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Microstructure and mechanical behaviour of
3Y-TZP/Mo nanocomposites possessing a novel
interpenetrated intragranular microstructure
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Yttria stabilized tetragonal zirconia polycrystal (Y-TZP)/0-100 vol % molybdenum (Mo)
composites were fabricated by hot-pressing a mixture of Y-TZP powder containing 3 mol %
yttria (Y,0;) and a fine Mo powder in vacuum. This composite system possessed a novel
microstructural feature composed of an interpenetrated intragranular nanostructure, in
which either nanometer sized Mo particles or equivalent sized zirconia (ZrQ,) particles
located within the ZrO, grains or Mo grains, respectively. The strength and toughness were
both greatly enhanced with increasing Mo content for the 3Y-TZP/Mo composites thus
breaking through the strength-toughness tradeoff relation in transformation toughened
ZrO, and its composite materials. They exhibited a maximum strength of 2100 MPa and
atoughness of 11.4 MPa-m'? for the composite containing 70 vol % Mo. These simultaneous
improvements in strength and toughness were determined to be the result of a decrease in
flaw size associated with the interpenetrated intragranular nanostructure, and a stress
shielding effect created in the crack tip by the elongated Mo polycrystals bridging the crack
tip in addition to the stress induced phase transformation.

1. Introduction

Ceramics are currently being investigated as candi-
dates for a wide variety of engineering applications
due to their desirable properties such as high refrac-
tory capability, good wear resistance, and chemical
stability. However, they have not yet found any signifi-
cant applications due mainly to their poor toughness.
Therefore, it is highly desirable to improve the reliabil-
ity of ceramics, which possesses high tolerance for
catastrophic fracture.

Of particular interest aré tetragonal zirconia poly-
crystals (TZP), stabilized with Y,O5 (Y-TZP) or
CeO, (Ce-TZP), since they show either a high
strength or a high toughness [1-3]. However, it is
apparent that the attractive property of the TZP
ceramic and TZP based composites is accompanied
by either a modest toughness for the Y-TZP system
or a modest strength for the Ce-TZP system. For
example, Y-TZP ceramics containing 2 to 3 mol %
Y,0; have exhibited enhanced strength values above
1200 MPa even under pressureless sintering. In addi-
tion, Y-TZP based composites containing 30 vol %
Al, O3, after isostatically hot-pressing, have shown
a significant improvement in strength to 2400--3000
MPa [4,5]. However, these Y-TZP ceramics have
toughness values in the range of 56 MPa-m'/? [2].
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On the other hand, Ce-TZP ceramics containing
7-12 mol % CeQ, have exhibited fairly high tough-
ness values of 10-20 MPa-m'? [3], but show,
strength values of only 600-800 MPa. In Ce-TZP
based composites containing 50 vol % Al,Oj, the
toughness values decreased remarkably from 20 to
5.5 MPa-m'/? with increasing Al,O; content, in con-
trast to the slight improvement in strength to
900 MPa [6]. Thus, the tradeoff relation between high
strength and high toughness is still unresolved for
both types of monolithic TZP and TZP/Al,O5 com-
posite systems.

For the strength-toughness relationship, Swain
et al. [7] proposed a mechanism for the limitation of
strength in transformation toughened zirconia. They
pointed out that the maximum strength is limited by
the critical stress that induces the tetragonal-to-
monoclinic transformation. The strength is then con-
trolled by the inherent R-curve behaviour due to the
martensitic transformation. Thus, for transformation
toughened zirconia with a constant inherent flaw size,
the strength increases with increasing toughness, how-
ever, the strength reaches a maximum value when it is
equal to the critical transformation stress and then
decreases with further increasing toughness. Accord-
ing to this hypothesis, it seems to be extremely difficult
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to improve both strength and toughness simulta-
neously in transformation toughened zirconia and its
composite systems.

