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Abstract

ALO; and ALO2 wt% Fe,yCr,, nanocomposite
powders were wet-mixed with different ZrO, or
Y-ZrO, powders. The influence of the ball-milling
medium and mixing duration on the microstructure
and the amount of tetragonal zirconia retained after
hot-pressing are discussed. The fracture strength
and fracture toughness of the alumina-metal-zirconia
specimens are lower than that of the alumina—metal
and alumina—zirconia composites. This could result
from a partial annihilation of the different rein-
forcement mechanisms involved and also from inter-
actions between czirconia and the metallic phase.
There is no correlation between the mechanical
properties and the amount of tetragonal zirconia.
However, the amount of tetragonal to monoclinic
transformation at the surface of the specimens dur-
ing grinding prior to the mechanical tests seems to be
a key parameter. © 1996 Elsevier Science Limited.

1 Introduction

Nanocomposites consisting of nanometric metal
particles dispersed within the grains of an alumina
matrix have been found to exhibit higher strength
and higher toughness than alumina,'® even with a
metal content as low as 2 wt% (so about 1 vol%).?
Although this is not fully understood yet, it seems
probable that plastic stretching of the ductile par-
ticles,” and crack deflection are the main reinforce-
ment mechanisms.

A more popular way to improve the mechanical
properties of alumina is based on the dispersion of
micrometric zirconia grains as a discrete second
phase; zirconia-toughened alumina (ZTA) ceram-
ics have been widely studied (see Wang and
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Stevens® for a review), and several reinforcement
mechanisms have been identified, including stress-
induced (tetragonal to monoclinic, t — m) phase
transformation toughening, microcrack toughen-
ing, compressive surface stresses and crack deflec-
tion. The combination of these mechanisms is
related to the microstructure of the ZTA material,
and notably to the extent of agglomeration of the
zirconia particles.?

Niihara et al.’ have shown that the hybridization
of microcomposites and nanocomposites could result
in a further improvement in both the strength and
toughness. Thus, the aim of this work was to study
the mechanical properties of a composite containing
both intragranular metal nanoparticles and micro-
metric zirconia-based particles located in the grain
boundaries of alumina.

Results reported in the literature on the
elaboration of ZTA by mechanical mixing greatly
differ regarding the influence of elaboration param-
eters, such as the ball-milling duration and the
nature of the dispersion medium, on the mechanical
properties. The first part of this paper deals with the
preparation of the alumina-metal-zirconia com-
posite by wet-mixing an Al,O,-2 wt% FeyCrg,
nanocomposite powder prepared in this labora-
tory with a commercial ZrO, powder. Fe,3Cr., is
a notation for metal particles containing 80 at% of
iron and 20 at% of chromium.
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2 Experimental

Details for the synthesis of nanocomposite pow-
ders were given in a previous study.”’ Briefly, a
solid solution between the requested amounts of
the rhomboedral sesquioxides Al,O,, Fe,O; and
Cr,0; was prepared from the decomposition and
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calcination of an oxalate precursor. Pure a-Al,O,
was also prepared by the same method. Hydrogen
reduction at 1050°C of the solid solution gave rise to
the AL,O;-2 wt% Fe,3Cr,, nanocomposite powder.

A commercial zirconia powder (CERAC Z-1042,
monoclinic, average size 10-6 um, minimum size
0-2 pum, maximum size 20 wm) was mixed and
sonicated for 30 min with the nanocomposite
powder (average size 2 um, minimum size 0-2 um,
maximum size 10 um) in different media: ‘acid’
water (pH = 5), ‘basic’ water (pH = 8) and
ethanol. The powder/liquid volume ratio was fixed
to 50/50 to reduce the risk of differential sedimen-
tation.'” This was followed by ball-milling, using
zirconia balls and vessel, for different times (10, 60
and 360 min). The zirconia content was fixed to
13 wt%. In some cases the Z-1042 powder was dry
ball-milled for 60 min prior to sonication (‘pre-
ground’ zirconia). The powders were oven-dried
(80°C) and their average size (in volume) was
measured using sedimentation granulometry in
isopropanol. Transmission electron microscopy
(TEM) was also performed to investigate the
microstructure. The powders for TEM examina-
tion were sonicated in ethanol and a drop of the
dispersion was deposited on to a copper grid
coated with a collodion film.

