling and the following two step hot pressing sintering (TSS).

The tungsten carbide (WC) and commercial alumina (Al2O3) powders composed of amorphous Al2O3, boehmite (AlOOH) and w-Al2O3

were used as the starting materials. The feasibility of two step sintering (TSS) method to WC–40 vol% Al2O3 composites was

demonstrated, optimum TSS regime was discussed and phase transformation during TSS process was investigated. The results showed

that both the pre-sintering at a proper first step temperature (T1) to obtain a critical initial density and isothermal hot pressing at an

appropriate second step temperature (T2) to inhibit grain boundary migration (GBM) were of significant importance. When the

as milled WC–40 vol% Al2O3 powders were hot pressed under TSS4 regime, a relative density of 99% and a grain size of 2.38 mm were

obtained, an excellent Vickers hardness of 19.71 GPa was achieved, combining a fracture toughness of 12 MPa m1/2 with a flexural

strength of 1285 MPa. Compared with the near full dense samples consolidated under CS1 regime (1540 1C for 90 min), the grain size

decreased, the Vickers hardness, fracture toughness and flexural strength were all improved due to the refined microstructure and the

transgranular fracture mode. The amorphous Al2O3, AlOOH and w-Al2O3 were transformed to a-Al2O3 completely during the sintering

process.

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

Sintering methods play a major role in developing high
density ceramics with fine grain size. Nowadays, conven-
tional sintering (CS), spark plasma sintering (SPS), hot
isostatic pressing sintering (HIP) and microwave sintering
(MW) have already been employed to obtain nearly full
dense ceramics. These sintering methods proceed through
diverse mechanisms and densification kinetics, it is possible
to acquire sintered ceramics with desired microstructure.
However, it is difficult to achieve full densification without
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promoting grain growth. So it is important to choose a
promising consolidation technique to avoid exaggerated
grain growth at the final stage of sintering.
In order to consolidate samples with full densification

and finer grain size, the conventional sintering regime
should be modified which have been investigated earlier
by rate controlled sintering (RCS) and recently by two step
sintering (TSS) [1–4]. Chen and Wang have proposed a
novel two step sintering (TSS) method which exploits the
difference in kinetics between the grain boundary diffusion
(GBD) and grain boundary migration (GBM) in the final
sintering stage to suppress grain growth while promoting
densification [4]. This method of sintering consists of two
steps in the heating schedule. In the first step of TSS,
samples should be heated to a higher temperature (T1),
which has to be high enough to achieve critical density at
which pores become thermodynamically unstable against
ll rights reserved.
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shrinkage. After short holding at T1, the temperature must
be immediately lowered to T2 at which GBM is suppressed
while GBD could be continued [4]. Until now, the TSS
method is successfully applied to prepare dense fine
grained materials with enhanced mechanical, electrical or
magnetic properties, such as Y2O3 [4,5], BaTiO3 [6],
Ni–Cu–Zn ferrites [6], ZnO [7], TiO2 [8], 8Y2O3 stabilized
ZrO2 [9], Y-TZP [10], Al2O3 [11,12], alumina–zirconia
ceramics [13], Yttrium aluminum garnet (YAG) transpar-
ent ceramics [14], corundum abrasives [15], oxide ceramics
with different crystal structure [16], forsterite [17], NiFe2O4

nanopowder compacts [18], biphasic calcium phosphate
bioceramics [19], TiO2 [20], Nd–Fe–B [21], WC–MgO [22]
as well as SiC [23] and WC–Co liquid phase sintering [24].

WC–Al2O3 composites have been successfully consolidated
by conventional hot pressing, saving the rare, expensive and
strategic resource of Co and developing novel WC matrix
materials with high mechanical properties [25]. To improve the
mechanical properties of WC–Al2O3 composites, additives of
MgO and CeO2 have been added to WC–Al2O3 composites,
the results show that proper content of additives could refine
the microstructure, improve the relative density and bond-
ing strength of WC–Al2O3 composites. However, excessive
amount of additives could segregate on the grain boundaries
and deteriorate the mechanical properties [26]. According to
the Orowan-Petch plot [27] and Griffith’s theory [28], a small
grain size favours a high strength. The decreasing of grain size
provides a possibility for enhancing the mechanical properties
of WC–Al2O3 composites. To the best of our knowledge, until
now, there are no published papers dealing with the synthesis
of WC–Al2O3 composites by two-step hot pressing sintering.

