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Sinter forging of zirconia toughened alumina
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Sinter forging experiments have been carried out on powder compacts of zirconia toughened
alumina (ZTA) Ceramics Alumina—15wt % zirconia was prepared by a gel precipitation method
and calcined at temperatures of 900 or 1100 °C. Full densification of ZTA ceramics was
obtained within 15 min at 1400 °C and 40 MPa. A homogeneous microstructure can be
observed with an alumina grain size of 0.7 um and a zirconia grain size of 0.2 um. Almost no
textural evolution occurred in the microstructure. During sinter forging the densification
behaviour of the compacts was improved by an effective shear strain, for which values of more
than 100% could be obtained. As a result of the shear deformation the densification of ZTA in
the o alumina phase stage shifted to lower temperature. During pressureless sintering the 0 to
a alumina transformation temperature was dependent of the preceding calcination
temperature, while during sinter forging this phase transformation was independent of
calcination temperature and took piace at a lower temperature.

1. Introduction

The densification and the strength of sintered ceramics
are often limited by processing defects. Such defects
arise from inhomogeneities in the powder compact
after green forming [1-6] or from different sintering
in two-phase ceramic systems. It is known that very
fine grained ceramic powders are difficult to obtain in
the monodispersed state. In most cases crystallite
clusters, such as aggregates and agglomerates, are
found {7]. Non-uniform particle packing can occur if
remainders of agglomerates are present during com-
paction. This may result in inhomogeneous densifi-
cation during sintering. Inhomogeneous densification
in its turn leads to transient stresses, causing cracklike
pores or large voids [5]. These flaws do not disappear
easily during pressureless sintering and consequently
limit densification, microstructural evolution and ulti-
mate temperatures required for densification [8]. In-
homogeneous densification can also occur due to the
presence of different phases in the compact (e.g., Al,O,
and ZrQO,).

Some pressure assisted sintering techniques, like hot
isostatic pressing (HIP) [3, 9, 10], hot pressing (HP)
[11, 12] and sinter forging [1, 13-16], provide the
opportunity to prevent the formation of, or to elimi-
nate, such flaws, consequently enhancing the mechan-
ical properties and the reliability of the final material.
It has been experimentally demonstrated that the
flaws can be eliminated when an effective shear strain
of 0.60 is achieved in pure alumina [1, 16]. In com-
parison with the three main types of pressure assisted
sintering techniques mentioned above, sinter forging
has obvious advantages in improving densification
and effectively eliminating residual flaws, because
large shear strains can be imposed on the material [1].
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In sinter forging an uniaxial pressure is applied on the
samples, without any lateral constraint. Finally, sinter
forging can be used for near net shaping directly from
the powder compact.

During sinter forging, ZTA powder compacts,
containing transition (6) alumina, show a strong
improvement in densification prior to the phase
transformation to « alumina. Therefore, sinter to full
density at lower temperature is possible if compared
with pressureless sintering [17]. The effect of
calcination temperature on densification during
pressureless sintering was investigated in [17], while
the influence of powder calcination temperature on
the behaviour of compact during sinter forging was
not clear. The microstructural development of these
powder compacts and its influence on densification at
a alumina sintering stages during sinter forging, have
not been indicated yet.

In this paper the relationship between calcination,
densification and sinter forging is studied in detail.
Two calcination temperatures are used. Finally,
microstructural development during sinter forging is
investigated and is compared with that during pre-
ssureless sintering.

2. Experimental procedure

Alumina-15wt % zirconia powders were prepared by
the gel coprecipitation method. Preparation involves
the hydrolysis in ammonia of an aluminium chloride
(Merck, extra pure) and zirconium chloride (Merck,
p.a.) solution. The hydrous gel was washed using
water—ammonia mixtures in order to remove chlori-
des. Subsequently, the coprecipitated gel was washed
with ethanol to remove free water. After that, the
filtered gel was dried in air at 120°C. More experi-
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mental details are described in [17]. The powders were
calcined at 900 or 1100 °C for 2 h. All powders were
isostatically cold-pressed at 50 MPa in a large plastic
tube. The compacts obtained were ground in a mortar
in order to improve the flow behaviour of the powder,
and were subsequently pressed uniaxially in a die at
the same pressure into rectangular samples. Finally,
these samples were isostatically cold-pressed at
400 MPa and pressureless sintered or sinter forged
in air.

