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Abstract

WC-40 vol.%Al,05 composites were prepared by high energy ball milling followed by hot pressing. The tungsten carbide (WC) and
commercial alumina (Al,O3) powders composed of amorphous Al,O3, boehmite (AIOOH) and x-Al,O5; were used as the starting materials. The
phase transformation during sintering, the influence of sintering temperature and holding time on the densification, microstructure, Vickers
hardness and fracture toughness and the toughening effects of WC—40 vol.%Al,03 composites were investigated. The results showed that the
amorphous Al,O;, AIOOH and x-Al,O3 were transformed to a-Al,0; completely during the sintering process. With the increasing sintering
temperature and holding time, the relative density increased and both the Vickers hardness and fracture toughness increased initially to the
maximum values and then decreased. When the as milled powders were hot pressed at 1540 °C for 90 min, a relative density of 97.98% and a

maximum hardness of 18.65 GPa with an excellent fracture toughness of 10.43 MPa m
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12 of WC—40 vol.%Al,05 composites were obtained.
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1. Introduction

Among the hard alloys, tungsten carbide (WC) has achieved
significant scientific and technological attention for use in
cutting tools, drilling and mining equipments due to its
excellent properties, such as high melting point, superior
hardness and strength, low friction coefficient, good electrical
conductivity and intrinsic resistance to oxidation and corrosion
at high temperature. However, the relatively low value of
fracture toughness, poor ductility and shock resistance of
monolithic WC limits its applicability under severe conditions
such as for high speed cutting tools [1]. Metallic cobalt (Co) is
usually used as binder material to improve several mechanical
properties of WC. Embedding the WC grains, the naturally
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ductile Co metal serves to offset the characteristic brittle
behavior of WC ceramic, thus raise its toughness and durability
[2,3]. Since Co has low melting point, when the WC—-Co
composites are used as cutting tools, the Co phase will be
oxidized during the cutting process, because of the raised
temperature induced by the increase of cutting speed. In
addition, Co has other shortcomings, namely, poor corrosion
resistance, high cost and environmental toxicity, which limit the
use of WC—Co materials in industrial applications [4]. In the
past few decades, Co binder was replaced by Ni [5], Fe [6], TiC
[71, ZrO, [8], Fe;Cl [9], MgO [10,11], etc., significant
researches efforts have been focused on developing WC with
none metallic binders.

Among them, Malek et al. [8] consolidated WC-ZrO,
composites combining a hardness of 25.48 GPa with a fracture
toughness of 6 MPam'? using spark plasma sintering. Hot
pressing sintered WC-MgO composites with a Vickers
hardness of 1543 GPa and a fracture toughness of
9.58 MPa m'? were consolidated by Ma et al. [12]. AL,O5 is
another refractory oxide with low price, superior hardness, high
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resistance to oxidation and corrosion at high temperature. As
the melting point of Al,O5 is lower than that of ZrO, and MgO,
the sintering temperature of WC-Al,0O3 will be lower than that
of WC-ZrO, and WC-MgO composites. In addition, Al,O5 is
inexpensive compared to Co, ZrO, and MgO, indicating that
the WC-Al,0O3 composites will be lighter, much more
economical and suitable for industrial application.

Recently, we have attempted to synthesis Al,O3 particulate
toughened WC matrix composites using hot pressing method.
Thermodynamic consideration of reaction between WC and
Al,O5 reveals that WC and Al,O; have good adopting
characteristics, as there is no reaction and no interface phase
between them. The thermal expansion coefficients of Al,O5 and
WC are 8.8 x 107 °K™" and 3.84 x 107 ° K™, respectively
[13]. Although they are of the same magnitude order of 10, the
mismatch between them would create residual stresses and
induce complex residual stress field on the WC/AlL,Oj interfaces
to influence the mechanical properties of the samples.

