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Abstract

Effects of trace amount of MgO and CeO, additives on the microstructure and mechanical properties of the WC—40 vol%Al,0;
composites prepared by hot pressing were investigated. The results showed that both the WC-Al,O; composites doped with
0.1 wt%MgO and 0.1 wt%CeO, separately, and the WC-AI,O; composites doped with 0.05 wt%MgO and 0.05 wt%CeO, together,
possessed the refined microstructure and enhanced mechanical properties compared with that of the undoped WC-AI,O5; composites.
Trace MgO mainly acted as an effective grain growth inhibitor for the WC-Al,O; composites and trace CeO, suppressed the
decarburization of WC, promoted the microstructural refinement and improved the interface coherence of the WC matrix and Al,Os.
When 0.05 wt%MgO and 0.05 wt%CeO, were added to the WC-AI,O5; composites, the synergistic effect of MgO and CeO, resulted in
the achievement of a relative density of 99.04% with an excellent Vickers hardness of 18.18 GPa, combining a fracture toughness of
10.14 MPa m'”® with an acceptable flexural strength of 1158.38 MPa.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The cemented carbides (WC—Co) with the attractive
characteristics of high hardness and good fracture tough-
ness are widely used for a variety of machining, cutting,
drilling and other applications [1]. They consist of a high
volume of hard tungsten carbide (WC) phase embedded
within the soft cobalt (Co) binder phase. However, metallic
Co binders are not economically attractive and will result
in reduced hardness and corrosion/oxidation resistance,
enhance grain growth due to the rapid diffusion in the
liquid phase [2,3]. In addition, the continuing trend of
saving the rare, expensive and strategic resource of Co
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requires the development of novel WC matrix materials
with high mechanical properties. In the recent years,
WC-TiC [4], WC-ZrO, [5], WC-FeCl; [6], WC-MgO
[7,8] composites have been consolidated to save the
resource of Co.

Nowadays, a new composite material, WC-Al,O3 com-
posite has been successfully hot pressed possessing a
combination of attractive mechanical properties including
low density, high Vickers hardness, fracture toughness and
flexural strength [9]. These excellent properties along with
low cost make WC-AI,O3 composites potentially useful
for structural and coating applications.

As for ceramics materials, the intrinsic low fracture
toughness and modest flexural strength of them, however,
limit the applicability of them under severe conditions such
as for high speed cutting tools. Considerable effects have
been made during recent years to overcome their inher-
ently low fracture toughness and the declining strength by
the dispersion of additives.
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For example, magnesia (MgO) is added to Al,Oj3
ceramics to improve the mechanical properties by rough-
ening grain boundary and inhibiting abnormal grain
growth. Ever since Coble’s [10] pioneering work in the
early 1960 s, it is well known that MgO acts as a grain
growth inhibitor in alumina by pinning down the grain
boundary migration. Various mechanisms such as second
phase, solute segregation have been proposed [11]. Berry
et al. have summarized four main views about the exact
role of MgO acting as the solid solution [12]. For most of
these models, an absolutely pure Al,O; is assumed.

In addition, MgO has been added to the WC matrix as a
second phase to consolidate WC-MgO composites with
excellent mechanical properties [7,8], indicating that MgO
is an effective additive in toughening the WC matrix
ceramic materials. However, few papers available investi-
gating the effects of MgO as a solid solution additive on
the grain size, relative density, microstructure and mechan-
ical properties of WC-AI,O; composites. So when we
consolidate WC—-Al,O; composites, MgO is certainly
considered as an addition to improve the properties of it.

In the case of WC matrix ceramics, it is reported that
adding an optimum range of Sm, Y, Ce, CmPr or LaCe
rare earth metals or metal mixtures can improve the
flexural strength of YTI15 (WC-15wt%TiC-6 wt%Co)
cemented carbide [13]. Pan’s results show that adding
small amount of rare earth oxides raise the bending
strength and wear resistance, and increase the corrosion
resistance of cemented carbide [14]. Xiao et al. [15] report
that addition of both Y,03; and NbC could improve the
fracture toughness of WC-10Co alloys without compro-
mising its hardness. Ma and Zhu [16] investigate the
influence of La,O; addition on hardness, flexural strength
and microstructure of hot pressed WC-MgO bulk compo-
sites, and indicate that the La,O5 addition could not only
improve the flexural strength of WC-MgO bulk compo-
sites but also enhance the Vickers hardness. In addition,
grain boundaries could also be strengthened by doping
rare earth dopants in Al,O5 [17].

From the aforementioned information, it could be
speculated that the rare earth oxides must have some
positive effects on the WC-A1,0O5 composites and could be
used to improve the mechanical properties of it.

According to the previous investigations, although the
hot pressing of MgO doped WC-Al,03; composite has
been reported earlier by Endo et al. [18], the effects of
MgO on the density, microstructure and mechanical
properties should be investigated in details. There is no
report available on the WC-Al,O; composites with
enhancement of mechanical properties like HV, K¢, o
with rare earth oxides.