Pressureless sintering was done in a Vecstar tube
furnace. The heating and cooling rates were
2°Cmin~!. Sinter forging experiments were per-
formed in static air using a uniaxial hot press equip-
ment with silicon carbide heating elements and SiC
pistons. A force transducer was mounted under the
lower piston. Heating and loading were controlled by
a Burotherm Fics-11 controlier. In order to improve
the strength of the compacts prior to sinter forging,
the green compacts were presintered at 1200°C for
15 min. After presintering, the specimens were ma-
" chined into cylindrical specimens of 8 mm height and
Smm diameter. During sinter forging the samples
were heated to 1150°C by 10°C min ~! with an initial
load of 5 MPa. The pressure was subsequently in-
creased linearly to 40 MPa in the temperature range
of 1150-1200°C in 20 minutes. Finally, the samples
were heated to 1400 or 1450 °C at a rate of 2°C min ™!
and held at this temperature for 15 min. While the
load acting on the sample was kept constant, the
uniaxial pressure changed because the dimension of
the samples changed during sinter forging. The
pressure values specified below are based on the initial
dimensions.

Sinter forging experiments allow a simultaneous
analysis of creep and densification. Densification and
the shear strain (creep strain) are separated using the
procedure given in [1]. The volume strain, &,, axial
strain, €, radial strain, €, and the effective shear strain,
g,, are given by the following relations

h
g, = an = ln& g = lni g, =In— (1)
Vo P o h

where r,, h,, V, and p, are the initial radius, height,
volume and density of specimens, respectively, and r,
h, V and p are the values of these parameters after the
sinter forging experiment.

The shear strain (creep strain), &, is written as

g = 2/3le, — &| = le, — (&,/3)l (2)

To analyse the densification process, the compacts
were heated to the desired temperature at 2°C min ™!
and immediately cooled afterwards. Densities were
measured by the Archimedes technique in mercury.
Some experiments for analysis of axial strains were
performed. In these experiments, the compacts were
presintered at 900 °C; the sinter forging started at a
temperature of 950 °C, while the maximum pressure of
40 MPa was achieved at 1000 °C with heating and
cooling rates of 2°C min ™.

The fraction of tetragonal and monoclinic phase of
ZTA powders was measured by means of X-ray dif-
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fraction (XRD) analysis [ 18], using CuK, radiation in
a Philips PW1710 X-ray diffractometer. The micro-
structure of polished—thermally etched surfaces was
analysed by a Jeol JSM-35CT scanning electron
microscope (SEM). The microstructure development
after sinter forging was also examined by a Jeol 200CT
transmission electron microscope (TEM) on ion thin-
ned samples. The grain sizes of sintered ceramics were
measured by the linear intercept method [19] from
SEM pictures. Specific surface areas, Sypr, of the
powders were determined by the Brunauer Emmett-
Teller BET method. The pore size distribution was
examined at 77 K with nitrogen adsorption—desorp-
tion isotherms using a Micromeritics ASAP 2400
system. Pore sizes larger than 15 nm were determined
by mercury-intrusion porosimetry using a Carlo Erba
Series 200 porosimeter.

3. Results and discussion

The characteristics of the alumina~15 wt % zirconia
powders are given in Table I. All coprecipitated pow-
ders were fully crystallized after calcination at 900 and
1100°C, in agreement with [17]. The alumina was
present in the transition (0) state. Most of the zirconia
phase in the undoped zirconia-alumina powders is
monoclinic at room temperature. Irregular platelet
6 alumina aggregates are present in the powder cal-
cined at 900 °C, whereas after calcination at 1100 °C
the aggregates are already completely densified and
recrystallized into new 6 alumina “single” crystals.
The differences in morphology at the calcination
temperatures of 900 and 1100°C are discussed in
detail in [17].