The powders were uniaxially hot-pressed in
graphite dies at 1450°C under vacuum. The dense
specimens (20 mm in diameter and 1 mm thick)
were ground successively to 45 and 6 um with dia-
mond suspensions and a final polish was carried
out using ‘colloidal’ silica (0-05 um). Relative den-
sities were calculated from the mass and dimen-
sions of the dense composites and found to be
equal to or higher than 99%.

Phase identification was performed with X-ray
diffraction (XRD) patterns analysis (CoKa =
0-17902 nm) on unground (U), 45 um-ground (G)
and silica-polished (P) specimens. The relative
amounts of tetragonal and monoclinic zirconia
were calculated from the XRD patterns using the
well-known Garvie-Nicholson equation.?! P speci-
mens were also observed by scanning electron
microscopy (SEM). Thin foils for TEM observa-
tions were prepared by mechanical grinding and
Ar ion-milling.

After a set of preparation parameters has been
chosen, mechanical tests were conducted on G
specimens. The transverse fracture strength (oy)
was determined by the three-point-bending test on
parallelepipedic specimens (1:6 X 1-6 X 18 mm’)
machined with a diamond saw. The fracture
toughness (K;) was measured by the SENB
method on similar specimens notched using a dia-
mond wire 0-1 mm in diameter. The calibration
factor proposed by Brown and Srawley?” was used
to calculate the SENB toughness from the experi-
mental results. Cross-head speed was fixed at
0-1 mm/min. The values given for o; and K. are
the average of measures on seven and six speci-
mens respectively.

Several other zirconia-based powders have been
used for these tests: a commercial ZrO,-5-3 mol%
Y,0; powder (CERAC Z-1065, cubic, average size
7-0 pm, minimum size 0-3 uwm, maximum size
20 pm), and four products prepared in this labo-
ratory by hydrolysis of ZrCl, (and YCl;) aqueous
solutions:® ZrQ, (tetragonal) calcined at 500 and
800°C and ZrO,-2 mol% Y,0, (tetragonal) cal-
cined at 500 and 800°C. The average size of these
four powders was about 5-5 um (minimum size
0-2 wm, maximum size 20 wm), but crystallinity
was improved in those calcined at 800°C. A speci-
men containing only 6-5 wt% of Z-1042 zirconia
was also tested.

Table 1 summarizes the characteristics of the
zirconia-based powders and gives a letter code for
the designation of specimens prepared with these
powders.

3 Results and Discussion

3.1 Preparation

The microstructure of the Al,0;-2 wt% Fey4Cry,
nanocomposite powder prior to mixing with zirconia
is shown in Fig. 1(a). Most of the metal particles
are homogeneously dispersed within the alumina
grains and are smaller than 3 nm in size. Some
larger (5-10 nm) metal particles are located in the
pores of the matrix. It has been shown in a previ-
ous study® that both the alumina grains and the

Table 1. Composition, designation, structure, and average size (as determined by sedimentation granulometry) of the zirconia-
based powders

Composition Designation Structure Average size (um)
ZrO,(Z-1042) Al3 or A6-5 Monoclinic 10-6
ZrO,-5-3 mol% Y0, B Cubic 7-0
ZrO4(500°C) C Tetragonal 5-5
ZrO,(800°C) - D Tetragonal 55
ZrO,-2 mol% Y,04(500°C) E Tetragonal 54
Zr0O,-2 mol% Y,0+(800°C) F Tetragonal 55
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Fig. 1. TEM micrographs showing the microstructure of the

AL O;-2 wt% Fegy3Cry., nanocomposite powder (a) and of the

alumina-metal-zirconia powder after 60 min ball-milling

(b). Some metal particles, pores and zirconia particles are
indicated by arrows.

metal particles are monocrystalline and that the
intragranular particles are epitaxied in the alu-
mina matrix. The alloy particles are in the stable o
form® A TEM micrograph of the alumina-metal-
zirconia powder is presented (Fig. 1(b)): it can be
seen that metallic dispersion was not affected by
the 60 min ball-milling and that 100-150 nm large
zirconia particles are located at the surface of the
nanocomposite powder grains. The decrease of the
powder grain size with the increase in ball-milling
duration will be described later in this paper.