To overcome the strength-toughness tradeoff rela-
tion in the Y-TZP based composite system, we have
investigated another approach to preserving high
strengths up to the region of high toughness. In this
study, ductile refractory metal particles have been
prepared as secondary dispersions. In this system, it is
expected that the metal phase will result in the inherent
mmprovement of toughness. However, most ceramic
matrix composites incorporating metal dispersions
such as tungsten (W), molybdenum (Mo), titanium (Ti),
chromium (Cr), nickel (Ni), etc. [8-13] do not always
produce successful results. This is mainly due to the fact
that the addition of micrometer sized second phase
dispersions generally causes an enlargement of the flaw
size in the composites. Therefore, it is a serious point
of contention whether or not the flaw size can be
decreased and/or restrained successfully in order to
simultaneously improve both strength and toughness.

In recent years, nanocomposites, in which nanometer
sized second ceramic particles are dispersed within the
ceramic matrix grains and/or at the grain boundaries,
have been investigated in an attempt to eliminate the
strength-degrading flaws [14,15]. They have shown
significant improvements in strength and creep
resistance even at high temperatures. However, the
enhancement of toughness was still modest in com-
parison with that of other conventional ceramic com-
posites. In previous work, in order to further improve
the toughness of ceramic based nanocomposites, we
applied the idea of nanocomposites to ceramic/metal
systems. In Al,O3/Mo composites, we succeeded in
fabricating ceramic/metal nanocomposites containing
nanometer sized Mo particles within the Al,O5 grains
and/or at the grain boundaries [16]. They showed
a fair improvement in strength resulting from the
fine-grained microstructure associated with the exist-
ence of nanometer sized Mo particles. However, the
nanometer sized Mo particles within the Al, Q5 grains
and/or at the grain boundaries exhibited little effect
towards improving the toughness. Instead, we deter-
mined a possible method of inherent improvement in
the toughness, due to the relaxation of the stress
intensity by the coalescence of elongated Mo particles
combining at the Al,O; grain boundaries, although
the strength decreased in the high toughness region.

In this study, we have extended the resulis of the.

AlL,O3;/Mo nanocomposites to the Y-TZP/Mo com-
posite system and have succeeded in achieving a si-

multancous improvement in the strength and tough-.

ness thereby overcoming the strength-toughness
tradeoff relation [17]. In this paper, the microstruc-
tural features for Y-TZP/0-100 vol % Mo composites
and the relationship between their mechanical proper-
ties will be discussed.

2. Experimental procedure

2.1. Fabrication

Y-TZP powder containing 3mol% Y,0; {grade
TZ-3Y, Tosoh Co., Tokyo, Japan) was used as the
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ceramic matrix and Mo powder (grade Mo-H-D,
Japan New Metals Co., Osaka, Japan) was selected for
the metal dispersions. The average grain size of the
3Y-TZP and Mo powder were 0.2 um and 0.65 pm,
respectively. Moreover, the Mo powder had a bimodal
particle size distribution with two peaks at 0.2 pm and
1.2 ym. The powder mixtures, containing 10, 20, 30,
40, 50, 60, 70, 80 and 100 vol % Mo, were ball milled
using a zirconia milling media in acetone for 24 h. The
slurries were dried and passed through a 250 um
screen. Then the mixtures were hot-pressed in carbon
dies of 46 mm diameter. The hot-pressing conditions
were 1400, 1500 and 1600°C with an applied pres-
sure of 30 MPa for 1h in vacuum of less than
1.33 x 1077 Pa,