TABLE 1 Characteristics of zirconia toughened alumina powders

Tcall:a SBET

(°C) Alumina phase Zirconia phase (m?g™Y)
900 0 73% m® 92

1100 0 73% m® 45

*T a1 temperature of calcination.
b m, monoclinic.
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Figure I Densification behaviour during pressureless sintering and
sinter forging: (@, O) calcined at 900 °C; (A, A)calcined at 1100°C.
Dwell time at each point is O h.
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TABLE II Shear strain and densification of ZTA ceramics after pressureless sintering and sinter forging

Sinter
Teate Pressure Shear strain Relative density
Q) {(MPa) Temperature Time (min) £, (%)
900 0 1450 15 0.00 78
900 0 1450 120 0.00 91
900 0 1500 120 0.00 97
900 40 1400 15 0.79 99
900 40 1450 15 1.13 100
1100 0 1450 15 0.00 87
1100 0 1450 120 0.00 98
1100 0 1500 120 0.00 98
1100 40 1400 15 0.80 9 +
1100 40 1450 15 1.07 100
3.1. Sinter forging behaviour 300

Densification data of ZTA compacts during sinter
forging and pressureless sintering are presented in
Fig. 1. A comparison of the densification behaviour of
ZTA ceramics for both pressureless sintering and
sinter forging is also given in Table IL. The results in
Fig. 1 and Table II show that during pressureless
sintering, that densification as a function of tempe-
rature of ZTA compact calcined at 1100°C is
obviously faster than that of a powder compact
calcined at 900°C. This influence of calcination
temperature is not observed for sinter forging, con-
trary to the situation during pressureless sintering. In
order to investigate this phenomenon, pore morpho-
logy development during sintering was examined.

In Fig. 2 a nitrogen adsorption—desorption isoth-
erm is given for a powder calcined at 900°C and
isostatically pressed at 400 MPa. From this figure it
can be seen that two hysteresis loops are present. The
hysteresis loop in the relative pressure range from 0.6
to 0.85 is observed only in compacts of powders
calcined at 900°C, while the hysteresis loop in the
range from 0.9 to 1.0 is found in compacts of both
powders. According to De Boer [20] the hysteresis
loop observed in the relative pressure range of
0.6-0.85 can be built up from a type B hysteresis loop
and an isotherm of type II. Such a combination is
expected for a capillary system of open slit-shaped
pores together with wedge-shaped capillaries with a
closed edge at the narrower side. Most transition
alumina particles have a plate or rod like structure,
and therefore the pore structure is ascribed to pores
between 6 alumina crystallites and partly sintered
crystallites, together forming strong aggregates [17].
From the volume of nitrogen adsorbed in the relative
pressure range of 0.6-0.85 a relative aggregate density
of 65% was calculated, while the individual 6 alumina
crystallites have a platelet thickness of 6nm as
determined by X-ray line broadening analysis and
from TEM pictures [17].

After calcination at 1100 °C these slit-shaped pores
are not observed any more, and in these cases a 0
alumina crystallite size of 35 nm was found [17]. It
can be concluded, therefore, that after calcination at
1100 °C the internal aggregate structure is completely
densified and recrystallized to new 6 alumina “single”
crystals.

248

192

138

Vol adsorbed (cc g ™)

84

30

064 0.76 0.88 1.00

Relative pressure (P/P,)

0.40 0.52

Figure 2 Nitrogen adsorption—-desorption isotherm of a powder
calcined at 900 °C and isostatically pressed at 400 MPa.

The hysteresis loop in the relative pressure range of
0.9-1.0, as observed for both powder compacts, is of
so-called “A” type [20]. This type of hysteresis loop
corresponds to tubular capillaries with slightly
widened parts. These pores represent the pores
between the spherical like (dense or porous)
aggregates.

Den Exter et al. [17] observed that in the compact
of powder caicined at 900°C, a broad tail of small
pores persist during the transformation to the « alum-
ina phase. Whereas the compact of powder calcined at
1100 °C shows only uniform (cylindrical) pores, with a
narrow size distribution after the phase trans-
formation to o alumina. This absence of small pores
after the phase transformation is held responsible for
the lower temperature necessary for the pressureless
sintering densification of ZTA when compared to
compacts calcined at lower temperatures.