In this paper, WC-Al,0O3 composites with MgO and
CeO, doped both separately and together are consolidated
for the first time and the promotive effects of MgO and
CeO, additives on the microstructure and mechanical
properties of WC-Al,O; composites are evaluated and
reported.

2. Experimental procedure

99.5% purity commercial powders (Sinopharm Chemical
Reagent Co. Ltd.) of WC (74 um), «-Al,O3 (74 pm), MgO
(48 um) and CeO, (16 um) were used in this study. The
powder systems of WC—40 vol%Al,03—xwt%MgO and
WC—40 vol%AlL,O3—xwt%CeO, (x=0, 0.05, 0.1, 0.25, 0.5,
1 wt%) were premixed and ball milled using a QM-1SP4
planetary ball milling machine under argon gas atmosphere
for 50 h, respectively. 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
particle size of the as milled powders varied from 47 to
573 nm in diameter.

The as milled powders were hot pressed using a vacuum
hot pressing furnace (ZT-40-20YB, Shanghai Chen Hua
Electric Furnace Co. Ltd., China) at 1540 °C under a
pressure of 39.6 MPa (applied already from the start) in a
vacuum (about 1.3x10™' Pa) atmosphere for 90 min.
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/mould. The
thermoelectric couple and infrared thermometer were
selected to measure the temperature, located in the surface
of the mold.

The hot pressed 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 5min to
expose the grain boundary of WC. Phase identification
of the polished samples were investigated by X-ray diffrac-
tion (XRD) using a D/max-2550PC (Rigaku Co., Japan)
X-ray diffractometer with a Cu K, radiation (1=0.15418
nm) at 400 kV and 200 mA. X-ray Photoelectron Spectro-
scopy (XPS) measurements were carried out on the as
milled WC—40 vol%A1,05-0.1 wt%CeO, powders and the
polished surfaces of hot pressed WC—40 vol% Al,03-0.1
wt%CeO, bulk composites using XSAMS800 (Kratos, UK)
multifunctional surface analysis electronic spectrometer
with a Al K, source (1486.6eV) at 12kV and 15 mA.
The pressure inside the vacuum chamber was 2 x 10~ ' Pa.
Spectra were analyzed using XPSPEAK41 software. The
microstructure of the polished 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). Chemical
composition was examined by energy dispersive spectro-
scope (EDS). The polished and etched samples were
characterized by JSM-5600LV (JEOL Co., Japan) scan-
ning electron microscope (SEM). The WC grain size and
Al,O3 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. The fracture
surfaces of the sintered samples were observed by S-3400 N
(Hitachi Co., Japan) scanning electron microscope (SEM).
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The densities of the sintered samples were measured using
water immersion method in accordance with Archimedes’
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
10s. 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 (K) 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. [19]. 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 x 5 x 15 mm? 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 six tests) was calculated using

o =3PL/2"w (1)

where ¢ (MPa) is the flexural fracture strength, P (N) is the
force required to rupture, L (L=10 mm) is the length of
the span of fixture, w (w=5mm) is the width of the
specimen, and ¢ (=3 mm) is the thickness of the specimen.

3. Results and discussion

3.1. Investigation of the optimum contents of MgO and
CeO; added separately to the WC—40v0l% Al,O3 composites

To obtain the optimum contents of MgO and CeO,
added to the WC-Al,O3; composites, the WC-AL,O3
composites doped with MgO and CeO,, respectively, were
hot pressed at 1540 °C for 90 min according to the best hot
pressing parameters reported in [9].

Fig. 1 shows the effects of the content of MgO on the
grain size of WC, the relative density, Vickers hardness
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and fracture toughness of the WC—40 vol%Al,03-MgO
composites. From Fig. 1a it can be seen that small amount
of MgO was beneficial to the improvement of relative
densities of WC—-40 vol%Al1,0;—~MgO composites. The
relative density increased initially to the maximum value
when the MgO content reached to 0.1 wt%, then it
decreased with the increasing MgO content. The grain size
of WC initially decreased from 3.92 um to 2.3 um when the
MgO content increased from 0 to 0.1 wt%, then increased
correspondingly with the increasing content of MgO.
From Fig. 1b, it could be observed that the Vickers
hardness and fracture toughness of WC—40 vol%Al,O5—
MgO composites were significantly improved with the
addition of MgO. When the MgO content was 0.1 wt%,
both the Vickers hardness and fracture toughness reached
to the maximum values of 17.6 GPa and 9.59 MPa m'/?,
respectively. With the increasing content of MgO, the
Vickers hardness and fracture toughness were still higher
than that of undoped WC-40 vol%Al,03; composites,
however, following a decreasing trend. It was indicated
that the optimum MgO content was 0.1 wt%; an excessive
addition of MgO (0.25 wt%—0.1 wt%) resulted in the
decreasing relative density, increasing WC grain size and
decreasing mechanical properties.