2.2. Characterizations

The densities of the specimens were obtained by the
Archimedes method using a toluene medium. Phase
identifications of the composites were determined on
the polished surfaces of the specimens by X-ray dif-
fraction (XRD) analysis with CuKo radiation. The
tetragonal, monoclinic and cubic phases were evalu-
ated using the analysis of Garvie and Nicholson [18]
and the volume fraction of the monoclinic phase was
determined using the equation of Toraya et al. [19].
Furthermore, residual stress on the polished surface of
the specimen was measured for 3Y-TZP/Mo com-
posites containing 0, 10, 20, 30, 40, 50, 80 and
100 vol % Mo. The residual stresses of the ZrO, and
Mo phases were determined on the diffraction planes
of tetragonal ZrQO, (312) and Mo (310} with FeKy
radiation, and were calculated by the iso-inclination
technique of the sin®|y method. The incident beam of
the X-ray () is 0° and changed at 5° intervals from
10°-45°, Poisson’s ratio of each composite was cal-
culated assuming that it obeys the rule of mixtures,
where the Poisson’s ratio of ZrO, and Mo are 0.310
[207 and 0.324 [21], respectively. The value of the
elastic modulus used was measured in these studies.
Lattice constants of the tetragonal ZrQ, phase for
3Y-TZP/Mo composites, containing 0, 30 and
50 vol % Mo, were determined by X-ray diffraction
analysis with CrKo radiation based on the outer stan-
dard method using Si powder. Finally, the microstruc-
ture of the composites was observed by scanning elec-
tron microscopy (SEM) and transmission electron
microscopy (TEM).

2.3. Mechanical properties

The hot-pressed specimens were cut by a diamond
blade saw, and ground with a 600-grit diamond wheel.
The specimens, having dimensions of 3 x 4 x 40 mm,
were subjected to the elastic modulus measurement
and the mechanical properties test. The elastic
modulus was determined by the resonance vibration
method with first-mode resonance. The fracture
strength was measured by a three-point bending test -
at room temperature. The span length and cross head
speed were 30 mm and 0.5 mmmin %, respectively. The
tensile surfaces of the specimens were perpendicular



to the hot-pressing axis and were polished with a dia-
mond liquid suspension. The fracture toughness was
estimated by the indentation—fracture (IF) method
using the following equation of Marshall & Evans
[22].

Kic = 0.036E%4P0-64707(c/q)~ 15 (1)

Where E is the elastic modulus and P is an applied
load. Here a and ¢ are characteristic dimensions of the
Vickers impression and the radial/median crack, re-
spectively. The polished surfaces were used for the
Vickers indentation with a load of 196 N and a load-
ing duration of 15s. The Vickers hardness was also
calculated from the result of the IF method. Separate-
ly, the toughness was also estimated by the single edge
V notched beam (SEVNB) method. The V notch was
machined using a special diamond slicing wheel,
which was developed by Awaji et al. [23]. The half size
V notched specimens, having dimensions of 3 x4 x
20 mm, were subjected to a 3-point bending test with
a span length of 16 mm and a cross head speed of
0.5 mm min ~*. The value of toughness was calculated
by using the Srawley shape coefficient [24].

3. Results and discussion

3.1. Microstructure

Relative densities higher than 99.5 % were obtained
for the composites containing up to 100 vol % Mo
hot-pressed at 1400-1600°C. On the basis of the X-
ray diffraction analysis, 3Y-TZP/Mo composites con-
taining 10-80 vol % Mo were composed of only ZrO,
and Mo. No crystalline reaction phases were detected.
The ZrO, matrix in ‘these 3Y-TZP/Mo composites
consisted primarily of the tetragonal phase and
a small amount (less than 7.5 vol %) of the monoclinic
phase. There were no traces of the cubic phase.

The variations of microstructure with Mo content
for the 3Y-TZP/Mo composites, containing 10—
60 vol % Mo, are shown in Fig. 1. The microstruc-
tures of the composites were characterized by SEM
using polished surfaces that were thermally etched in
Argon at 1450 °C for 30 min. In the low concentration
range (less than 30 vol %) of Mo content, it was recog-
nized that submicron sized Mo particles were disper-
sed at the grain boundaries of the fine-grained/
submicron sized ZrO, grains. On the other hand, with
increasing Mo content, up to 30 vol %, slight grain
growth of Mo particles was observed. In addition, in
the range above 40 vol % Mo, the formation of elon-
gated Mo polycrystals, which were formed due to the
necking of Mo particles, was observed at the ZrO,
grain boundaries. Finally, for above 60 vol % Mo
content, a linked structure of Mo layers, which was
interconnected with ZrO, grains, was produced. In
contrast to the variation of Mo particles, the grain
sizes of the ZrO, matrix were little influenced by the
Mo content. That is, the ZrO, matrix was maintained
as a fine-grained/submicron sized microstructure for
all Mo content values. Furthermore, in the range from
30-50 vol % Mo, a number of ultra-fine Mo particles
were preferentially dispersed within the ZrO, grains