In this paper, the feasibility of densification without
grain growth by two-step hot pressing sintering is demon-
strated in WC–Al2O3 composites. The optimum first step
temperature (T1) and second step temperature (T2) of the
TSS regime are clarified, the influence of different TSS
regimes on the evolution of the microstructure and
mechanical properties are investigated, and possible
mechanism is evaluated.

2. Experimental procedure

2.1. Nanopowder preparation and characterization

Nanocrystalline WC–40 vol%Al2O3 was synthesized via
mechanical alloying process. Commercial powders of WC
(74 mm, 99% purity, Sinopharm Chemical Reagent Co.
Ltd.) and Al2O3 (composed of AlOOH, w-Al2O3 and
amorphous Al2O3; 150 mm, Sinopharm Chemical Reagent
Co. Ltd.) were mixed and ball milled using a QM-1SP4
planetary ball milling machine under argon gas atmosphere
for 50 h. The ball to powder weight ratio was 10:1 and the
rotation speed of the mill was 350 revolutions per minute
(rpm). Both the vial and milling balls (10 mm in diameter)
were made of cemented carbide materials.

The phase identification of the as milled powders were
investigated by X-ray diffraction (XRD) using a D/max-
2550PC (Rigaku Co., Japan) X-ray diffractometer with a Cu
Ka radiation (l¼0.15418 nm) at 40 kV and 200 mA. The
microstructure of the as milled powders and sintered samples
were characterized by S-4800 (Hitachi Co., Japan) field
emission scanning electron microscope (FE-SEM) and JEOL
JEM-2100 F Transmission Electron Microscope (TEM).
2.2. Conventional hot pressing and two step sintering

The as milled powders were consolidated under the con-
ventional sintering (CS) and two step hot pressing sintering
(TSS) using a vacuum hot pressing furnace (ZT-40-20YB,
Shanghai Chen Hua Electric Furnace Co. Ltd.) under a
pressure of 39.6 MPa (applied already from the start) in a
vacuum (about 1.3� 10�1 Pa) atmosphere. The heating rate
of the hot pressing was 10 1C/min. Carbonic paper with a
thickness of 0.2 mm was used to prevent adhesion between
powders and the die. The thermoelectric couple and infrared
thermometer were selected to measure the temperature,
located in the surface of the mold. The conventional hot
pressing sintering (CS1), 3 min holding sintering (CS2) and the
two step hot pressing sintering (TSS) were implemented as
follows:
(1)
 Conventional hot pressing sintering (CS1): CS1 were
carried out in the temperature range of 1450–1750 1C
for 90 min, respectively, with 50 1C temperature inter-
vals [25]. The grain size and relative densities of these
samples were compared with that of the samples
obtained via TSS regimes to evaluate the beneficial
effect of the TSS regimes.
(2)
 3 min holding sintering (CS2): This sintering was con-
ducted in the temperature range of 1450–1800 1C with
50 1C temperature intervals. The specimens were held
at the highest temperature for 3 min in order to obtain
a uniform temperature throughout the samples. The
first step temperature (T1) and the second step tem-
perature (T2) of the TSS regimes were designed
according to the grain size and relative densities of
these samples.
(3)
 Two step hot pressing sintering (TSS): TSS was carried
out under the same conditions as the CS. Samples were
firstly heated to a higher temperature T1, held at T1 for
3 min (t1) and then immediately cooled to a lower
temperature T2 and held at T2 for various time (t2). The
cooling rate of TSS between T1 and T2 was 60 1C/min.
The samples were held at T2 up to 6 h so as to reach a
higher density. The sintering schedules designed in this
experiment were summarized in Table 1.
2.3. Characterization of the hot pressed samples

For each hot pressing regime, more than one sample
were consolidated and characterized under the same con-
dition. The hot pressed samples were ground and polished



Fig. 1. (a) BFI and (b) the corresponding SADP of the WC–40 vol%

Al2O3 powders ball-milled for 50 h.

Fig. 2. Relative density and grain size of WC–40 vol% Al2O3 composites

as a function of sintering temperature under 3 min holding sintering.
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by standard ceramographic methods. The phase identifica-
tion of the sintered samples was investigated by X-ray
diffraction (XRD) as the as milled powders. The micro-
structure of the sintered samples was characterized by S-
4800 (Hitachi Co., Japan) field emission scanning electron
microscope (FE-SEM) and Nanoscope IV (Veeco Co.,
USA) scanning probe microscope (SPM). Then the sam-
ples were etched in Murakami’s reagent consisting of
Fe3[K(CN)6] (10 g), KOH (10 g) and distilled water
(100 ml) for 5 min to expose the grain boundary of WC.
The polished and etched samples were characterized by a
JSM-5600LV (JEOL Co., Japan) scanning electron
microscope (SEM).