Some previous studies investigate the synthesis of WC-
Al,O3 powders. Sherif and El-Eskandarany [14] synthesized
nanocomposite WC-Al,O; powders from WO5;, Al and
graphite by high-energy reactive milling and subsequently
consolidated the powders by plasma-activated sintering.
Pallone et al. [15] investigate the synthesis of WC-AIL,O3
composites by high-energy reactive milling, adding Al,O5 and
C to obtain Al,O3;—WC composites. The effect of aluminum
content on the behavior of mechanochemical reactions and the
control of carbon loss during synthesis of WC—-Al,03 powders
were studied by Sakaki et al. [16,17]. Some studies are carried
out to investigate the sintering of WC-a—Al,O3; composites.
Endo and Ueki [18] obtained WC—-AI,O3 composites by both
hot pressing and pressureless sintering. The sintering and
properties of Al,O3;—WC composite with a substantial WC
content up to 80 vol.% were studied by Huang et al. [19].

Despite numerous papers on the synthesis and characteriza-
tion of WC-AI,O3 powders and WC-Al,O5; composites with a-
Al,Oj as the starting materials, little information is available on
the sintering parameters and phase transformation process of
WC-Al,03 composites with commercial Al,O3 composed of
AIOOH, x-Al,O3; and amorphous Al,O; as the starting
materials. The aims of present work are to synthesis the
commercial Al,O5 particulate toughened WC matrix compo-
sites by hot pressing method, and investigate the effects of
sintering temperature and holding time on the densification,
microstructure evolution and room temperature properties of
consolidated bulk. Meanwhile, the process of phase transfor-
mation during the sintering and its effect on the toughening of
WC—40 vol.% Al,O; composites are discussed.

2. Experimental procedure

Commercial powders of WC (74 wm, 99% purity, Sino-
pharm Chemical Reagent Co. Ltd.) and Al,O5; (composed of
AIOOH, x-Al,O3 and amorphous Al,0O3; 150 pm, 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 radio 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 as milled powders were cold pressed and the shrinkage
of the green compact were studied in a dilatometer (DIL402C
Netzsch) up to 1500 °C at a heating rate of 5 °C/min with N,
flow at 50 ml/min to study the densification process and
determine the range of sintering temperature. Then the as
milled powders were hot pressed using a vacuum hot pressing
furnace (ZT-40-20YB, Shanghai Chen Hua Electric Furnace
Co. Ltd.) in the range of 1440-1740 °C under a pressure of
39.6 MPa (applied already from the start) in a vacuum (about
1.3 x 107! Pa) atmosphere for 60 min, 90 min and 120 min,
respectively. The heating rate of the hot pressing was 10 °C/
min. Carbonic paper with a thickness of 0.2 mm was used to
prevent adhesion between powders and the die. The thermo-
electric couple and infrared thermometer were selected to
measure the temperature, located in the surface of the mold.

The phase identification of the as milled powders and
sintered samples were investigated by X-ray diffraction (XRD)
using a D/max-2550PC (Rigaku Co., Japan) X-ray diffract-
ometer with a Cu K, radiation (A = 0.15418 nm) at 400 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).
The polished and etched samples were characterized by JSM-
5600LV (JEOL Co., Japan) scanning electron microscope
(SEM). The JEOL JEM-2100F Transmission Electron Micro-
scope (TEM) was also used to investigate morphologies of the
powders. The density of the sintered samples was 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.
[20]. The fracture toughness values were derived from the
average of 10 measurements. The samples were ground and
polished by standard ceramographic methods and then etched
in a Murakami’s reagent consisting of Fes;[K(CN)g] (10 g),
KOH (10 g) and distilled water (100 ml) for 5 min to expose the
grain boundary of WC; The WC grain size and Al,Oj3 particle
size were estimated, respectively, by the linear intercept
method. For each sample, at least three images were taken of
the microstructure; in each image a minimum of five line
segments were assessed.

3. Results and discussion
3.1. Powder characterization

The XRD patterns of commercial Al,O; powders used in
this study were shown in Fig. la. It indicated that the
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Fig. 1. XRD patterns of (a) commercial Al,O; powders used in this study, (b)
WC powders premixed with 40 vol.% commercial Al;O5 powders ball milled
for O h, and (c) partially magnified XRD patterns of (b).

commercial Al,O; powders were consisted of a great quantity
of amorphous Al,O5; and trace amounts of AIOOH and x-
Al,O3. Fig. 1b shows the XRD patterns of WC powders
premixed with 40 vol.% commercial Al,O3 powders ball milled
for 0 h. The peaks of AIOOH and x-Al,O3; were not observed in
Fig. 1b due to the small content and their low intensity
compared with that of WC. However, the partially magnified
XRD pattern of Fig. 1b, as shown in Fig. lc, confirms the
existence of AIOOH and x-Al,O;.