and at the grain boundaries, which were located next
to the elongated Mo polycrystals.

A TEM image of the 3Y-TZP/40 vol % Mo com-
posite hot-pressed at 1600 °C is shown in Fig. 2. It was
recognized that a novel interpenetrated intragranular
microstructure was present in the 3Y-TZP/Mo com-
posite, in which either nanometer sized Mo particles
or isolated equivalent sized ZrO, particles were trap-
ped within the ZrO, grains or Mo grains, respectively.
Furthermore, the existence of extremely fine Mo par-
ticles within the ZrO, grain was also identified. The
isolated ultra-fine Mo particles of less than 10 nm
diameter within the ZrO, grain are shown in Fig. 3. In
addition, a similar microstructural feature, that was
recognized in the 3Y-TZP/70 vol % Mo composite, is
shown in Fig. 4. In this case, however, the ultra-fine
Mo particles within the ZrO, grain were oriented to
the preferred crystal direction. This orientation of the
ultra-fine Mo particles was determined to be corre-
lated in a coherent alignment with the crystal direc-
tion of the ZrO, grain. A TEM image of the mono-
lithic Mo hot-pressed at 1600 °C is shown in Fig. 5.
Unexpected secondary phases (white particles) were
observed within the Mo grains and at the grain
boundaries. By examination of the energy dispersive
X-ray analysis (EDAX) data, the white grains were
ascertained to contain large amounts of oxygen in
contrast to the Mo grains. In addition, on the basis of
the X-ray diffraction analysis, the MoQ, phase was
detected in small concentrations. Therefore, it was
concluded that the secondary phase was MoOs,,
which was probably formed by the oxidation by oxy-
gen and/or hydroxyl groups absorbed around the
surfaces of the starting Mo powders. In addition, the
MoQO, phase was only detected in the monolithic Mo.
As will be described below, this phenomenon helps to
understand the formation mechanism of the ultra-fine
Mo particles within the ZrO, grains.

The lattice constant and the axial ratio of the tetra-
gonal ZrO,, for the monolithic and the 3Y-TZP/Mo
composites containing 30 and 50 vol % Mo, are pre-
sented in Table 1. It was shown that the lattice con-
stants of the tetragonal ZrO, phase decreased with
increasing Mo content and the axial ratio increased
with increasing Mo content. These results suggest that
a molybdenum ion such as Mo** and/or Mo®*, hav-
ing a smaller ionic radius than those of Y** and/or
Zr*", was present in the tetragonal ZrO, lattice, al-
though the exact configuration of this solid solution is
not clear. The inference here, is probably that, the
molybdenum ion forms either an interstitial solid
solution in the site of the eightfold coordination of
Zr*™" or a substitutional solid solution in the site of
Y3**. Here, judging from the result that the MoO,
phase was only detected in the monolithic Mo, it is
assumed that the MoO, phase would provide a moly-
bdenum ion such as Mo**. Anyhow, the ultra-fine
Mo particles are supposed to be in situ precipitated
from a supersaturated solid solution of ZrO, during
the cooling process in the hot-pressing procedure. The
argument remains, however, that such tiny Mo par-
ticles might be oxidized into various valence levels
such as those found in M0ogO,¢, M0,0O;; and MoO,.
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Figure I SEM photographs of thermal-etched surfaces for 3Y-TZP/Mo composites hot-pressed at 1500 °C containing 10 vol % (a), 20 vol

% (b), 30 vol % (c), 40 vol % (d), 50 vol % (e) 60 vol % (f) Mo.