According to the above results, it could be indicated
that, MgO, as a sintering additive, had a key role in
improving the densification and mechanical properties of
the WC—40 vol%Al1,0; composites. MgO addition acted
to increase the rate of densification directly through a
raising diffusion coefficient and decrease the rate of grain
growth during sintering through a lowering surface diffu-
sion coefficient. Meanwhile, MgO addition could also
lower the grian boundary mobility [12]. These were the
main reasons for the high relative density, refined WC
grain size and enhanced mechanical properties of the WC—40
vol% Al,O5; composites doped with 0.1 wt% MgO. However,
excessive amount of MgO addition deteriorated the mechan-
ical properties, as shown in Fig. 1.

The influence of CeO, content on the grain size of WC,
the relative density, Vickers hardness and fracture toughness
of WC—40 vol% Al,05—CeO, composites were illustrated in
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Fig. 1. (a) Relative density and grain size of WC, (b) Vickers hardness and fracture toughness of the MgO doped WC—40 vol%Al,05 composites as a

function of the MgO content.
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Fig. 2. (a) Relative density and grain size of WC, (b) Vickers hardness and fracture toughness of the CeO, doped WC—40 vol%Al,O; composites as a

function of the CeO, content.

Fig. 2. It was obvious that CeO, was also an effective
addition to improve the properties of WC—40 vol%Al,O3
composites. When the CeO, content was smaller than
0.1 wt%, the relative density increased and the grain size
of WC decreased. Doping of 0.1 wt%CeO, in WC-40
vol%Al,05; composites increased the relative density from
98.38% up to 98.82%, however, further addition of CeO,
resulted in sharp decrease of relative density, as shown in
Fig. 2a. For undoped WC-40 vol%Al,O3; composites,
the grain size of WC was 3.92 um, the addition of
0.1 wt% CeO; significantly decreased the grain size of WC
to 2.71 yum. However, it was found that the WC grain
size increased with the increasing CeO, content in the
WC—40 vol%Al,03;—CeO, system, when the CeO, content
increased to 1 wt%, the WC grain size reached 4.03 um, 1.5
times larger than that of the 0.1 wt% CeO, doped
WC—40 vol%Al1,0;5 composites. From Fig. 2b, it can be
seen that the Vickers hardness and fracture toughness of
WC—40 vol%A1,03—CeO, composites were significantly
increased with the addition of 0.05wt%CeO, and
0.1 wt%CeO,, further addition of CeO, resulted in lowered
Vickers hardness and fracture toughness values. It was clear
that when the CeO, content exceeded 0.1 wt%, the Vickers
hardness of WC—40 vol%Al,05—CeO, composites were
lower than that of the undoped one. It means that a critical
content of CeO, could restrain the WC grain growth and
improve the density of WC—40 vol%Al,0; composites
effectively, above which grain growth would occur, and
the relative density would decreased, resulting in the
reduced Vickers hardness and fracture toughness.

The ions of additives segregation to grain and phase
boundaries was quite general phenomenon widely
observed in ceramics [20,21], and was particularly impor-
tant to diffusion process during sintering of ceramics. The
MgO and CeO, additives dispersed in the WC-
40 vol%Al,0O3 composites may also predominantly occu-
pied the intergranular positions due to the mismatch of the
ionic radii and strain energy of CeO,, Al,O3, and WC.

Although the grain boundaries in pure Al,O; were
reported to carry a positive charge [22], the segregation
of Ce on Al,O3 boundaries was not explicable by the space
charge model since tetravalent and isoelectric trivalent

solutes in Al,O; had effective charges of +1 and 0,
respectively. It was argued that due to large differences
in ionic radii, the solute misfit strain energy was the
dominating driving force for the segregation of Ce to the
grain boundaries [23]. A similar behavior was reported for
the segregation of Si, Zr and La solutes on grain bound-
aries in Al,O3, where ion misfit strain energy seemed to be
the driving force for segregation [24]. And Su et al.
reported the La,O3; and Y,O; existed at the grain bound-
aries of Al,O3 composites, where the concentration dis-
tribution of La,Os; and Y,O; were thermodynamically
non-equilibrium[25], owing to the discrepancy of ionic
radii between La’*, Y’* and APFT (1if= 0.103 nm,
rvt=0.09 nm, rA7 =0.053 nm). Ma and Zhu reported that
the La,O; added into the WC-MgO composites could
accumulate along these interfaces between the MgO
toughening particulates and WC matrix, where the atomic
arrangement was irregular, because of the so-called
“adsorption effect”[16].

The MgO and CeO, doped WC-AI,O5; powders were
sufficiently mixed during the high energy ball milling
process, so the MgO and CeO, could segregate in both
grain boundaries (WC-WC, Al,05-Al,O;) and phase
boundaries (WC-AIL,O3).

Segregation in grain boundaries could influence the
grain boundary complexion and interfacial kinetics, and
the critical driving force (Ag,) of grains could be changed
by the additives. Harmar [26] has well explained the
interfacial kinetic engineering and the Dillon—Harmer
[27] complexion types [-VI. A clean boundary was classed
as complexion II; one with sub-monolayer dopant absorp-
tion but low mobility as I; and classes 11I-VI related to
boundaries with increasing thickness, segregation and
mobility.