Fig. 2 shows the XRD patterns of WC—40 vol.%Al,03
powders ball-milled for different hours. During the milling
process, only peaks belonging to WC were observed, indicating
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Fig. 2. XRD patterns of WC—40 vol.%Al,0; powders ball-milled for different
hours.

that no composition changes took place, and phase transforma-
tion of AIOOH, x-Al,O3 and amorphous Al,O3 did not occur.
During the ball milling process, the AIOOH and x-Al,O3 were
refined and the particles were too small to be detected. With the
increase of milling time, the XRD peaks of WC broadened and
the intensity decreased in response to decreasing crystalline
size, as well as increasing lattice strain.

From the secondary electron (SE) image of the WC-
40 vol.%Al,03 composites ball milled for 50 h, it can be seen
that the powders were consisted of a mixture of fine and large
grains of the product particles, as shown in Fig. 3a. The particle
size varied from 46.67 to 573.33 nm in diameter. The bright

Fig. 3. (a) SEM, (b) BFI, (c) the corresponding SADP and (d) HRTEM micrograph of the WC—40 vol.%Al,03 powders ball-milled for 50 h.
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field images (BFI) of the end product are shown in Fig. 3b.
Obviously, the dark grains and grey grains are WC and Al,Os.
Fig. 3c shows the selected area diffraction pattern (SADP) of
the end product taken at the middle of the micrograph.
According to the XRD results shown in Fig. 1, there are
amorphous Al,O5 and crystalline WC in the starting powder.
From Fig. 2, it can be seen that the phase transformation and
crystallization of the amorphous Al,O3 did not occur. So there
should be still some amorphous Al,O3 existed in the milled
powders. As shown in Fig. 3c, the diffuse diffraction rings
indicates the existence of amorphous Al,O; and the much
stronger diffraction lines stands for the crystalline parts of WC.
The internal structure of the powder end product was studied by
HRTEM technique. The HRTEM micrograph of this product is
presented in Fig. 3d. The deep black grain belongs to WC, as
indicated by the lattice-fringe image (0.284 nm), which is
oriented to the (0 0 1) plane.

3.2. Densification and phase analysis

Densification studies are carried out in both the hot pressing
furnace as well as a dilatometer in N, atmospheric conditions.
The relative density of WC—40 vol.%Al,0; bulk composites
after hot pressing at different temperature with varying holding
time is shown in Fig. 4. It can be observed in Fig. 4 that, when
the samples were sintered for a same holding time, the relative
density of WC—40 vol.%Al,05 bulk composite were enhanced
with the increasing sintering temperature, while, when the
samples were sintered at a same sintering temperature, the
improvement of the relative density were recorded with a
corresponding elongated holding time. The highest bulk density
was 99.77% attained for the composite powder sintered at
1700 °C for 2 h. With the increasing temperature, the relative
density is improved, bringing about the decrease of the amount
of porosity, while the grain growth occurs (Figs. 8 and 9) and
the Vickers hardness and fracture toughness decrease (Fig. 10).
Thereby, it indicated that the degree of the deterioration to the
Vickers hardness and fracture toughness caused by grain
growth overweighs the enhancement contributed by the
decreased amount of porosity.
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Fig. 4. The relative density of WC—-40 vol.%Al,05 bulk composites as a
function of the sintering temperature and holding time.
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Fig. 5. Sintering shrinkage curve and its differential curve of as milled WC-
40 vol.%Al,0; powders.

The sintering shrinkage curve and its differential curve of as
milled WC—40 vol.%Al,O5; powders were illustrated in Fig. 5.
From Fig. 5, it can be seen that the shrinkage of WC-
40 vol.%Al,03 powder compact started at 227 °C and three
obvious shrinkages in the temperature range from 753 °C to
784 °C, 940 °C to 1068 °C and 1068 °C to 1134 °C were
observed with the increasing temperature. The maximum
shrinkage rates of the shrinkage ranges were 769 °C, 961 °C
and 1100 °C, respectively. The shrinkages of the powders are
due to the effects of sintering and the phase transformation of
the amorphous Al,O3, AIOOH and x-Al,Os.