The interface between the ZrO, and the Mo grain
boundaries for the 3Y-TZP/40 vol % Mo composite
is shown in Fig. 6. Twins were observed in the ZrO,
grain next to the large Mo particle, which were caused
from the tetragonal-to-monoclinic transformation. As
shown in Fig. 7, dislocation lines were also observed
around the nanometer sized Mo particle within the
ZrQ, grain. X-ray residual stress studies of both ZrO,
and Mo phases, as a function of Mo content for the
3Y-TZP/Mo composites, 1s shown in Fig. 8. It was
ascertained that the residual stress of the ZrO, phase
approximately tended to increase on the tensile side
and that of the Mo decreased on the compression side

2852

with increasing Mo content. This overall variation of
residual stresses with Mo content was generally in
good agreement with the predicted relation, which is
estimated by their thermal expansion mismatch. How-
ever, the inflection points were observed in each ZrO,
and Mo phases at around 30-50 vol % Mo content.
This variation is currently not well understood, how-
ever, this seems to be correlated to the formation of
the ultra-fine Mo particles within the ZrO, grains.
Consequently, it seems reasonable to assume that the
localized internal stresses within the ZrO, grains
and/or around the Mo particles exist in the
3Y-TZP/Mo composites.



Figure 2 TEM image of an interpenetrated intragranular micro-
structure for 3Y-TZP/40 vol % Mo composite hot-pressed at
1600°C.

Figure 3 High-resolution TEM image of the ultra fine Mo particles
of less than 10 nm observed within the ZrO, grain.

3.2. Mechanical properties

The fracture strength as a function of Mo content for
the 3Y-TZP/0-100 vol % Mo composites is shown in
Fig. 9. The strength increased with increasing Mo
content up to 50 vol % and obtained a semi-maximum
value of 1795 MPa for the 3Y-TZP/40 vol % Mo
composite hot-pressed at 1600 °C. Then, a steep in-
crease in the strength was observed in the range

Figure 4 A similar microstructural feature associated with ultra fine
Mo particles within the ZrO, grain for 3Y-TZP/70 vol % Mo
composite hot-pressed at 1600 °C.

Figure 5 TEM image of the microstructure of the monolithic Mo
hot-pressed at 1600°C.

from 50-70 vol % Mo content. A maximum value
of 2100 MPa was obtained for the 3Y-TZP/70 vol %
Mo composite hot-pressed at 1500 °C. This strength-
ening was determined to be the result of two
separate phenomena. The first concerns a decrease
in a flaw size for both the ZrO, and the Mo
grains, respectively, associated with the interpenet-
rated intragranular microstructure. That is, nano-
meter sized inclusions, which are trapped inside the
grain, are believed to have a role in dividing a grain
into more finer sized particles. In particular, for the
composites containing above 50 vol % Mo content,
the strengthening is derived from the modification of
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TABLE I Lattice constant and axial ratio of tetragonal ZrQ; for 3Y-TZP/Mo composites hot-pressed at 1500 °C containing 0, 30 and
50 vol % Mo.

abx 107! (nm) ¢ x 107" (nm) o//2a volume (nm?)
3Y-TZP 3.606 ( 4+ 0.0007)% 5177 (4 0.0015)® 1.0152 67.318 x 1073
3Y-TZP/30 vol % Mo 3.603 ( £ 0.0007) 5.174 ( + 0.0019) 1.0154 67.167x 1073
3Y-TZP/50 vol % Mo 3.601 ( + 0.0007) 5.167 ( + 0.0019) 1.0238 67.002 % 1073

* standard deviation within parentheses.
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Figure 8§ Variations of residual stress of both (@) ZrQ, and {O) Mo
phases with Mo content for 3Y-~TZP/Mo composites,