During sinter forging these small pores in the com-
pact calcined at 900 °C are not present any more after
the 0 to a alumina phase transformation (see Fig. 3).
The pore size distribution of the compacts calcined at
900 and 1100 °C is approximately the same. So, sinter
forging has a significant influence on the microstruc-
ture development of particle aggregates. The extra
pressure during sinter forging results in shear defor-
mation and internal reorganization of particles in
ZTA compact. The shear deformation and the re-
arrangement provide an opportunity to eliminate
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Figure 3 Pore size distribution of powder compacts during sinter
forging after phase transformation at 1250°C, calcined at 900°C
(solid line) and 1100 °C (dotted line).

small intra-aggregate pores and transfer them to lar-
ger inter-aggregate pores in the compact calcined at
900 °C prior to 6 to o alumina phase transformation,
obviously resulting in a similar pore morphology for
compacts calcined at 900 and 1100 °C after the 8 to a
alumina transformation. A tendency of identical den-
sification behaviour is expected in the o alumina
sintering stage for both compacts during sinter
forging.

In Fig. 4a typical axial strain curves as a function of
sintering temperature in the compacts calcined at 900
and 1100 °C are given. No difference in the axial strain
is observed in both compacts calcined at 900 and
1100 °C. At about 1216 °C, the axial strain rate drasti-
cally decreases (Fig, 4b), after which the axial strain
rate increases again with increasing temperature.
XRD analyses showed that this temperature resembles
the phase transformation temperature from 0 to o
alumina. Just after the 6 to « alumina phase trans-
formation, almost no axial strain is observed. The
axial strain increases again after this phase trans-
formation. This phenomenon was also found in the
densification curves of pressureless sintered compacts,
where a dramatic decrease in axial linear shrinkage
was observed just after phase transformation [17].
For both compacts calcined at 900 and 1100°C, re-
spectively, the 8 to o alumina phase transformation
takes place at almost the same temperature during
sinter forging. So sinter forging behaviour in the ZTA
materials is independent of calcination temperatures.
This is due to morphological developments in the first
sinter stage. The results observed above confirm the
identical sinter forging behaviour of both compacts
again. The applied compressive stress encourages
transformation at a lower temperature since stress
increases the transformation kinetics. The same result
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Figure 4 Typical axial strain (a) and axial strain rate (b) curves of
zirconia toughened alumina calcined at 900 °C (<) and 1100°C (#).
Heating rate is 2°Cmin ! during sinter forging. -

is obtained by Hague and Mayo [21] in TiO, phase
transformation from anatase to rutile.

Fig. 1 and Table II also show that sinter forging has
shifted the densification of ZTA compacts to lower
temperature at o alumina stage. The same dense
ZTA by means of pressureless sintering can be ob-
tained only at temperatures at least 100 °C higher than
that by sinter forging. After sinter forging at 1400 °C
for 15 min, a dense ZTA ceramic (99% density) is
obtained. Prolonged hot pressing results in an in-
crease in shear strain, which is caused by pure creep.
So, the hot forging state starts at this point. After
pressureless sintering at 1450 °C for 15 min, the densit-
ies of ZTA compacts calcined at 900 and 1100 °C, are
only 78 and 87%, respectively. A temperature of
1450-1500°C for at least 2 h is necessary to obtain
high density ZTA materials under pressureless
sintering. These results clearly indicate that sinter
forging has a significant influence on sintering behavi-
our and gives a strong improvement in densification.
The large shear strain obtained during sinter forging
(see Table II) is an important factor in the den-
sification of ZTA ceramics. Fig. 5 illustrates the den-
sification behaviour with or without shear strain. It
can be seen that the volume strain, g,, which repre-
sents densification (see Equation 1), increases as a
function of sinter temperature when a shear strain, &,
is present during sinter forging. The effect of sinter
forging on densification is due to extra pressure and
shear strain in the sintering process. These will be
discussed now.

The conventional sinter process is divided into three
stages: neck formation in the first stage, pore shrin-
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kage and densification in the second stage, and grain
growth in the final stage. In the first stage the extra
pressure acts on the compacts during densification of
the 8 alumina matrix. There is a strong rearrangement
of the particles, resulting in an even more uniform
pore size distribution after phase transformation com-
pared with pressureless sintering. This is also
identified by the pore size distribution given in Fig. 3
which is significantly different from the results of
pressureless sintering [17]. Also more contact points
between particles were formed during this process.
Moreover local tensile stresses (back stress effect), due
to inhomogeneous sintering, result in a locally
decreased sinter pressure. Application of compressive
stresses compensate these effects as will be discussed
below. In this way more “necks” formed in an early
stage and compensation of a locally decreased sinter
pressure result in densification at lower temperatures
than for normal sintering without the extra pressure
used. However, the value of the shear strain is small at
this moment, so the effect of shear strain on
densification (Fig. 1, before 1300 °C) is smaller than in
later sintering stages (after 1300 °C). Therefore, in the
first sintering stage the application of an external
pressure probably acts as an extra driving force to
improve densification, based on the mechanism of
interface reaction controlled grain boundary diffusion
[22].