To investigate the actual sequence of phase transformation
of WC—40 vol.%Al,03 composites during hot pressing process,
the premixed powders were sintered under load in vacuum
atmosphere at predetermined temperatures of 769 °C, 961 °C,
1100 °C, 1540 °C and 1690 °C for 90 min, respectively. The X-
ray patterns of the sintered samples are shown in Fig. 6.

From Fig. 6a, it can be seen that, when the premixed WC and
commercial Al,0O3 powders were sintered at 769 °C for 90 min,
only the peaks of WC were observed, indicating that the
shrinkage in the range from 227 °C to 784 °C was due to the
loss of physically bonded water.

What exactly happens with the H,O (the quantitative
analysis) is difficult to measure during the hot pressing,
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Fig. 6. XRD patterns of as milled powders sintered at (a) 769 °C for 90 min, (b)
961 °C for 90 min, (c) 1100 °C for 90 min, (d) 1540 °C for 90 min, and (e)
1690 °C for 90 min.
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however, there is not a large amount of water vapor generated
from the boehmite conversion, as can be deduced from the
intensity of boehmite peaks in the XRD patterns shown in
Fig. 1. Most of the water vapor from the boehmite conversion
can escape from the composites, as there are continuous load
and high temperature applied to the composites during hot
pressing. Minor amount of the vapor become to be residual
pores, the effects of which on the density is not obvious
according to the high density of the composites.

The phases of the sample sintered at 961 °C for 90 min were
C, WC, W and vy-Al,0O5 (Fig. 6b). It is demonstrated that the
shrinkage range of 940-1068 °C is attributed to the phase
transformation of amorphous Al,O3 and AIOOH to y and WC
is decarburized seriously to C and W due to the low degree of
vacuum during the sintering. The decarburization of WC to C
and W is thought to proceed in the following three stages [21]:

2WC — W,C +C (D
W,C + 1/20, — W»(C, 0) (2)
W,(C,0) —2W + CO 3)

The first reaction is the classical one for WC decarburiza-
tion. The degree of the powder’s resistance to decarburization
depends on the amount of WC or W,C in the powder and on the
oxygen content. The degree of vacuum during the sintering is
low when the powders are hot pressing at 961 °C. As a result,
there is a high concentration of oxygen in the furnace in
addition to the oxides contained on the powders’ surface. So the
W,C is decarburized into W.

All the transitional Al,O; and amorphous Al,O; were
transformed to «-Al,O; completely when the premixed
powders were sintered at 1100 °C for 90 min, as shown in
Fig. 6¢c. Phases of W are detected as well attribute to the
decarburization of WC.

When the as milled powders were sintered at 1540 °C for
90 min, the decarburization of WC was not as serious as that of
1100 °C, however, a minor amount of C and W (20 = 40.26°)
besides WC and «-Al,0; were observed in Fig. 6d. The
existence of a minor amount of W could contribute to a metal
particle toughening effect to the composites. This is one of the
reasons for the high fracture toughness of the sample sintered at
1540 °C for 90 min. There are two possible reasons for the
reduction of the content of W. On the one hand, when the
sintering temperature is 1540 °C, the vacuum degree is higher
than that of 1100 °C, the content of W decarburized from WC is
decreased. On the other hand, the graphite die/punch set-up
used during hot pressing is a potential carbon source that might
recarburize the tungsten generated at lower temperature into
WC by carbon interdiffusion.

The XRD pattern of as milled powders sintered at 1690 °C
for 90 min is shown in Fig. 6e. Except for the peaks of WC,
peaks belonging to a-Al,O3 and W,C were identified. No other
new phases could be identified even at 1690 °C, indicating that
there is no reaction and no interface phase between WC and
Al,0O3 and they have good adopting characteristics. W,C was
formed during the sintering process. The WC and Al,O3

powders have been expected to contain surface oxides. When
the powders are sintered under vacuum, the surface oxide is
reduced. In this case, carbon is consumed in the reduction of
surface oxide. Consequently, there is a lack of carbon to
maintain the WC and WC is decarburized. W,C phase forms
due to the decarburization of WC during sintering [22]. Ma
et al. [12] also observed the phenomenon of decarburization of
WC phase and the formation of W,C phase during the hot
pressing process. With the high hardness and low Young’s
modulus [23], W,C is generally thought to be a brittle phase
harmful to the properties of the sintered composite, however,
the formation and existence of W,C is unavoidable.