The densities of the sintered samples were measured
using water immersion method in accordance with Archi-
medes’ principle. The hardness of sintered specimens (the
average of 10 indentations) was determined using a HVS-
50Z Vickers indenter with a load of 30 kg and a dwell time
of 10 s. The crack shapes of the specimen determined by
repeated surface polishing were confirmed to be Palmqvist
crack pattern and in accordance with the Shetty’s model,
so the fracture toughness (KC) calculations were based on
the crack length measurement of the radial crack pattern
produced by Vickers indentations according to the formula
estimated by Shetty et al. [29]. The fracture toughness
values were derived from the average of 10 measurements.
The flexural strength of sintered samples was measured by
the three-point flexural test method at room temperature
according to the ASTM B312 standard. The samples were
cut, ground and polished into 3� 5� 15 mm3 specimens.
The three-point flexure tests were carried out on a WDW-
100 (Changchun kexin experimental equipment Co. Ltd.,
China) test machine with a span of 10 mm and cross-head
speed of 0.01 mm/min. The fracture strength of sintered
samples (the average of at least six tests) was calculated
using

s¼ 3PL=2t2w ð1Þ

where s (MPa) is the flexural fracture strength, P (N) is the
force required to rupture, L (L¼10 mm) is the length of
the span of fixture, w (w¼5 mm) is the width of the
specimen, and t (t¼3 mm) is the thickness of the specimen.
3. Results and discussion

3.1. Nanopowder characterization

The morphology of the as milled WC–40 vol% Al2O3

powders were shown in Fig. 1. From the bright field
images (BFI) it can be seen that the dark grains and gray
grains are WC and Al2O3 and the particle size varied from
47 to 573 nm in diameter. The diffuse diffraction rings
indicate the existence of amorphous Al2O3 in the as milled
powders and the much stronger diffraction lines stand for
the crystalline parts of WC, as shown in Fig. 1b, obviously,
it can be indicated the fine crystal structure of WC as well.
According to our previous XRD analysis work [25], the
commercial Al2O3 starting powders were consisted of a
great quantity of amorphous Al2O3 and trace amounts of
AlOOH and w-Al2O3. During the ball milling for 50 h, no
composition changes took place, and phase transformation
of AlOOH, w-Al2O3 and amorphous Al2O3 did not occur.
Only the decreased WC crystalline size was achieved
according to the broadened and intensity decreased
WC peaks.

3.2. Conventional hot pressing

The relative density and WC grain size versus the
sintering temperature under 3 min holding conventional
hot pressing sintering were shown in Fig. 2. It could be
seen that, the change of the relative density and WC grain
size as a function of the sintering temperature showed four
distinct regions. In region 1, in other words, when the
temperature was below 1500 1C, there was no obvious
change in the relative density and grain size. The low
densification rate and grain growth rate in region 1 was



Fig. 3. Relative density and grain size versus holding time at (a) 1400 1C

(TSS2), (b) 1500 1C(TSS3) and (c) 1450 1C(TSS4) for WC–40 vol% Al2O3

composites firstly heated up to 1600 1C.
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attributed to the low temperature and short holding time.
The GBM was not allowed and the GBD did not have
enough time to occur.

In the temperature range of 1500–1650 1C (region 2), the
relative density increased (from 83% to 94%TD) while no
significant grain growth occurred. The difference between
the densification kinetics and grain growth kinetics of WC–
Al2O3 composites guaranteed the feasibility of the TSS on
the compacts. As a result, region 2 was the optimum
temperature range for T1.

When the temperature increased from 1650 1C to
1750 1C in region 3, the relative density changed from
94%TD to 99%TD while the WC grain size increased
from 2.31 mm to 4.19 mm. That is, 5.38% increase of
relative density led to remarkable WC grain growth of
more than 80%. The fast increase of grain size as well as
less evident densification rate was attributed to the final
stage and the coarsening of the grains. Collapse of open
pore structure in the final sintering stage resulted in the
substantial decrease in pore pinning effect and the accel-
erated grain growth [30].