In our study, WC-Al,O3; composites were codoped
with MgO and CeO,. As the ionic radii of Mg " (rmge 4 =
0.072nm) and Ce*t/Ce®t (rcesr = 0.087 nm, reesy =
0.102 nm) were larger than that of W** and AP ™ (ry,s, =
0.066 nm, rpa;34=0.053 nm), the solute misfit strain
energy induced by large differences in ionic radii was the
dominating driving force for the segregation of Mg and Ce
ions to the grain boundaries. According to the theory of
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Harmer [26], the oversized MgO and CeO, additives
segregating to the grain boundaries effectively promoted
the slow grain boundary transport; the MgO codoped with
CeO, for size mixing to maximize the grain boundary
complexion spacing filling could favor the formation of
low mobility and stable boundary complexion types I or II,
for which complexions, grain growth rate could be reduced
due to the solute pinning effect.

When the MgO and CeO, additives were added, the
complexions became defected and hence atomically rough-
ened. This would result in normal grain growth (NGG).
During the sintering process, grain boundary complexion
transition may occur, in the faceted systems, there existed
more than one type of growth behavior. According to the
theoretical predictions and investigation of Kang et al.
[28], the WC grain growth behavior and microstructural
evolution during hot pressing could be investigated with
respect to the variation of critical driving force (Ag.)
relative to the maximum driving force (Ag,,...). The critical
driving force is expressed as [29,30],

_re
~ kTh

Where o is the free energy of the 2D nucleus, T is the
sintering temperature, / is the height of the 2D nucleus, K
is a constant that includes the diffusion coefficient and the
number of nuclei per unit area. When Ag. =0, normal
grain growth (NGG) occurs. For 0 < Ag. < Ag,,q., Pseudo-
NGG (PNGGQG) results. For Ag. < Ag,..x, conventional
abnormal grain growth (AGGQG) occurs. For Ag. > Ag,ux
grain growth essentially does not occur (stagnant grain
growth, SGG) [28].

In the undoped and doped WC-AI,O3 powder systems,
the starting powder size and sintering conditions were the
same, accordingly the change of Ag,,... during the sintering
was the same. The decrease of grain size in the MgO and
CeO, doped WC-AIL,O5 hot pressed samples were attrib-
uted to the effects of additives on the Ag..

As the particle size of as milled WC-Al,O5; powders
were very small (47-573 nm), the average grain size at the
initial stage of sintering was small and Ag,,,, may be much
larger than Ag,, the growth rate was governed by diffusion
and the grain growth behavior was quite normal, in
accordance with PNGG growth type.

With the sintering proceeded, for the undoped WC-
Al,O3 composites, Ag,,.. decreased relative to Ag. with
grain growth, and Ag,,,. could then be close to Ag,, some
of the grains can grow appreciably, resulting in the
formation of abnormal grains. However, for the WC-
Al,O3 composites doped with MgO and CeO,, ions
segregated at grain boundaries, the interfaces were rough-
ened and the step free energy was decreased, as a result, the
Ag. decreased, the relationship of Ag. and Ag,,,. remained
the state of Ag. < Ag,ux» PNGG occurred and no abnor-
mal grain growth was observed. Dopant additions
decreased the step free energy and inhibited the grain
growth were also observed in the Al,O3 system with MgO

Ag. (InK)™! 2)

addition [31], and VC and carbon doped WC—Co com-
pound [32,33].

In addition, the movement of grain boundaries (WC-WC,
Al,03—-Al,03) were blocked by the CeO, additive segregat-
ing on the grain boundaries of WC—40 vol%Al,0; com-
posites, so that pores could not be trapped into the grains
of WC-40 vol%Al1,03 composites. When the migration
speed of grain boundaries (V) was equal to that of pores
(V,), pores would stay at grain boundaries all along and
move altogether with them, and then get together rapidly
and eliminate from grain and phase boundaries, which
were the fast transfer channels of vacancy. As a result,
grains of WC—40 vol%Al,05; composites with almost no
pores trapped in, become fine and compact. The increasing
content of CeO, on the grain boundaries caused grain
growth and resulted in the decrease of relative density.
Accordingly, the mechanical properties decreased.

When the ions of the additives segregated in the WC—
Al,O3 phase boundaries, due to the high surface activity,
Ce ions could remove the gas absorbed on the surfaces of
as-milled powders, reducing the residual pores in the phase
boundaries, increasing the relative density of WC-Al,O3
composites. The activity of Ce could also result in the
formation of some high melting point compounds with O
and other impurity elements, purifying the phase bound-
aries. The composition of phase boundaries could be
changed if Ce ions reacted with Al ions to form new
compounds, the bonding strength of phase boundaries
would be enhanced. When excess amount of additives were
added, phase boundaries would be weakened, then the
cracks may propagate along the phase boundaries, it
would be harmful for the flexural strength; however, due
to the increased crack propagation path, the fracture
toughness may be increased slightly.