The dense composites microstructure as observed
by SEM is the same, irrespective of the dispersion
medium used: for 10 min ball-milling (Fig. 2(a, b))
there is an inhomogeneous distribution of zirconia
agglomerates, the size of which ranges from a few
micrometers to 60 um. As expected, a more even
distribution is achieved with the increase in ball-
milling time to 60 min, the size of the zirconia
agglomerates being lower than 10 um (Fig. 2(c, d)).
Ball-milling for 360 min only results in a slight
re-agglomeration of the zirconia particles (Fig. 2(e,f)).

XRD patterns analysis revealed the presence of
a-ALO;, t-ZrO;, m-ZrO, and «a-Fey4Cry,. The
{110} metal peak is very weak and the calculation

of the average size of the metal particles using
Scherrer’s method is not possible. Since a high
content of tetragonal zirconia is known to be
beneficial with respect to the mechanical properties,
we have plotted the t-ZrO, content as deduced
from XRD measurements on unground (U) speci-
mens versus the average size of the composite
powder (Fig. 3). Ball-milling the starting powders
for 10, 60 and 360 min reduces the average grain
size to about 3, 2 and 1-5 um respectively; the size
distribution is also reduced (maximum size lower
than 7 um after 60 and 360 min ball-milling).
However, this has no influence on the amount of
tetragonal zirconia retained - after hot-pressing,
since the higher measured value is equal to 30%
and all values are within the 14-30% range. The
data presented in Fig. 3 also show little difference
between the dispersion media, but more t-ZrQ, is
generally obtained using ‘pre-ground’ zirconia. Thus,
it appears that whatever the elaboration process,
agglomeration of the zirconia particles in our
dense materials is strong enough to allow a majority
of particles to undergo the spontaneous (t — m)
phase transformation during cooling from the hot-
pressing temperature.

Due to the development of high stresses during
grinding, which favour the tetragonal-to-mono-
clinic (t —» m) phase transformation, the t-ZrO,
content is found to be markedly lower in G speci-
mens (ranging between 12 and 26%). The values
measured in P specimens are very close to that in
U specimens, showing that P values are represen-
tative of the bulk t-ZrQ, content and that the
lower G values are only due to grinding. The com-
pressive stresses that develop at the surface of the
material owing to the volume increase associated
with the (t — m) transformation are known to be
beneficial with respect to fracture strength.” Thus,
to quantify the grinding-induced (t — m) phase
transformation we have defined R as the ratio of
the t-ZrO, content in G specimens to the t-ZrO,
content in U specimens. R is not dependent on the
ball-milling time (for example R = 0-88, 0-88 and
0-86 for 10, 60 and 360 min mixing in ethanol
respectively); however R is equal to about 0-76
when ‘pre-ground’ zirconia was used, except in
‘basic’ water in which values close to 0-87 are
still measured. This could indicate that higher
stresses would be necessary to further transform
the t-ZrO, particles in specimens prepared in this
medium.

According to this preliminary study, the following
set of preparation parameters has been chosen:
‘pre-grinding’ of the zirconia-based powder, mix-
ing with the nanocomposite powder in ‘basic’ (pH
= 8) water (30 min sonication followed by 60 min
ball-milling), and-oven-drying.
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Fig. 2. SEM micrographs showing the microstructure of silica-polished (P) specimens after 10 min ((a),(b)), 60 min ((c),(d)) and
360 min ((e),(f)) ball-milling (the dispersion medium was found to have no or very little influence).