Sinter forging has an important influence on the
pore shrinkage stage too (Fig. 1, above 1300 °C). Shear
strain is an important factor contributing to den-
sification of ZTA materials. According to [1] the large
pores in the compact are flattened at this stage and
disintegrate into small pores by shear strain. The
flattened pores and the small pores are removed easily
during the sintering process, as shown by Venkata-
chari and Raj [1]. In this pore shrinkage stage the
densification rate is increased by a shear mechanism
with interface reaction controlled grain boundary slid-
ing [1, 14].

The sintering of ZTA materials is inhibited not only
by pores in the compacts but also by processing flaws
due to aggregates or agglomerates. Actual random
packing of the powder particles in the green compacts
due to the presence of aggregates or remainders of
agglomerates can induce differential shrinkage. Areas

Figure 6 A cracklike defect on the fracture surface of a ZTA sample
after pressureless sintering at 1500 °C for 2 h.

of high packing density have a higher sinter rate than
the less dense parts. This process may cause internal
stresses, resulting in the development of flaws at the
second sintering stage and in a decreased local sinter
pressure. These processing flaws are very difficult to
remove. Fig. 6 shows an example of a large flaw, which
has a negative influence on mechanical properties of
ZTA materials [23]. During sinter forging, the shear
deformations not only induce a uniform pore size
distribution by means of particle rearrangement in the
first sinter stage, but can also be effective to remove
internal stresses due to inhomogeneous densification.
As a result, the formation of process flaws is limited
and an increase in density is observed. In the present
paper, an effective shear strain (Fig. 5) of more than 0.8
was obtained at 40 MPa at temperatures greater than
1400 °C. According to the literature [1], an effective
shear strain of at least 0.6 is needed for eliminating
process flaws and closing spherical pores at inter-
mediate shear strain. Mechanical measurements on
these samples show that strength and toughness in-
creasc by a factor of 1.5-2 if these ZTA samples are
submitted to sinter forging treatment [23].

3.2. Microstructure after sinter forging

The microstructure of compacts observed by SEM
after sinter forging at 1400 and 1450 °C for 15 min are
shown in Fig. 7. As can be seen from these SEM
photographs the zirconia grains, which are the smaller
and slightly lighter grains, are homogeneously dis-
persed in the alumina matrix. A few zirconia grains are
located at the boundary of the alumina grain, most of
them are present at triple junctions. After sinter
forging at 1450 °C for 15 min, the mean grain size of
alumina is 0.8 um and the mean grain size of zirconia
is 0.3 um. No difference in the microstructure of com-
pacts between calcination at 900 and 1100 °C is found.
Somewhat smaller grain sizes, with a alumina grain
size of 0.7 um and a zirconia grain size of 0.2 pm, are
obtained after sinter forging at 1400°C for 15 min
with full density.

In order to examine the influence of shear deforma-
tion on microstructure, such as preferential orienta-
tion during grain growth, the sinter forged specimens
were cut both parallel and perpendicular to the
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Figure 7 Microstructure of the compacts after sinter forging (a) at
1400 °C for 15 min, and (b) at 1450 °C for 15 min: applied pressure,
40 MPa.

forging axis. The microstructure has been investigated
by SEM and TEM. No textural development resulting
in preferential orientation or shape changes is ob-
served from SEM photographs of sinter forged speci-
mens in Fig 7. The same conclusion is drawn from the
TEM photograph of Fig. 8a. A few alumina grains are

slightly elongated, however, after sinter forging at
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Figure 8 Transmission electron microscope of ZTA ceramics
calcined at 1100°C after sinter forging at 1450°C for 15 min: (2) no
obvious textural development, (b) few alumina grain elongations
(see grains A, B and C) and alumina grains without any elongation
(see grains D and E), and (c) transformed and stable tetragonal
zirconia in sinter forged ZTA materials.