In the temperature region 4, it was clear that further
increase in temperature (from 1750 1C to 1800 1C) resulted
in a slight density enhancement, however, with an obvious
increase in the grain size. The exhausting densification rate
in region 4 was associated with the coarsening of grains in
the final sintering stage.

As a result, according to the quick densification rate and
slow grain growth rate, 1600 1C and 1650 1C with the
relative density of 90%TD and 94%TD, respectively, were
selected as the first step temperature (T1) of the TSS
regimes. The second step temperature (T2) was set in the
range of 1400–1500 1C. The TSS regimes were shown in
Table 1.

3.3. Two step sintering

The as milled WC–40 vol% Al2O3 powders were firstly
consolidated under TSS1 and TSS41 (1600 1C/3 min-
1450 1C/2 h) regimes to determined the optimum first step
temperature (T1) according to their properties. The relative
density (r1) and grain size (d1) of the TSS1 samples and
that of TSS41 samples were shown in Fig. 3c. From Fig. 3c,
it could be indicated that although the relative density of
the TSS1 samples was higher than that of TSS41 samples
due to the higher first step sintering temperature, the grain
size of the TSS1 samples was larger than that of TSS41
sample, as a result, the mechanical properties of the TSS1
Table 1

Two step hot pressing sintering schedules designed in this experiment.

Regimes T1 (1C) T2 (1C) Holding time at T2 (h)

TSS1 1650 1450 2

TSS2 1600 1400 2–4–6

TSS3 1600 1500 2–4–6

TSS4 1600 1450 2–4–6
sample was lower than that of TSS41 sample, indicating
that 1650 1C was too high to be chose as the first step
temperature, and 1600 1C with large densification rate and
small grain growth rate was the proper first step
temperature.
According to Chen and Wang [4], when the relative

density reached 75%TD for Y2O3, pores became subcritical
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and unstable against shrinkage. The dispersed open pores
could pin grain boundaries and hinder grain boundary
migration, for which the grain growth was suppressed.
However, a relative density higher than 85%TD was
necessary for SiC ceramics [23], and in the case of alumina,
a relative density of 92% TD was needed to obtain closed
porosity [31]. Our experiment had shown that 75%TD was
not sufficient in the case of the WC–40 vol% Al2O3

composites, and a relative density of at least 90%TD must
be achieved before the second low temperature sintering
step was applied.

Fig. 3a shows the relative density and grain size versus
holding time at 1400 1C for WC–40 vol% Al2O3 composites
firstly heated up to 1600 1C (TSS2). When the holding time
at 1400 1C increased from 0 to 2 h, rapid densification and
no remarkable change of the grain growth were observed.
However, holding the specimen for a period from 2 to 6 h at
1400 1C indicated obvious grain growth from 2.08 mm to
4.44 mm while no remarkable change in the final relative
density which only reached 96%TD at last. The reason for
the stops of the densification before achieving fully density
in TSS2 was attributed to the low T2, at which the surface
diffusion (SD) was the main sintering mechanism [4].
To confirm the main sintering mechanism of 1400 1C,
samples were conventionally hot pressed at 1400 1C. The
relative density was 85%TD with little improvement even
the holding time was increased to 6 h, and a finger-like
growth of WC particles occurred, indicating that the
sintering mechanism via SD was performed at 1400 1C
through the diffusions of atoms along the surface of nearby
particles [13]. At the T2 lower than the critical one, SD
contributed to grain growth without densification. Densifi-
cation mechanisms such as GBD and volume diffusion
(VD) were not active. Densification occurring only when the
distances between the centers of the crystallites were
diminished, of course, would be impossible without GBD
and VD [7]. As a result, when the samples were consolidated
under TSS2 regime, the noticeable grain growth coincided
with the densification exhaustion were obtained.

The relative density and grain size evolution of the
samples firstly heated up to 1600 1C then followed by
sintering at 1500 1C for up to 6 h (TSS3) were illustrated in
Fig. 3b, both the relative density and grain size increased
dramatically. With the increasing holding time, a nearly
full density of 99%TD was achieved while a significant
grain growth from 2.78 mm to 5 mm was observed, that is,
Table 2

Mechanical properties of WC–40 vol% Al2O3 composites sintered under CS a

Sintering method Regimes Sintering conditions (temperature/holding time

CS CS1 1540 1C/90 min [4]

CS3 1450 1C/6 h

TSS TSS2 1600 1C/3 min-1400 1C/6 h

TSS3 1600 1C/3 min-1500 1C/6 h

TSS4 1600 1C/3 min-1450 1C/6 h
coarse structure with a much larger grain size than that of
the samples achieved under CS1 (1540 1C for 90 min,
2.79 mm) was obtained. As shown in Figs. 3c, r2 and d2
indicated the relative density and the grain size of the
samples sintered at 1540 1C for 90 min. The grain size
increased continuously with densification during the sinter-
ing of the TSS3 regime attributed to the active GBM at the
higher T2 of 1500 1C.
Fig. 3a and b illustrated how important the T2 might be.