3.2. Summarize of mechanical properties of MgO and CeO;
doped WC—40 vol% Al,03 composites

To investigate the MgO and CeO, codoped effects on
the properties of WC—40 vol%Al,03 composites, the WC—
40 vol%AI1,05; composites doped with MgO and CeO,
together were hot pressed at 1540 °C for 90 min. Table 1
summaries the composition proportion and compares the
mechanical properties of WC—40 vol%Al,O; composites
doped with MgO and CeO,, both individually and to-
gether. The WC—40 vol%A1,0;, WC—40 vol%Al1,05-0.1
wt%MgO, WC—40 vol%A1,05;-0.1 wt%CeO,, WC-40
vol%A1,03-0.1 wt%MgO-0.1 wt%CeO, and WC-40
vol% Al,O3—0.05 wt% MgO-0.05 wt% CeO, composites would
be referred to as WA, WAO0.1M, WAO0.1C, WA0.1MO0.1C and
WAO0.05M0.05C, respectively, in Table 1 and the following
text.

From Table 1, it could be seen that the decreased grain size
of WC, and the increased Vickers hardness, fracture tough-
ness and flexural strength could be achieved in the WA
composites doped with 0.1 wt%MgO and 0.1 wt%CeO,



1936

Table 1
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Composition proportion and mechanical properties of WC—40 vol%Al,0; composites doped with MgO and CeO,, both individually and together.

Powder system  Sintering Relative density Grain size of WC

Vickers hardness Fracture toughness Flexural strength

process (p%) (dwc) (HV30) (Ke) (o)
%TD pm GPa MPa m'? MPa
WA 98.36 4 0.08 3.924+0.09 16.55+0.25 8.5240.22 883.35 +23.41
WAO.1M 1540 °C 98.96 +0.15 2.30+0.12 17.61 +£0.17 9.59 +0.18 932.47 +18.96
WAO.1C —90 min 98.82+0.11 2.7140.14 16.89 +0.15 9.85+0.14 1024.05 + 24.39
WAO0.1IM0.1C ~ —39.6 MPa 98.10+0.13 423+0.26 16.54+0.2 8.43+0.16 872.49 +21.38
WAO0.05M0.05C 99.04 +0.09 2.06+0.12 18.18 + 0.36 10.14 +0.25 1158.38 +23.05

separately, illustrating that proper amount of MgO and CeO,
were beneficial to the properties of WA.

When adding 0.1 wt%MgO and 0.1 wt%CeO, together
into the WA composites, the grain size of WC increased,
the Vickers hardness, fracture toughness and flexural
strength decreased compared with the undoped WA
composites, indicating that when the WA composites
codoped with 0.1 wt%MgO and 0.1 wt%CeO, together,
the total amount of the additives exceeded the optimum
amount, they would located at the grain boundaries as
impurities, increasing the grain boundary width and lead-
ing to the coarsened grains and lowered density, resulting
in the decreased mechanical properties.

The WA composites codoped with 0.05 wt%MgO and
0.05 wt%CeO» possessed a relative density of 99.04% and
a smallest WC grain size of 1.86 pm, combining a highest
Vickers hardness of 18.18 GPa with the excellent fracture
toughness of 10.14 MPa-m'? and flexural strength of
1158.38 MPa. The MgO and CeO, additives occupying
the intergranular positions exhibited a grain boundary
pinning effect. The WC grain size of WA0.05M0.05C
composites reduction was considered to be due to the
formation of low mobility grain boundaries, which could
result in the lowered porosity and high Vickers hardness.
It was possible that the grain boundaries and microstruc-
ture of WA composites were changed in either chemistry or
structure by the presence of the sintering aids of MgO and
CeO,, resulting in the decreased grain size of WC matrix
and affecting the mechanical properties. The refined
microstructure may change the crack extension mode, as
analyzed in the following part of the paper, improving the
fracture toughness of the WA composites. Generally, the
strength of a polycrystalline ceramic material is determined
by many factors that include chemical composition, micro-
structure and surface conditions [34]. The improvement of
the flexure strength achieved in the WAO0.05M0.05C
composites as compared with that of undoped WA,
M¢gO doped only and CeO, doped only WA composites,
indicated that 0.05MgO and 0.05CeO, could increase the
grain boundary fracture energy of the WA composites.

So it could be concluded that better doping effectiveness
can be obtained for WA composites codoped with proper
amount of MgO and CeO, compared with the WA
composites doped with MgO and CeO, separately.

Besides the effects of additives, the residual thermal stress
field could also result in variation of the mechanical properties
of the sintered samples. As investigated in our previous work
[9], for the MgO and CeO, doped WA composites, when the
radius of the particulate () was small, both the radial tensile
stress (0,) and tangential compressive stress (o,) were small
[35], branches and deflection of cracks benefit to the increase
of fracture toughness could be generated. With the increase of
particle size, especially when the radius of a particulate was
greater than the critical value, the particulate would be pulled
off from the matrix by a large enough tensile stress (a,) [35],
inducing microcracks at the interface. And the residual stress
could reach a critical value as well, resulting in matrix micro-
cracks that can be easily connected with each other upon
external loading, reducing the fracture toughness of the
material.