Figure 6 TEM image of the twins observed in the interface between
Zr0O, and Mo grain boundary for 3Y-TZP/40 vol % Mo com-
posite.
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Figure 9 Variation of fracture strength with Mo content for
Figure 7 TEM image of the piled up dislocation lines observed 3Y-TZP/Mo composites. Hot pressed at (4) 1400°C, (O} 1500°C
around the nanometer sized Mo particle within the ZrO, grain. and (M) 1600°C.
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Figure 10 Variation of fracture toughness with Mo content for
3Y-TZP/Mo composites. Determined by IF method on samples
hot pressed at (A) 1400°C, (@) 1500°C and (M) 1600 °C. Deter-
mined by SEVNB method on samples hot pressed at (A) 1400 °C,
(O} 1500°C and (TJ) 1600°C.

Mo polycrystals resulting from the intragranular
ZrO, dispersions. The second phenomenon concerns
the stress induced phase transformation on the
strengthening for Y-TZP ceramics. It has been deter-
mined that the retention of the tetragonal phase is
critically governed by the grain size [1] and/or the
internal strain or stress [25]. That is, reduction of
the grain size and the internal residual stress are
predicted to increase the critical stress that induces
the tetragonal-to-monoclinic transformation. It has
become apparent that the increase of the critical
stress leads to augmentation of the strength of the
Y-TZP ceramics [7]. As described above, these inter-
active contributions are considered to result in the
improvement of the strength for the 3Y-TZP/Mo
composites.

The dependence of the fracture toughness on the
Mo content, which was both evaluated by the IF
method and the SEVNB method, is shown in Fig. 10.
In the IF method, the toughness was gradually im-
proved with increasing Mo content up to 30 vol %.
On the contrary, a notable increase of the toughness
was achieved above 40 vol% Mo content. A max-
imum value of 18.0 MPa-m'/? was obtained for the
3Y-TZP/50 vol % Mo composite hot-pressed at
1600°C. In the range above 50 vol % Mo content,
a crack could not be introduced by the Vickers inden-
tation, which shows that a remarkable increase of the
toughness was achieved. However, since the higher
toughness value, above 10 MPa-m'/? seems to be
overestimated, various evaluation methods were in-
vestigated, such as the single-edge-precracked-beam
(SEPB) method [26] and the chevron notch (CN)
method [27]. In the case of the SEPB method, it
was extremely difficult to introduce a pop-in precrack

arising from either a Vickers or a Knoop indent as
a crack starter. Moreover, even in the CN method,
a stable crack extension could not be obtained, al-
though various notch angles (84°-121.5°) were investi-
gated. Consequently, the SEVNB method was selected
as an improved evaluation technique. The required
toughness can be accurately obtained by forming
a sharper V-shaped notch with very small root curva-
ture [23]. In this study, the specimens, having
a V notch root radius around 10-15 pm, were sub-
jected to the SEVNB test. In contrast to the IF
method, the toughness increased continuously with
increasing Mo content up to 70 vol % and exhibited
a maximum value of 11.4MPa-m'? for the
3Y-TZP/70 vol % Mo composite hot-pressed at
1400°C. In the range above 80 vol % Mo, however,
the toughness decreased to around 7 MPa-m'/?, des-
pite the fact that a commercially available Mo plate
exhibits a tensile plastic deformation of more than
30 % [21]. The reasons for the decrease of the tough-
ness of the hot-pressed Mo polycrystals are not well
understood, but the following possibilities are con-
sidered. First, the Mo polycrystals, hot-pressed at
1400-1600°C, were composed of fine particle sizes
from 3—10 pm, and exhibited a duplex microstructure,
in which MoQO, particles were dispersed within the
Mo grains and at the grain boundaries. Second, an
intergranular fracture mode was observed for all Mo
polycrystals hot-pressed at 1400-1600 °C, due to the
fine-grained microstructure and/or the existing impu-
rities at the grain boundaries such as the MoO, phase.
This intergranular fracture seemed to prevent the ap-
pearance of elongation ability of Mo and resulted in
the lower toughness values in this study.