Low T2 of 1400 1C failed to eliminate the residual porosity,
but high T2 of 1500 1C led to an uncontrolled grain
growth. Accordingly, there was a critical temperature of
1450 1C proper for T2.
Under the TSS4 regime, T1 and T2 were 1600 1C and

1450 1C. The relative density and the grain size as a
function of the holding time at T2 was shown in Fig. 3c.
As indicated in Fig. 3c, a nearly full density of 99% was
obtained; holding the samples at T2 led to a remarkable
densification (from 96%TD to 99%TD) while no obvious
grain growth (from 2.19 mm to 2.38 mm). Compared with
the relative density (98%TD) and grain size (2.79 mm) of
the samples consolidated under CS1, samples under the
TSS4 regime had a higher relative density (99%) while a
decreased grain size (2.38 mm), as a result, improved
mechanical properties were obtained, as shown in
Table 2. This result demonstrated the feasibility and
highlighted the successful role of two step sintering method
on the WC-40 vol% Al2O3 composites.
The successful effect of TSS4 regime could be attributed

to the selection of proper T1 at which a critical density
could be reached and the optimum T2 at which grain
growth was inhibited while the densification could be
continued. Accelerated grain growth in the final stage of
CS was due to the collapse of open pores which could
suppress grain growth by pinning grain boundaries and
hindering GBM to form closed pores, resulting in the
substantial decrease in pore pinning effect, trigging the
accelerated grain growth [9]. While under TSS4 regime,
after the first step sintering, pores become subcritical and
unstable against shrinkage during the second step sinter-
ing, the fine and uniform pore microstructure, which
minimized diffusion distance, could maximize densification
kinetics and bring the microstructure to the full dense
state. On the other hand, GBM dominated by grain
boundary mobility at higher temperature was controlled
by the junction mobility at lower temperature. During the
nd TSS regimes.

) Vickers hardness HV30 Fracture toughness KC Flexural strength s
(GPa) (MPa m1/2) (MPa)

18.6570.57 10.4370.68 756733

16.4370.26 9.8270.41 748757

18.8970.31 11.1770.60 1125720

19.6070.24 11.3770.65 1149736

19.7170.27 12.0070.37 1285747



H. Qu, S. Zhu / Ceramics International 39 (2013) 5415–54255420
second step sintering of the TSS4 regime, the junction
became immobile and junction drag occurred, so the GBM
was suppressed inhibiting the grain growth successfully [9],
accompanying the GBD, the samples combining a nearly
full density and a small grain size were obtained.

Fig. 4 shows the grain size-density trajectories, summar-
izing the effects of different sintering regime of WC–
40 vol% Al2O3 composites on the densification and grain
growth processes. Results of CS1 were also added [25].
It can be seen that with a holding time of 90 min, the density
reached 96% TD even when the sintering temperature was
only 1440 1C. With the increasing of sintering temperature, a
typical parabolic grain size-density trajectory curve was
observed, indicating that the grain size increased continu-
ously with the densification. The nearly full density of 99%
TD was achieved in the sample sintered at 1750 1C for
90 min, however, with an obvious large grain size of
6.42 mm, consisting with the common sintering experience
that the final stage of densification was normally accom-
panied by fairly appreciable grain growth [32].

The grain size-density trajectory curve of CS2 was much
more flatted compared with that of the CS1, as could be
seen in Fig. 4. Due to the short holding time of CS2 regime,
the grain growth was inhibited by the high porosity. The
grain size of CS2 sample at nearly full density was finer
than that of the CS1 sample, because for the powder
systems in which the activation energy for densification
was greater than that for grain growth, fast heating to high
temperature could lead to high dense and fine grain sized
microstructure.