According to Taya et al. [36], the variation of fracture
toughness caused by residual stress is

2d(1.085-f;%)
fpl/Z

Where d is the diameter of the particulates; f, is the
volume fraction of the particulates; From Eq. 5, it can be
seen that, in the MgO and CeO, doped WA composites,
with the decreasing particulates size, the variation of
fracture toughness caused by residual stress would be
reducing, the effect of residual stress on the fracture
toughness become unconspicuous.

AK¢c=2P; (3)

3.3. Analysis of the phases of MgO and CeO; doped
WC—40 vol% Al,O3 composites

The effects of the addition of MgO and CeO, on the
decarburization of WC and microstructure of WA,
WAO0.1M, WAO.1C and WAO0.05M0.05C composites were
compared and analyzed to reveal the reasons for improv-
ing mechanical properties and the toughening mechanism.

XRD patterns of the undoped WA, WAO0.1M, WAO.1C
and WAO0.05M0.05C composites hot pressed at 1540 °C for
90 min were shown in Fig. 3. From Fig. 3a, it can be seen
that, the phases of the undoped WA composites were WC,
a-Al,O3, W»C and C, indicating that WC was decarburized
to C and W,C due to the low degree of vacuum during the
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sintering. The decarburization of WC to C and W,C is
thought to proceed in the following equation [37]:

YWC>W,C+C )

The WC and Al,O3 powders were expected to contain
air including oxygen during the stored process. When the

® WC OWZC A 0-ALO,

. m CeO, VMO KC

® .
.HI. * * * 0
* A A JA 0\ A o9 .' (] ".‘ (a)

Intensity(a.u.)

20 30 40 50 60 70 80 90
20/degrees

Fig. 3. XRD patterns of the (a) undoped WC—-40 vol%Al,03 composites
and WC—40 vol%Al,03 composites doped with (b) 0.1 wt% MgO, (c)
0.1 wt% CeO,, (d) 0.05wt% MgO and 0.05 wt% CeO, hot pressed at
1540 °C for 90 min.

powders were sintered under vacuum, the oxygen on the
surface of the powders was reduced and carbon was
consumed. Consequently, there was a lack of carbon to
maintain the WC and WC was decarburized to W,C. With
the high hardness and low Young’s modulus [38], W,C was
generally thought to be a brittle phase harmful to the
properties of sintered composites. The suppression of
decarburization of WC was essential to improve the
mechanical properties of WA composites.

When 0.1 wt%MgO were added to the WA composites,
a similar XRD pattern was obtained, there was W,C in the
WAQO.1M composites as well. A small peak of MgO and no
other new phases were observed, as shown in Fig. 3b,
indicating that MgO had no obvious effect on the
suppression of decarburization of WC. According to the
WC grain size and mechanical properties of WAOQ.1M
shown in Table 1, it could be indicated that one of the
obvious and important effects of MgO on the WA
composites was inhibiting the grain growth of WC.

When 0.1 wt%CeO, were added to the WA composites,
peaks of WC, a-Al,O5, CeO,, W,C and C were detected,
according to its XRD pattern shown in Fig. 3c. The
intensity of W,C was very low compared with that of
WA and WAO0.1M composites, which could be observed in
Fig. 3a and b, indicating that the decarburization suppres-
sion could be achieved with adding 0.1 wt%CeO, in the
WC—40 vol%Al,03 powders system. The suppression of
decarburization no doubtfully could contribute to the

a b
£ £
= =
£ £
= =
z =
= |
1000 800 600 400 200 0 1000 800 600 400 200 0
Binding Energy (eV) Binding Energy (eV)
c d
= =
£ £
s =
z z
5 g
E E

930 920 910 900 890 880 870
Binding Energy (eV)

920 910 900 890 880 870
Binding Energy (eV)

Fig. 4. XPS spectra of WC—40 vol%Al,05-0.1 wt%CeO, (a) as milled powders and (b) hot pressed bulk composites, (c) high resolution spectra and peak
fitting results of Ce element in (a), (d) high resolution spectra and peak fitting results of Ce element in (b).
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improvement of mechanical properties. This was one of the
reasons for the increase of Vickers hardness, fracture
toughness and the flexural strength, as shown in Table 1.
Peaks of the CeAlO; and CeAl;;O;53 were not observed in
the XRD spectra. To investigate whether the CeO, was
reduced to Ce,O3 to form some possible insoluble com-
pounds, such as CeAlOz; or CeAl;;O;3 phases [39,40],
X-ray Photoelectron Spectroscopy (XPS) was carried out
to confirm the presence of Ce’ ™.