A TEM micrograph of the A13 composite pre-
pared according to this process and hot-pressed in
vacuum at 1450°C is shown in Fig. 4. The zirconia
particles are mainly located at the grain bound-
aries and triple grain junctions of the alumina
matrix. The shape of some is elongated because
their formation results from agglomeration of sev-
eral particles (see the particle in the upper right
hand corner of Fig. 4). The alumina grains are
micrometric in size (1 um for this particular grain,
but in fact closer to 2 um) and seem to be quite
porous, but.some of the larger holes probably cor-
respond to the location of zirconia particles
entrapped in the alumina grain that were extracted

during ion-milling; accordingly, some of the
smaller holes could correspond to the location of
nanometric metal particles. Some metal particles
smaller than 20 nm can be seen on Fig. 4.

3.2 Mechanical properties

In order to discriminate the effects on mechanical
properties of zirconia on the one hand and of
metal nanoparticles on the other hand, an alu-
mina-zirconia (Z-1042) specimen (denoted H
hereafter) was also prepared. The t-ZrO, content
measured in G specimens, R ratio, and results of the
mechanical tests, including those previously pub-
lished? of the Al 052 wt% Fe,4Cry, nanocomposite
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Fig. 3. Amount of tetragonal zirconia in unground (U) speci-

mens versus the average size of the composite powder as

determined by sedimentation granulometry. Full symbols

denote dry ball-milling of the zirconia powder before sonica-

tion. Circle: water (pH = 5); square: water (pH = 8): triangle:
ethanol. Ball-milling duration is indicated.

Fig. 4. TEM micrograph of the A13 alumina-metal-zirconia
dense composite. Some metal particles and zirconia particles
are indicated by arrows.

(denoted N hereafter) and alumina, are listed
in Table 2. The size of the alumina grains in these
latter composites is close to 2 um and thus similar

to that found in the alumina-metal-zirconia
specimens.

It should be noted that the amount of tetrago-
nal zirconia is fairly low, even when using tetrago-
nal zirconia starting powders (C, D, E, F).
However, the t-ZrO, content is much higher (34
and 51% in G and U specimens respectively) when
a lower amount of zirconia is dispersed in alumina
(A6-5). These results confirm that our preparation
method does not allow the zirconia particles to
disperse homogeneously enough at the surface of
the nanocomposite to prevent agglomeration dur-
ing hot-pressing. The minimum value of R is 0-67
(in A6-5) and the maximum is 1, i.e. no transfor-
mation (in E). The trend is that R decreases with
the increase in t-ZrO,, which seems to indicate
that a higher proportion of these particles would also
be available to undergo the (t — m) phase transfor-
mation during grinding. However, this is not strictly
followed, due probably to the microstructural and
compositional differences that exist between our
composites.

The mechanical properties of the alumina-zirco-
nia composite (H, oy = 712 MPa and K. = 54
MPa,/m), as well as those achieved using cubic
zirconia (B, oy = 590 MPa and K. = 4-5 MPa,/m),
which is known to not promote the mechanical
reinforcement,”® are similar to that found in the
literature.®* In particular, it should be noted that
the fracture strength of the alumina-zirconia com-
posite (H) 1s of the order of that of the metal-
alumina nanocomposite (N), showing the validity of
our wet-mixing preparation method with respect
to preparing composite material with reasonably
high strength and toughness.

Concerning the hybrid composites, all fracture
strength values are lower than that of the reference
materials (H and N), and all K. values are lower
than that of the nanocomposite. The fracture
strength of specimen A6-5, which contains a higher
amount of tetragonal zirconia, is higher than that of
Al13, but there is otherwise no correlation
between the mechanical properties and the t-ZrO,
content.