When the TSS4 regime was applied to the samples, the
significant grain growth usually occurring during the final
stage of densification was absent. With the increasing
holding time from 2 h to 6 h at T2 of 1450 1C, the relative
density reached 99%, while the grain size was only
2.38 mm. From the grain size/density trajectory of TSS4
regime, it was indicated that TSS4 regime resulted in nearly
full dense specimens with the smallest average grain size
compared to CS1 and CS2 regimes. This means that TSS4
Fig. 4. Grain size-density trajectories of the WC–40 vol% Al2O3 compo-

sites sintered through various regimes.
was capable of producing a nearly full dense microstruc-
ture accompanied by a suppressed grain growth. Accord-
ingly, improved mechanical properties were obtained.

3.4. Microstructure evolution in two step sintering process

The backscatter electronic (BSE) FE-SEM images of the
polished WC–40 vol% Al2O3 composites consolidated
under CS1 regime (1540 1C for 90 min), TSS4 regime
(T1¼1600 1C for 3 min, T2¼1450 1C for 6 h) and CS3
regime (1450 1C for 6 h) were shown in Fig. 5, showing the
different matrix and particulates morphologies of the
samples after sintering under different regimes. According
to the EDS analysis, the black region contrasts Al2O3 and
the white region contrasts matrix WC. The backscatter
electronic (BSE) FE-SEM images of the fracture surface of
WC–40 vol% Al2O3 composites consolidated under differ-
ent sintering regimes were shown in Fig. 6.
Compared Figs. 5a and 6a with Figs. 5b and 6b,

respectively, it can be seen that the refined microstructure
and reduced grain size were obtained in the samples under
TSS4 regime. According to Fig. 3c, the obviously increased
relative density of the samples under TSS4 regime was
higher than that of the samples consolidated under CS1
regime. This could be explained with the model created by
Zhao and Harmer [33–35]. For the final sintering of the
ceramics materials, the rate ratio (r) can be defined as
the quotient of densification rate and grain growth rate.
If r41, the densification rate would exceed the grain growth
rate and the piece would densify. If ro1, the grain growth
rate would exceed the densification rate and abnormal grain
growth could occur, inhibiting densification. During the
early CS process, rapid densification occurred with slight
grain growth. However, when density reached 80%–90%
TD, the grain size began to increase quickly and densifica-
tion slowed, which resulted in the decrease of r. Therefore,
the discontinuous growth of grains can be detected, and the
density was not very high. While, during the TSS process,
the relative density reached critical values first which could
favor the densification process. Then the TSS4 regime could
enable the value of r to a greater possible extent, and make
sure the further densification to a higher value without fast
grain growth. Hence, samples consolidated under TSS4
regime were found to be uniform and compact with smaller
grain size.
To emphasis the importance of T1, the as milled powders

were hot pressed at 1450 1C for 6 h under the CS method
(CS3). The polished microstructure and fracture surfaces of
CS3 samples were shown in Figs. 5c and 6c. As shown in
Fig. 5c, some pores could be observed on the polished
surface of the samples, indicating that the relative density
of the CS3 sample (r3 in Fig. 3c) was lower than that of the
TSS4 samples, while as could be seen in Fig. 6c, the grain
size (d3 in Fig. 3c) was larger than that of the TSS4
samples. It could be illustrated that the samples with-
out the pre-sintering at the first step sintering (T1) could
not achieve a full density and inhibit the grain growth.



Fig. 5. Backscatter electronic (BSE) FE-SEM images of the polished

WC–40 vol% Al2O3 composites consolidated under (a) CS1 regime

(1540 1C for 90 min), (b) TSS4 regime (T1¼1600 1C for 3 min,

T2¼1450 1C for 6 h) and (c) CS3 regime (1450 1C for 6 h).

Fig. 6. Backscatter electronic (BSE) FE-SEM images of the fracture

surfaces of WC–40 vol% Al2O3 composites consolidated under (a) CS1
regime (1540 1C for 90 min), (b) TSS4 regime (T1¼1600 1C for 3 min,

T2¼1450 1C for 6 h) and (c) CS3 regime (1450 1C for 6 h).