The XPS spectra of the WAO0.1C as milled powders and
hot pressed bulk composites were shown in Fig. 4a and b.
The peaks of W, C, Al, O and Ce atoms were observed.
The variations of Ce element were observed in the binding
energy (BE) range of 865.20eV to 929.20eV. More
detailed analysis of the Ce high resolution spectra of
WAQO.1C as milled powders and hot pressed bulk compo-
sites were presented in Fig. 4c and d.

In Fig. 4c, the peaks at 885.54 eV and 901.27 eV corre-
spond to Ce’* elements, while other peaks belonged to
Ce** elements. It could be indicated that, besides the Ce**,
there were a minor amount of Ce*™ in the WA0.1C as
milled powders. The Ce’™ may come from the original
CeO, powders. However, none peaks of Ce*t were
observed and all the peaks were assigned to Ce®™ in the
XPS spectra of the hot pressed bulk composites, as shown
in Fig.4d, indicating that all the Ce*" elements were
reduced to Ce**. The transformation of Ce** to Ce**
verified that some compounds actually formed in the WC—
Al,O5 phase boundaries and Al,O3-Al,O5 grain boundaries,
greatly improving the bonding strength of the composites.

From Fig3d, it can be indicated that, the
WAO0.05M0.05C composites were mainly composed of

the WC, «-Al,O3 and W,C phases. The intensities of
MgO and CeO, were very low due to the small amount
of them. Although the W,C peaks still were detected, the
intensities of them were lower than that of WA and
WAO.1 M composites, indicating that the decreased
amount of W,C was due to the suppression effect of
CeO, contained in the WA0.05M0.05C composites and the
mechanical properties of WA0.05M0.05C composites were
the result of the comprehensive effect of MgO and CeO,.

3.4. Analysis of the microstructure of MgO and CeO; doped
WC—40 vol% Al,O3 composites

Representative microstructure of the polished WA,
WAO0.1M, WAO0.1C and WAO0.05M0.05C composites were
shown in Fig. 5. According to the EDS analysis, the grey
region contrasts Al,O; and the bright region contrasts matrix
WC. Comparing Fig. 5b—d with Fig. 5a, it can be seen that
the dispersion morphologies and the particle size of the Al,O3
toughening particulates were significantly influenced by the
MgO and CeO, additions. Without the additives, the Al,O3
particulates showed an irregular polygonal shape and a
particle size of 1.94 pm, measured using five images similar
with Fig. 5a. However, the Al,O5 toughening particulates in
the hot pressed WA composites with additions of MgO and
CeO, both individually and together were presented in
refined and dispersed morphology (as shown in Fig. 5b—d).
The Al,O5 particle size of the WAO0.1M, WAO0.1C and
WAO0.05M0.05C composites were 1.42 um, 1.63 um and
1.09 um, respectively, which were much smaller than that
of the undoped WA composites, indicating that both MgO
and CeO, could affect the dispersion states and the size of

20.0um

20.0um

Fig. 5. FE-SEM images of the polished (a) undoped WC—-40 vol% Al,0; composites and WC—40 vol% Al,O; composites doped with (b) 0.1 wt% MgO,
(c) 0.1 wt% CeO,, (d) 0.05 wt% MgO and 0.05 wt% CeO, hot pressed at 1540 °C for 90 min.
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Al,Os toughening particulates; the inhibiting effect to the
Al,O3 particle size of MgO was much better than that of
CeO,, and the optimum microstructure and the inhibiting
effect were achieved in the WA composite doped with MgO
and CeO, together. This could be used to explain the best
mechanical properties determined by the microstructure of
the WAO0.05M0.05C composites.

The characteristic microstructures of the polished and
etched samples are shown in Fig. 6. A number of SEM
photos similar to that of Fig. 6 were used to evaluate the grain
size of WC matrix. With no additions, the WC grains of WA
composites were significantly coarsened, which were 3.92 pm
in size, as shown in Fig. 6a. However, the refined WC matrix
grains were visibly observed with a corresponding addition of
MgO and CeO,, separately or together, as shown in Fig. 6b—d.
The WC matrix grain size of the WA0.05M0.05C composites
was 1.86 um smaller than that of the WA0.1IM and WAO.1C
composites (2.3 um and 2.71 um). It could be revealed that
both the type and amount of the additives were important
factors of the hot pressing of WA composites.

Fig. 7 shows the FE-SEM images of the Vickers
indentation crack extension paths of WA, WAO.IM,
WAO0.1C and WAO0.05M0.05C composites. The fracture
toughness was a property that materials resisted to the
propagating of cracks, so the toughening mechanism could
be analyzed on the basis of the crack paths microstructure.
From Fig. 7a, it can be seen that, although there were
some small crack deflections, the crack of WA composites
was relatively straight with a larger width, indicating that
the undoped microstructure cannot absorb the energy of