1450°C for 15 min as shown in the TEM picture of
Fig. 8b. Contrary to this observation in Al,05-ZrO,
composites, in the literature strong textures have been
reported for pure alumina produced by forging defor-
mation [24, 257, which is attributed to a combination
of dislocation slip and recrystallization [25]. Kellett
and Lange [13] showed that during deformation tex-
tural morphology can also appear in Al,O3~ZrO,
composite materials. Ma and Bowman [25] showed
that textural development in alumina during com-
pressive deformation is dependent on dopant addi-
tion, impurities, grain shape, temperature and strain



rate effects. The discrepancy between our results and
Kellett et al’s [13] is ascribed to impurities (glass
phase) and temperature. In the materials used in the
experiments of Kellett et al. a certain amount of glass
phases (about 760 p.p.m) was present at the junctions
of three grains while a high forging temperature
(1600 °C) was used. No texture is expected due to less
contaminates in the materials used in our work or due
to sinter forging taking place at a lower temperature
(at 1450 °C), although a large shear strain of more than
100% is achieved.

It is argued that the presence of zirconia suppresses
alumina grain growth to an elongated particle mor-
phology. This is supported by the fact that some
alumina grains not surrounded by zirconia grains
show eclongation, for example: alumina grains A, B
and C in Fig. 8b. Alumina grains D and E in Fig. 8b,
which are homogeneously surrounded by several zir-
conia grains, do not show any elongation. So, it is
clearly observed that ZrO, inhibits alumina grain
elongation. The effect of zirconia on reduction of
alumina grain elongation during sinter forging is less if
a glassy phase exists or when zirconia is not well
dispersed in the alumina matrix.

Fig. 8¢ shows transformed (monoclinic) and meta-
stable tetragonal zirconia in the alumina matrix after
sinter forging deformation at 1450 °C for 15 min. The
twinned structure of the monoclinic crystals is clearly
visible.

As has been discussed before, shear deformation can
_eliminate the flaws and close the pores in ZTA bulk.
The pores at the surface (in contact with SiC plates)
will hardly close during sinter forging because of
tensile forces acting at the interface of SiC piston
plates and ZTA compact. A SEM micrograph (Fig. 9)
of the thermally etched surface area in contact with
the SiC plate shows irregularly shaped pores and some
pores linked together. The porosity on the surface is
about 10%. Nevertheless, the density of sinter forged
compact is about 99%. The same structure was ob-
served also by Tsukuma and Shimaoa in hot isostatic
pressing studies of yttria-partially-stabilized zirconia
(Y-PSZ ceramics) [26]. The porous surface layer is
about 40 pm thick observed from a SEM picture of the
fracture surface (Fig. 10). Below the surface layer at

Figure 9 Opened pores on the surface contacted with SiC plate in
as-fired ZTA material after sinter forging.

Figure 10 SEM of the fracture surface of ZTA ceramic after sinter
forging at 1450 °C for 15 min and 40 MPa. A porous layer is present
on the top surface (indicated by an arrow).

Figure 11 SEM of the surface layer after the as-fired surface is
polished out 60 um in sinter forged ZTA materials.

60 pwm depth, a pore-free area is observed (Fig. 11). Itis
necessary to remove this porous surface layer com-
pletely in order to have a ZTA material with an
improved strength and toughness [23].

4. Conclusions

Alumina—15 wt % undoped zirconia ceramics (ZTA)
were investigated, in which powders were prepared by
a coprecipitation method and calcined at 900 and
1100°C.

1. A homogeneous microstructure with an alumina
grain size of 0.7 um and a zirconia grain size of 0.2 yum
is achieved after sinter forging at 1400 °C for 15 min.

2. The large effective shear strain up to 0.8 effec-
tively eliminate flaws and pores in compacts and result
in complete dense ZTA ceramics after sinter forging at
1400 °C for 15 min.

3. Sinter forging is an effective technique to shift the
temperature of densification of these ZTA materials
to lower temperature, compared with pressureless
sintering. During sinter forging, the densification
behaviour is independent on the calcination
temperatures of the ZTA powders. The intra-
aggregate pores present in the compact calcined at
900 °C disappear prior to the phase transformation to
o alumina due to particle rearrangement induced by
the applied pressure.
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4. The applied compressive stress causes the 6 to o
alumina transformation to occur at lower temper-
ature. This decrease due to the applied pressure is

independent on the proceeding calcination
temperature.
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