H. Qu, S. Zhu / Ceramics International 39 (2013) 5415–5425 5421
Pre-sintering at T1 was important because of the critical
density obtained during the first step sintering. Without
pre-sintering at T1, the density of the sample was below
the critical density, particle coarsening and repacking were
the mechanisms responsible for densification [5]. Although
the grain growth was achieved by GBD, which typically
had lower activation energy than GBM, some repacking
events could require more robust kinetics available only
at a higher temperature. If the sample was firstly sintered
at a higher T1 and a critical density was reached, the pores
become subcritical and unstable and can be filled as long
as GBD was allowed. Therefore, a lower T2 would suffice
as long as it was not too low to exhaust diffusion
[36]. It could also be seen from Fig. 6 that fracture surfaces
of the samples under different sintering regimes were
characterized by a mixed mode of intergranular and
transgranular fracture but dominated by the transgranular
fracture mode.
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3.5. Phase transformation in two step sintering process

Phase transformation of Al2O3 starting material com-
posed of amorphous Al2O3, boehmite (AlOOH) and
w-Al2O3 during TSS process was investigated. As shown in
Fig. 7, peaks of a-Al2O3 were observed in the samples hot
pressed at 1600 1C for 3 min, indicating that transitional
Al2O3 and amorphous Al2O3 were transformed to a-Al2O3

during the first step sintering. This agreed with the results of
our previous work as reported in [25], for the samples hot
pressed under CS regime, with the increased sintering
temperature, amorphous Al2O3 and AlOOH transformed
to g when the as milled powders were sintered at 961 1C for
90 min, and all the transitional Al2O3 and amorphous Al2O3

were transformed to a-Al2O3 completely when the premixed
powders were sintered at 1100 1C for 90 min.

The differences was that the sintering temperature used to
investigate the phase transformation during TSS was higher
but the holding time was shorter than that reported in [25],
revealing that although both the sintering temperature and
holding time were important factors of the sintering process,
the influence of sintering temperature on the phase transfor-
mation of Al2O3 was much more obvious than that of holding
time, and the transformation process during the TSS process
probably occurred through the same path as in the CS
process. According to [25], phase transformation of the
transitional Al2O3 could result in smaller grain size of a-
Al2O3. For the samples under TSS regimes, smaller initial gain
size was beneficial to the obtaining of small final grain size. As
second phase toughening particles, smaller particle size of
Al2O3 could lead to better toughening effect for WC–40 vol%
Al2O3 composites. As a result, phase transformation of Al2O3

during TSS was a positive factor to the improvement of
mechanical properties of WC–40 vol% Al2O3 composites.
3.6. Mechanical properties

Mechanical properties of WC–40 vol% Al2O3 compo-
sites sintered under CS and TSS regimes were shown in
Fig. 7. XRD patterns of WC–40 vol% Al2O3 composites sintered at

1600 1C for 3 min.
Table 2. It could be seen that the Vickers hardness,
fracture toughness and flexural strength of the samples
consolidated under the TSS4 regime were higher than that
of the samples sintered under the CS1 and other TSS
regimes. The improvement of mechanical properties could
be due to the contribution of smaller grain size and
improved relative densities to them.
A well known empirical dependence of hardness on

porosity and grain size for ceramics is given by [37]

HV¼Kd�ae�bp ð2Þ

where HV is the Vickers hardness; d is grain size; p is
porosity in the specimen, its variation is from 1% to 4%;
K, a and b are empirical constants, a can be approximated
to be 0.5 [37]. From the non-linear curve fitting results
using Matlab, the variation of K is from 29.23 to 51.42, the
variation of b is from �0.55 to 17.04. It can be indicated
that the grain size and porosity of the samples were the
most effective criteria for the final values of the hardness.
It could be illustrated that the hardness of samples
consolidated under TSS2 regime did not be improved
obviously compared with that of the samples sintered
under the CS1 regime attributed to its lower relative
density and larger grain size, as illustrated in Fig. 3c and
Fig. 4.
For the samples under TSS3, the relative densities were

improved, however, the grain growth was observed. At the
initial sintering stage at T2, the increase in relative density
was a dominating factor for the increase of Vickers
hardness; while in the final sintering stage, the deteriorate
effect of grain growth overweighed the positive influence of
the improved relative density, as a result, the Vickers
hardness decreased. As to the samples under TSS4, the
highest Vickers hardness did strongly depend on the nearly
full density and inhibited grain growth.
Fracture toughness is a property that materials resist to

the propagating cracks. Accordingly, the higher volume of
grain boundaries could effectively hinder the crack propa-
gation, and dense and refined microstructure were benefit
for the improvement of it. Fig. 8 indicated the FE-SEM
images of Vickers indentation crack extension path of
WC–40 vol% Al2O3 composites consolidated under TSS4
regime. It can be seen that the crack width was narrow and
many crack deflections and crack bridges were observed.
These effects required more external load to force the
crack to propagate further improving the fracture tough-
ness and the flexural strength. As a result, the fracture
toughness varied from 10.43 to 12.00 MPa m1/2.
The flexural strength represented the similar trend like

the influence of grain size and relative density variation on
the Vickers hardness, because flexural strength also had
close relationship with porosity and grain size of the
samples as follows [38]

s¼ s0 exp �k1að Þ ð3Þ

s¼ s0þk2d�m ð4Þ



Fig. 8. FE-SEM image of Vickers indentation crack extension path of

WC–40 vol% Al2O3 composites consolidated under TSS4 regime.