The volume fraction of the monoclinic phase in
both polished and fractured surfaces, as a function of
Mo content for the 3Y-TZP/0-80 vol % Mo com-
posites, is shown in Fig. 11. In the polished surfaces,
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Figure 11 Variation of volume fraction of the monoclinic phase
with Mo content in both (O) polished and (@) fractured surfaces for
3Y-TZP/Mo composites hot-pressed at 1600°C.

2855



a slight increase of the monoclinic phase was observed
in proportion to the Mo content, which were derived
from the increase of the tensile residual stress in the
ZrO, matrix. On the other hand, the volume fraction
of the monoclinic phase in the fractured surface tended
to increase overall for all Mo content values. How-
ever, especially in the range from 10-30vol % Mo,
a general decreasing tendency was observed. To
understand the above variation behaviour, the phase
stability of the tetragonal phase should be considered
in conjunction with the accumulation state of the
strain or the stress for the 3Y-TZP/Mo composites.
Yoshimura [28] proposed that a strain accumulation,
which leads to the nucleation of transformation, is
required for the tetragonal-to-monoclinic transforma-
tion. Moreover, he pointed out that some defects such
as dislocations and/or twins provide stress-sinks
through interaction with applied external stresses. The
influence of such stress-sinks on the stress induced
phase transformation is thought to act as the restraint
for the tetragonal-to-monoclinic transformation. This
notion seems to be effective in interpreting our experi-
mental results for the 3Y-TZP/Mo composites con-
taining up to 40 vol % Mo content. As for the increase
of the transformed monoclinic phase above 40 vol %
Mo content, a fairly high tensile residual stress in the
ZrO, grains resulted in the promotion of the tetra-
gonal-to-monoclinic transformation.

With regard to the toughening, an additional mech-
anism is considered to act besides the stress induced
phase transformation for the 3Y-TZP/Mo composites
as compared to other TZP-based composite systems
such as Y-TZP/AL,O; and Ce-TZP/Al,O;. In such
systems, the toughness decreased with increasing
Al,O5 content, which corresponds to the restraint in
the tetragonal-to-monoclinic transformation [4]. On
the other hand, 3Y-TZP/Mo composites exhibited
a continuous improvement in toughness with increas-
ing Mo content up to 70 vol % Mo. Nevertheless, the
volume fraction of the monoclinic phase in the frac-
tured surface decreased in the range from 10-30 vol %
Mo content, which predicts a decrease in the tough-
ness. These results revealed that the contribution of
the stress-induced transformation toughening is not
a dominant factor for the 3Y-TZP/Mo composites in
the region of high toughness.

Fig. 12 shows the representative crack propagation
behaviour around the Vickers indentation for the
3Y-TZP/Mo composites containing 20 and 40 vol %
Mo content, which was hot-pressed at 1600 °C. In less
than 20 vol % Mo content, cracks propagated in
a straight direction with small deviations around Mo
particles, which corresponded to the lower toughness.
On the contrary, with increasing Mo content above 40
vol % Mo, cracks were deflected and bridged by the
elongated Mo polycrystals at the ZrO, grain bound-
aries. Furthermore, as indicated by the arrows, it was
occasionally observed that the crack propagated
through the elongated Mo polycrystals, which corre-
sponded to the higher toughness. These interactions
between the crack tip and the metal phase were deter-
mined to result in the stress shielding effect, which
related to the relaxation of stress intensity deriving
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Figure ]2 SEM photographs of crack propagation behaviour
around the Vickers indentation for 3Y-TZP/Mo composites con-
taining 20 vol % (a) and 40 vol % (b) Mo.

from blunting and/or bridging of the crack tip by
the elongated Mo polycrystals. Consequently, this
caused a substantial increase in the toughness for
3Y-TZP/Mo composites.