cracks and prevent crack propagation effectively. So the
fracture toughness was low. From Fig. 7b—d, it can be
observed that the width of cracks decreased and the
amount of crack deflections increased. As a result, the
fracture toughness increased compared with that of the
undoped WA compoaites. From Fig. 7b-A and b-B, it
could be seen that the crack extended along the interfaces
of WC and Al,O3 in the WAO0.1M composites, that is, the
fracture of WAO.1M composites would be intergranular
mode. It could be indicated that those boundaries may be
relatively weak compared with the grains, however, crack
extending along the particle interfaces could increase the
length of crack propagation path, as a result, the fracture
toughness was improved. Cracks propagation breaking the
WC matrix were observed in the WAO.1C composites, as
shown in Fig. 7c-A, B and C, absorbing much more energy
than that of crack deflections along the interfaces, resulting
in the higher fracture toughness and flexural strength than
that of the WAO.1 M composites. Fig. 7d shows a
secondary crack pattern in the WA(0.05M0.05C compo-
sites. A secondary crack is a crack branching pattern of a
main crack, generating during the indentation crack
extension due to the equivalent tensile stress value in
different directions. The generation and existence of the
secondary crack could consume the energy of the main
crack. In addition, crack deflections and crack propagation
breaking the WC matrix were observed as well. It could be
indicated that addition of 0.05MgO and 0.05CeO, had
greatly improved the bonding conditions of the grain
boundaries and the interfaces around WC grains were

Fig. 6. SEM images of the polished and etched (a) undoped WC—40 vol%Al,0; composites and WC—40 vol%Al,O3 composites doped with (b) 0.1 wt%
MgO, (c) 0.1 wt% CeO,, (d) 0.05 wt% MgO and 0.05 wt% CeO, hot pressed at 1540 °C for 90 min.
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Fig. 7. FE-SEM images of Vickers indentation crack extension path of (a) undoped WC—40 vol%Al,05 composites and WC—40 vol%Al,05 composites
doped with (b) 0.1 wt% MgO, (c) 0.1 wt% CeO,, (d) 0.05 wt% MgO and 0.05 wt% CeO, hot pressed at 1540 °C for 90 min.
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Fig. 8. 3D SPM images showing the particulate/matrix interfacial microstructures of (a) undoped WC—40 vol%AlL,O; composites and WC—40
vol%Al,03 composites doped with (b) 0.1 wt% MgO, (c) 0.1 wt% CeO,, (d) 0.05 wt% MgO and 0.05 wt% CeO; hot pressed at 1540 °C for 90 min.

sufficiently strong that the crack avoided those diversions. When MgO and CeO, were added in the WA composites,
Crack growth was prevented and the fracture toughness  they would accumulate along the grain boundaries, refining
and flexural strength would be significantly improved. the microstructure and resulting in more crack deflections
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and bridges. The crack bridge link behavior and the crack
interacting effect between the matrix and toughening parti-
culates might lead to the formation of coexisting field of
crack deflection, crack branch and crack bridge, interlacing
with each other during extension of cracks to form a kind of
complex pattern of crack extension, absorbing much of the
energy of crack expansion, leading to the enormously
improvement of fracture toughness and flexural strength.

Fig. 8 shows the particulate/matrix interfacial microstruc-
tures in the hot pressed samples of WA composites without
and with MgO and CeO, added. The test samples were
ground and polished with diamond paste to 0.05 um surface
finish, the polished surface was also cleaned with acetone for
the characterization. It could be seen that the morphology of
undoped WA composites was rough and fluctuated, as shown
in Fig. 8a, which may due to the large and incompletely
separated Al,O3 toughening particulates. From Fig. 8b—d, it
could be seen that the particulate/matrix interfacial combining
morphologies of WA doped with 0.1M, 0.1C and 0.05M
0.05C, respectively, were much more smooth, indicating that
the Al,O; toughening particulates in these composites had the
continuous and compatible interfaces with the matrix, predict-
ing that the synergistic effect of MgO and CeO, could increase
the fracture toughness and the flexural strength.

4. Conclusions

(1) WC—40 vol%Al1,05 composite powders doped with
MgO and CeO,, both separately and together, could
be consolidated by hot pressing at 1540 °C for 90 min
under a pressure of 39.6 MPa.

(2) The additions of 0.1 wt%MgO, 0.1 wt%CeO, and
0.05 wt%Mg00.05 wt%CeO, in the WC-AL,O; compo-
sites could promote the microstructural refinement and
improve the interface coherence of the WC matrix and
AL O; leading to the enhancement of the mechanical
properties.

(3) Trace MgO mainly acted as an effective grain growth
inhibitor for the WC-AI,O3; composites and trace CeO,
could suppress the decarburization of WC as well due
to the unique properties of rare earth elements such as
high surface activity and large ionic radius.

(4) The synergistic effect of 0.05wt%MgO and
0.05 wt%CeO, added in WC-AL,O; composites resulted
in the achievement of a relative density of 99.04% with an
excellent Vickers hardness of 18.18 GPa, combining a
fracture toughness of 10.14 MPa m'? with an acceptable
flexural strength of 1158.38 MPa. Excessive addition of
MgO and CeO, (0.1 wt%MgO and 0.1 wt%CeO,) could
deteriorate the mechanical properties of the WC-Al,O3
composites.
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