Table 2. Fracture strength, fracture toughness, tetragonal zirconia content (G specimens), and R ratio {see text). Values for Al,O,
and N are from Reference 2. Standard deviation on o7 and K| values is indicated between brackets

Specimen o{MPa) K, (Mpa/m) t-ZrO, content (%) R
Al O, 335 (20) 44 (0-3) — —
N 690 (127) 65 (0-2) — —
H 712 (40) 5-4 (0-4) 16 0-70
A6-5 620 (124) 5:5(1-0) 34 0-67
Al3 572 (40) 57 (0-4) 22 0-82
B 590 (62) 4-5(0-3) 100% cubic -
C 510 (28) 5:2 (0-6) 22 0-88
D 612 (16) 5:6 (0-5) 19 0-79
E 486 (36) 5.0 (0-4) 17 1-00
F 582 (3D 60 (0-5) 15 0-79
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On the contrary, it is interesting to note that
both the lower o; and K|, are achieved with speci-
men E, which do not exhibit (t - m) phase trans-
formation during grinding (R = 1). Plotting
fracture strength versus R (Fig. 5(a)) suggests that
the higher o} is obtained for an optimal value of R
(about 0-74). A similar evolution is observed for
K. (Fig. 5(b)). This could represent an optimal
combination of stress-induced (t — m) transfor-
mation toughening and compressive surface
stresses, the microcrack toughening mechanism
being roughly of the same importance in all speci-
men, which contain a similar amount of mono-
clinic zirconia.

R could also be related to the transformation
zone depth whose influence is discussed by Kos-
mac et al?’ Our results are in qualitative agree-
ment with theirs, since they have shown that the
higher toughness is not obtained for the larger
transformation zone depth, but for a particular
combination of several factors: zone depth, t-ZrO,
content and size of the zirconia particles.

Obviously, the additive effect that was expected
from the hybridization of nano- and microcom-
posites is not observed. The lower mechanical
properties achieved with the alumina-metal-zirco-
nia composites could result from a partial annihi-
lation of the different reinforcement mechanisms:
indeed, SEM observations (Fig. 6) show that the
fracture is mostly intergranular, while it is essentially
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Fig. 5. Fracture strength (a) and fracture toughness (b) versus R
ratio (see text). Dashed part of the curve is only speculative.
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Fig. 6. SEM micrograph showing the fracture surface of an
alumina-metal-zirconia composite.

intragranular in the absence of zirconia.”® Thus,
mechanisms involving the metal particles, which
are located within the matrix grains, would be far
less operative. On the other hand, the metal
nanoparticles could favour the coalescence of the
residual microcracks due to the (t —» m) transfor-
mation taking place during cooling from the hot-
pressing temperature, thus significantly lowering
the fracture toughness.® However, this seems not
probable since one can observe that the fracture
toughness of specimens A6-5, A13, D and F is
slightly higher than that of the alumina-zirconia
composite (H). The diffusion at high temperatures
of Fe species into zirconia, which is known® to
increase the volume difference between the mono-
clinic and tetragonal phases, could provoke a
higher, detrimental, microcracking. Energy disper-
sive X-ray spectroscopy was performed during
TEM observations to check this point, but the
results are not conclusive. However, Tuan and
Chen*™! recently reported that interactions between
micrometric silver and zirconia particles do not
favour the additive effect.

4 Conclusions

‘Nano-micro hybrid composites’ have been pre-
pared by wet-mixing and hot-pressing a zirconia
powder and a 2 wt% metal-alumina nanocomposite
powder. The nanometric metal particles are dis-
persed within the matrix grains and the zirconia
particles are located at the grain boundaries of
alumina. Owing to the agglomeration of zirconia
particles, the amount of tetragonal zirconia is
fairly low (< 30%) even when using t-ZrO, starting
powders; however, it was observed to increase
when using a lesser amount of zirconia. The validity
of the chosen elaboration method (60 min ball-
milling in pH 8 water) is demonstrated by the
mechanical properties achieved with the 13 wt%
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zirconia—alumina composite (without metal): o, =
712 MPa and K. = 5-4 MPa/m).

Instead of the expected additive strengthening

and toughening effects, annihilation of the rein-
forcement mechanisms occurs in the hybrid com-
posites. Explanations for this may be found in the
microstructure of the material and also in interac-
tions between zirconia and the metallic phase. The
amount of tetragonal to monoclinic transforma-
tion at the surface of the specimens during grind-
ing prior to the mechanical tests was identified to
be a key parameter, showing the importance of
the effect of compressive surface stresses in these
materials.
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