3.3. Microstructure evolution

Polished microstructure of some representative samples is
presented in Fig. 7a—e. The grey region contrasts Al,O5 and the
bright region contrasts matrix WC. Fig. 7a—c reveal the
microstructure of bulk samples sintered at 1440 °C, 1540 °C,
1640 °C for 90 min, respectively. It can be observed that grain
growth behavior occurred with the increasing sintering
temperature. There were larger Al,O5 and elongated faceted
WC particles in the sample sintered at 1640 °C (Fig. 7¢) than
that in the samples sintered at 1440 °C and 1540 °C (Fig. 7a and
b). From Fig. 7b, it can be seen that the particle size of both WC
and Al,O; was moderate, and Al,O; homogeneously dis-
tributed in the WC matrix.

During the hot pressing process, the grain growth is
unavoidable. At lower temperature, only surface diffusion
promotes the grain growth. At higher temperature, grain growth
is caused by the grain boundary migration, while grain
boundary diffusion can still be activated causing enhanced
density. Eq. (4) and (5) [24] can be used to describe the
relationship between grain boundary mobility (B) and the
coefficient of grain boundary diffusion (D).

B = D,/RT “)

D, = Doexp(—Qb/RT) %)

where B is the grain boundary mobility, Dy, is the coefficient of
grain boundary diffusion, Dy is the constant of grain boundary
diffusion, Q, is the activation energy of the grain boundary
diffusion, R is the universal gas constant, 7 is the sintering
temperature. It can be seen that higher sintering temperature
brings larger values of B and D,, indicating the more quick
grain growth speed. Accordingly, sintering temperature is one
of the important factors influencing the microstructure and
grain growth of the sintered composites.

The microstructure of the samples sintered at 1540 °C for
90 min, 60 min and 120 min were shown in Fig. 7b, d and e.
Particle growth was observed with a corresponding increase of
holding time. It indicates that holding time is another important
factor affecting the grain growth. However, the particle size of
the sample sintered at 1540 °C for 120 min was smaller than
that of the sample sintered at 1640 °C for 90 min. It reveals that
the influence of sintering temperature is much more obvious
than that of holding time and sintering temperature is the
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Fig.7. FE-SEM of the polished WC—40 vol.%Al,03 bulk composites sintered at (a) 1440 °C for 90 min, (b) 1540 °C for 90 min, (c) 1640 °C for 90 min, (d) 1540 °C

for 60 min, and (e) 1540 °C for 120 min.

dominant factor of the sintering process, although both the
sintering temperature and holding time are important factors of
sintering process.

The characteristic microstructures of the polished and
etched samples are shown in Fig. 8. A number of SEM photos
similar to that of Fig. 8 were used to evaluate the grain size of
WC and a number of FE-SEM images similar to that of Fig. 7
were used to evaluate the particle size of Al,Os. The particle
size of Al,O3 and the grain size of WC as a function of the
sintering temperature and holding time are shown in Fig. 9. For
the holding time of 90 min, the particle size of Al,O; increased
from 1.35 pm to 3.47 wm while the grain size of WC increased
from 2.13 pm to 4.35 pwm when the temperature increased from
1440 °C to 1640 °C (Fig. 9a). When the temperature is 1540 °C,
the particle size of Al,O3 increased from 1.59 wm to 2.1 pwm

while the grain size of WC increased from 2.19 pm to 3.7 pm
when the holding time increased from 60 min to 120 min (as
shown in Fig. 9b).