The elastic modulus and Vickers hardness, as a
function of Mo content for the 3Y-TZP/0-100 vol %
Mo composites, are shown in Figs 13 and 14, respec-
tively. In each figure, dotted lines represent the cal-
culated values by the linear rule of mixtures using the
experimental data of the monolithic 3Y-TZP and the
Mo polycrystal for the initial values of 0 and 100 vol
% Mo, respectively. On the whole, the variations of
elastic modulus and Vickers hardness with Mo con-
tent were approximately in good agreement with the
predicted changes by the linear rule of mixtures. In the
case of the Vickers hardness, however, it was recog-
nized that the hardness depended on both the hot-
pressing temperature and Mo content. As for the influ-
ence of the hot-pressing temperature, a slight decrease
in the hardness was observed with increasing hot-
pressing temperature for both monolithic 3Y-TZP
and 3Y-TZP/Mo composites at all Mo contents.
These decreases in the hardness are thought to be
attributed to the existence of the coaleasced and elon-
gated Mo polycrystals at the ZrO, grain boundaries.
With regard to the variation of hardness with Mo
content, it was noticed that hardening occurred in the
range from 60-80 vol % Mo content. This hardening
behaviour is believed to be responsible for the modifi-
cation of Mo polycrystals associated with the novel
intragranular microstructure. That is, the mobility of
the dislocation of the Mo would be inhibited and/or
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Figure 13 Variation of elastic modulus with Mo content for
3Y-TZP/Mo composites containing 0 to 100 vol % Mo. Samples
hot pressed at (A) 1400°C, (@) 1500°C and (M) 1600 °C.
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Figure 14 Variation of Vickers hardness with Mo content for
3Y-TZP/Mo composites containing 0 to 100 vol % Mo. Samples
hot pressed at (A) 1400 °C, (@) 1500 °C and (H) 1600 °C.

pinned by the fine-grained ZrO, particles within the
Mo grains, which is a similar mechanism to precipita-
tion hardening.

4. Conclusions

To overcome the strength—toughness tradeoff relation
in Y-TZP based composite systems, we investigated
3Y-TZP based nanocomposites incorporating a duc-
tile refractory metal (Mo). The microstructures for
the 3Y-TZP/0-100 vol % Mo composites and the

relationship between their mechanical properties were
examined. The results are summarized as follows:

(I) 3Y-TZP/10-80vol% Mo composites hot-
pressed at 1400-1600°C were composed of only ZrO,
and Mo. No crystalline reaction phases were detected.
The ZrO, matrix in these composites consisted of
primarily the tetragonal phase and a small amount of
the monoclinic phase. There were no traces of the
cubic phase.

(IT) For less than 30vol% Mo content, submi-
cron sized Mo particles were dispersed at the grain
boundaries of fine-grained/submicron sized ZrO,
grains. Furthermore, fine-grained Mo particles were
partly trapped within the ZrO, grains. On the other
hand, in the above 40 vol% Mo content samples,
elongated Mo polycrystals were gradually formed at
the ZrO, grain boundaries. In addition, they pos-
sessed a novel interpenetrated intragranular nano-
structure, in which either nanometer sized Mo or
equivalent sized ZrO, particles were located within
the ZrO, grains or Mo grains, respectively. Finally,
for above 60 vol % Mo content, a linked structure of
Mo layers was produced.

(III) The fracture strength and toughness were
greatly enhanced simuitaneously with increasing Mo
content. This brakes through the strength—toughness
tradeoff relation, although the Vickers hardness de-
creased with increasing Mo content. They exhibited
a maximum strength of 2100 MPa and a toughness of
11.4 MPa-m'/? (SEVNB) for the composite contain-
ing 70 vol % Mo. The appearance of the simultaneous
improvements in strength and toughness was deter-
mined to be the result of a decrease in flaw size,
associated with the interpenctrated intragranular
nanostructure, and a stress shielding effect created in
the crack tip by the elongated Mo polycrystals bridg-
ing the crack tip in addition to the stress induced
phase transformation.
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