Fig. 9. 3D SPM images showing the particulate/matrix interfacial microst

(T1¼1600 1C for 3 min, T2¼1450 1C for 6 h).
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where s is the flexural strength; d is grain size; a is residual
porosity, its variation is from 1% to 4%; s0 is the flexural
strength of materials without defect, its best non-linear
curve fitting result is 1347 MPa; k1, k2 and m are experi-
mental coefficients, the variation of k1 is from 4.83 to 7.34,
the variation of k2 is from �696.1 to 34.07, the variation
of m is from �1.29 to 0.72. This equation indicated that
the flexural strength would increase with the decreasing
porosity, this agreed with the lower flexural strength of
samples under TSS2 regime. For the samples under the
TSS regime (TSS3 and TSS4), with the increasing holding
time at T2, the decrease of porosity was obviously benefit
to the flexural strength; however, at the final stage of
sintering, the relative density of the samples was almost
constant, the flexural strength of the samples would be
controlled by grain size. If the sintering regime was not
ructures of (a) CS1 regime (1540 1C for 90 min) and (b) TSS4 regime
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proper, for example the TSS3 regime with higher T2, longer
holding time led to the quick and irregular grain growth,
which was one of the reasons causing the reduction of
flexural strength. While in the TSS4 regime, grain growth
could be effectively inhibited during the final stage of
sintering, resulting in the enhanced flexural strength.

The 3D SPM images were made on the polished surface
of the composites to clarify further toughening effect
responsible for the enhanced flexural strength. Fig. 9 shows
the particulates/matrix interfacial microstructure of the
samples sintered under CS1 and TSS4 regimes. It can be
seen that, the morphology of the samples obtained under
CS1 regime was rough and fluctuated, as shown in Fig. 9a,
which was due to the large and incompletely separated
Al2O3 toughening particulates. However, under the TSS4
regime, the SPM image presented in a much more
smoothened and dispersed appearance, and the Al2O3

toughening particulates had continuous and compatible
interfaces with the matrix, as can be seen in Fig. 9b. In
addition to the refined and nearly full dense microstruc-
ture, the flexural strength was greatly enhanced from 756
to 1285 MPa. The flexural strength was comparable with
that of the WC–(3–8) wt% Co cemented hard alloys
(1150–1650 MPa) [39].

4. Conclusions
(1)
 The feasibility of two step sintering method to the WC–
40 vol% Al2O3 composites was demonstrated and the
optimum TSS regime was investigated. The first step
temperature (T1) was selected comprehensively accord-
ing to the densification rate and grain size during the
conventional sintering. The second step temperature
(T2) was chose according to the relative density, grain
size and mechanical properties of the TSS regimes.
(2)
 Two step sintering conducted at T1¼1600 1C and
T2¼1450 1C (TSS4) significantly prohibited the grain
growth in the final stage of hot pressing of WC–
40 vol% Al2O3 composites without deteriorating the
densification process. Under TSS regimes with a lower
second step temperature (1400 1C), a relative density of
only 96%TD was observed even the holding time
increased to 6 h due to the surface diffusion, while
under TSS regimes with a higher second step tempera-
ture (1500 1C), a noticeable grain size of 5.00 mm was
obtained.
(3)
 When the as milled WC–40 vol% Al2O3 powders were
hot pressed under TSS4 regime, a relative density of
99% and a grain size of 2.38 mm were obtained, and an
excellent Vickers hardness of 19.71 GPa was achieved,
combining a fracture toughness of 12 MPa m1/2 with
an acceptable flexural strength of 1285 MPa. Com-
pared with the nearly full densified samples consoli-
dated under CS1 regime (1540 1C for 90 min), the grain
size decreased (2.79 mm for the CS1 sample), the
Vickers hardness, fracture toughness and the flexural
strength were all improved (18.65 GPa, 10.43 MPa m1/2,
756 MPa for the CS1 sample) due to the refined micro-
structure and the transgranular fracture mode.
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