3.4. Effects of sintering temperature and holding time on
the properties of the sintered samples

Vickers hardness and fracture toughness of WC-
40 vol.%Al,05 bulk composites as a function of sintering
temperature and holding time were illustrated in Fig. 10a and b.
It is shown that both the Vickers hardness and fracture
toughness of WC—40 vol.%Al,0O3 bulk composites increased
until the appearance of the maximum values, and then followed
a decreasing trend with the increasing sintering temperature no
matter the holding time is 60 min, 90 min or 120 min. When the
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Fig. 8. SEM of the polished and etched WC—40 vol.%Al,03 bulk composites sintered at (a) 1440 °C for 90 min, (b) 1540 °C for 90 min, (c) 1640 °C for 90 min, (d)

1540 °C for 60 min, and (e) 1540 °C for 120 min.

samples were sintered at 1540 °C for 90 min, the optimum
hardness of 18.65 GPa was obtained. The excellent fracture
toughness of 10.46 MPam'"? was obtained in the samples
sintered at 1590 °C for 90 min. Both the Vickers hardness and
fracture toughness decreased obviously when the sample was
sintered at 1640 °C.

As described in Fig. 4, when the temperature was over
1590 °C, the density of the samples increased slowly, especially
when the holding time was 120 min, the density was almost
constant. The samples sintered for 60 min have lower relative
density and corresponding lower hardness compared with these
sintered for 90 min, indicating that shorter holding time is not
enough to get excellent properties. However, higher sintering
temperature and a longer holding time of 120 min lead grains to
growth quickly and irregularly, and induce the emergence of

large Al,O; and elongated WC particles, resulting in the
decrease of the Vickers hardness and fracture toughness.
When the powders were sintered at lower temperature
(T < 1540 °C) for a shorter holding time (f < 90 min), the
density of the sample increased quickly while the grain size
increased slightly (Fig. 9), so the influence of grain size is
probably not obvious, the effect of the decreasing porosity is
important. Both the Vickers hardness and fracture toughness
increased with the decreasing porosity (the increasing density).
When the hot pressing temperature was higher (7 > 1540 °C)
and the holding time was longer (¢ > 90 min), the density of the
samples increased slowly, while the particle size of Al,O3 and the
grain size of WC increased quickly, as shown in Figs. 8 and 9.
According to Fig. 10a and b, the Vickers hardness and fracture
toughness decreases with the increasing temperature and holding
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Fig. 9. The particle size of Al,O3 and the grain size of WC as a function of the
sintering temperature and holding time.

time, indicating that the lower hardness is due to the larger grain
size and the contribution of coarse grains to the increase of
fracture toughness attributed to the mechanisms of crack
bridging and crack deflection is not significant.

It is presumably that the residual thermal stress field induced
by the mismatch in the coefficients of thermal expansion (CTE)
of the matrix and the particulate when the composite is cooled
from the processing to the room temperature results in the
variation of the mechanical properties of the sintered samples.
For a finite volume fraction of particulates, the residual stress
(P;) for the particulates in the composites is [25]

P = 2AaATE,/[(1 + ) + 28(1 — 20,)En /E,) )
Aa =a, — ay, (7
AT =T, T, ()

where E,, E, are the Young’s modulus of the matrix and the
particulate; v,,, U, are the Poisson’s ratio of the matrix and the
particulate; a,,, , are the CTEs of the matrix and the particu-
late; 7, is the room temperature and 7, denotes the processing
temperature.

For the WC-Al1,05 composites, Ax > 0, the radial tensile
stress (o,) and the tangential compressive stress (o,) in the WC
matrix around the Al,Oj particulates are

o, = Pi(r/R)’ )

o: = —1/2P;(r/R)’ (10)

—#— 60min
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Fig. 10. (a) Vickers hardness, (b) Fracture toughness of WC—40 vol.%Al,0; as
a function of sintering temperature and holding time.

where r is the radius of the particulate; R is the distance away
from the matrix/particulate interface.

It can be seen that because Ao > 0, «;, > «,,,, the shrinkage
of the particulates during cooling is more obvious than that of
the matrix, especially when the radius of a particulate is greater
than the critical value, the particulate will be pulled off from the
matrix by a large enough tensile stress (o,), inducing micro-
cracks at the interface. If the interphase strength is high enough,
tangential micro-cracks will be generated in the WC matrix
surrounding the Al,Oj3 particulates [26]. Accordingly, when the
powders were sintered at lower temperature (7' < 1540 °C) for a
shorter holding time (¢ < 90 min), the residual stress was small
and the small residual stress could lead to the generation of
branch and deflection of the cracks which were benefit to the
increase of the fracture toughness. When the hot pressing
temperature was higher (7 > 1540 °C) and the holding time
was longer (# > 90 min), both the particulate size and the
residual stress reached a critical value, resulting in matrix
micro-cracks that can be easily connected with each other upon
external loading, reducing the fracture toughness of the
material.

Evaluating the Vickers hardness and fracture toughness
comprehensively, it reveals that the best sintering temperature
is in the range of 1540-1590 °C and the optimum holding time
is 90 min. According to the investigation of Huang et al. [19],
pure WC could only be densified at 1900 °C for 2—4 min at
60 MPa. The addition of the commercial Al,O5 into WC matrix
significantly reduces the sintering temperature required for
achieving full densification.
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Fig. 11. FE-SEM of Vickers indentation crack extension path of WC—40 vol.% Al,O5; composites sintered at 1540 °C for 90 min: (a) crack bridging and crack

deflection, (b) secondary crack, and (c) lateral crack.

3.5. Discussions on the toughening effects

The discussions on toughening effects are based on the study
of the crack path microstructure. Fig. 11a—c reveals the Vickers
indentation induced crack extension behavior in WC-
40 vol.%Al,05 composites. Fig. 1la illustrated the crack
bridging by the WC matrix particles (region A), and the crack
deflection when the crack tip reached Al,O; particles (region
B). Additionally, the crack propagation that broke the WC
matrix particles (region C) can also be observed in Fig. 11a.
Fig. 11b shows a secondary crack pattern during the indentation
crack extension. Lateral crack and crack deflection both of
which can provide restraining force for crack growth were
indicated in Fig. 1lc. In conclusion, crack bridging, crack
deflections, the generation of secondary crack and lateral crack
are dominant toughening mechanism in WC—40 vol.%Al,0;
composite.

Besides, it is interesting to consider the influence of phase
transformation of the amorphous Al,O3 and transitional Al,O3
on the fracture toughness of WC-Al,O3 composites. As stated
in Section 3.2, the amorphous Al,O3 and transitional Al,O3
transformed to a-Al,O3. The transformation of y to a-Al,O3
occurs by nucleation and growth process [27], and rearrange-
ment of particles occurs during the transformation [28].
Because of the difference in specific volume of boehmite
(0332 cm?/g) and «-Al,O5 (0.25 cm’/g), 24 vol.% porosity
develops in the body after transformation [29]. A considerable
amount of fine pores are redistributed throughout the compacts

during sintering. Although there will be some water vapor
generated from the boehmite conversion at the beginning stage
of the sintering, the amount of water vapor will be small, and
most of the water vapor can escape from the composites, only
minor amount of the water vapor become residual pores as
analyzed earlier, however, the effect of it on the density is not
obvious according to the high density of the composites.
Consequently, the obtained a-Al,O5 particles after transforma-
tion may be smaller than the particle size before transformation.
As analyzed above, smaller size of secondary phase particulate
brings benefit to the increase of the fracture toughness. So it can
be deduced that there is a possibility that the phase
transformation of the amorphous Al,O; and transitional
Al,O5 during sintering may be beneficial for the toughening
of WC-AL,O5; composites. To confirm this opinion, further
investigation is needed.

4. Conclusions

(1) WC—40 vol.%Al1,03 composite powders could be consoli-
dated by hot pressing in the temperature range of 1440—
1740 °C for 60 min, 90 min and 120 min under a pressure of
39.6 MPa.

(2) There is no phase transformation of premixed WC-
40 vol.%Al,05 powders during the high energy ball milling
process, however, during the sintering process amorphous
Al,O3, AIOOH and x-Al,O5 are transformed to a-Al,O3
completely.
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(3) Both the sintering temperature and holding time have
remarkable influence on the microstructure and mechanical
properties of WC—40 vol.%Al,0; composite. With the
increasing of sintering temperature and holding time, the
relative density and particle size increase, while Vickers
hardness and fracture toughness increased initially to the
maximum values and then decreased. The WC-
40 vol.%Al,03 composites combine a relative density of
97.98% and an excellent Vickers hardness of 18.65 GPa
with an acceptable fracture toughness of 10.43 MPa m'?
when hot pressed at 1540 °C for 90 min.

(4) The microstructural characterization of crack path revealed
that crack bridging, crack deflection, the generation of
secondary crack and lateral crack are main toughening
mechanism in WC—40 vol.%Al,03; composites.
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