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Abstract

Fine-grained (Mg, Y)-PSZs containing small amounts
of spinel as a second phase have been produced by
pressureless sintering and hot isostatic pressing.
Their mechanical properties have been optimised by
Judicious adjustment of processing parameters such
as sintering temperature, cooling rate and holding
time of eutectoid heat treatments. Hot isostatic
pressing reduces the internal defect size in compari-
son with conventional sintering. Without exploiting
transformation toughening, high strength values of
more than 700 MPa are obtained, which rise to
about 900 MPa after eutectoid ageing. Failure
mechanisms are discussed in terms of defect size,
defect type and R-curve behaviour. © 1997 Elsevier
Science Limited. All rights reserved.

1 Introduction

Magnesia-partially-stabilized zirconia (Mg-PSZ)
exhibits strong R-curve behaviour due to transfor-
mation toughening with peak fracture toughness
up to 20 MPa ¥m.'* The underlying mechanism is
the stress-induced tetragonal (t)-monoclinic (m)
phase transformation. The key to get high fracture
toughnesses in Mg-PSZ is to maximise the
amount of transformable tetragonal phase by
eutectoid and/or subeutectoid ageing treatment
and optimised cooling rate.*®

The R-curve behaviour contributes to respec-
table strength values in spite of the coarse-grained
microstructure consisting of grains with a size of
~50 wm. The large grain size is caused by the high
sintering temperatures of more than 1700°C.
Strength values up to 700 MPa are character-
istic of Mg-PSZ miaterials of the high strength
category.’® Zirconia ceramics with high toughness,
however, exhibit generation of surface flaws and
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a particularly shallow R-curve behaviour due to a
low critical stress for transformation. Both con-
tribute to strength reduction in spite of enhanced
plateau toughness.” !

Refinement of grain size in peak-strength
Mg-PSZ should allow for a decrease of effective
defect size and higher strengths.!' Recently, a fine-
grained Mg-PSZ type material has been produced
by pressureless sintering with the aid of MgAl,O,
particles.!>'* Yttria was added as co-stabiliser in
order to prevent the phase decomposition occur-
ring in Mg-PSZ between 900°C and 1400°C.'>!6
The benefit of yttria as co-stabiliser has been
verified earlier in coarse-grained (Mg,Y)-PSZs.'"!®
Unfortunately, however, overstabilisation results
if the MgO content remains unchanged. This leads
to a degradation of mechanical properties. In a
previous study it has been shown that (Mg)Y)-
PSZ materials with a tailored stabiliser content can
exhibit a remarkably improved resistance against
subeutectoid degradation without any loss of
toughness and strength.'* In the present study the
microstructure and the mechanical properties of
the pressureless sintered (Mg,Y)-PSZs are evaluated
and related to the processing parameters such as
sintering temperature, cooling rate and eutectoid
ageing time. Furthermore, hot isostatic pressing
(HIP) was examined as densification method. In
the past, several attempts have been made to age
hot isostatically pressed or hot-pressed Mg-PSZ in
air. Even after short annealing times, however,
severe degradation has been observed by bloating
or transformation.!>? In this study results are pre-
sented on how hot isostatic pressing and ageing in
nitrogen atmosphere can significantly enhance the
fracture strength of (Mg,Y)-PSZs.

2 Experimental Procedure

As starting materials for the (Mg,Y)-PSZs, com-
mercial powders of stabilised zirconia (Tosoh
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TZ3Y and MEL SCMG3-4 grade) were used
together with MgAlL,O, spinel (CERALOX). From
the zirconia powders a mixture with a stabiliser
content of 0-5 mol% Y,0; and 7-8 mol% MgO
was prepared and 3 vol% of MgAl,O, was added.
The complete powder mixture was attrition milled
for 4 h with ethanol in a polyethylene-lined recip-
ient. After liquid sieving and rotovap-drying the
powder was crushed and finally passed through a
140-um grid sieve.

Powder compacts were prepared by uniaxial
pressing at 31 MPa with stearic acid as pressing
aid followed by cold isostatic pressing at 500
MPa. Sintering in air was performed either at
1720° or 1750°C for 30 min. Cooling rates
between 6 and 19 K/min were used. Hot isostatic
pressing was performed at 1720°C for 20 min in
nitrogen atmosphere at a pressure of 180 MPa.
The cooling rate was 19 K/min in this case. Speci-
mens for HIPing were first presintered at 1500°C
for 1 h in order to obtain gas-tight samples.

Some specimens were aged at 1400°C for 0-3 h
in order to evaluate whether eutectoid heat treat-
ment does improve strength and toughness. The
ageing procedure was part of the whole sintering
cycle, hence samples were not cooled to room
temperature prior to ageing. Referring to the cool-
ing rates the pressureless sintered samples are
called S6, S12, S15 and S19 whereas the HIPed
samples are named HIP19.

From as-sintered and eutectoidly annealed sam-
ples bend bars were prepared by cutting, grinding
and polishing. Final dimensions were 3 X 4 X 35
mm?. A mirror-like surface finish was obtained
using 1 wm diamond paste. Toughness was meas-
ured on five samples of each material using the
single-edge-precracked-beam (SEPB) method.?!?
A sharp precrack was obtained from three indents
of 196 N on the tensile side of the bend bars. The
ratio of crack length to specimen height, a/w, was
about 0-3. The indents were removed by renotch-
ing the cracks with a saw blade of 200 um width
and a sharp pre-crack ahead of the notch of 500
pm length remained. Specimens were subsequently
annealed at 900°C for 20 min in order to retrans-
form any m-phase caused by the preparation.
Maximum stress of precracked specimens was
measured in four-point bending with outer and
inner spans of 12 and 6 mm, respectively. Tough-
ness was then calculated according to standard
DIN 51109.% Bend strength of at least five pol-
ished samples was measured by four-point bend-
ing according to standard DIN 51110** except
that outer and inner spans were of dimensions 20
and 10 mm, respectively.

Stress-strain curves were measured using strain
gauges in order to determine critical stresses for

transformation from the yield stress. The yield
stress was defined as that stress where deviation
from the linear behaviour by 0-3% occurs. The
critical stress for transformation, of, was calcu-
lated from the yield stress, oy, according to Ref. 7:

(1+ v
3

where a value of 0-31 was chosen for Poisson’s
ratio, v.

The tensile sides were examined with optical
microscopy after fracture in order to check
whether plastic deformation had occurred on the
surface. SEM was used in order to characterise
the failure origins on fracture surfaces as well as
to determine the grain size. X-ray diffractometry
with Cu K, radiation was applied on polished and
fracture surfaces in order to determine both phase
composition and transformable t-phase volume.

a8 g,

3 Results
3.1 Sintered (Mg,Y)-PSZ

3.1.1 Microstructure
Mean grain sizes of sintered (Mg,Y)-PSZ materi-
als are 13 pum and 19 pum after sintering at 1720°C
and 1750°C, respectively. The microstructure of
S19, which is characteristic for the pressureless
sintered materials, is presented in Fig. 1. A homo-
geneous distribution of small pores with a size of
| um is apparent. Spinel particles appear black
and are located at grain boundaries as well
as within cubic grains. However, some isolated
large pores of diameter up to 160 um were also
observed.

The cooling rate determines the transformable
t-phase content and fracture toughness after
sintering (Fig. 2). With increasing cooling rate the

Fig 1. Microstructure of 3 vol% MgAl,O, spinel containing
(Mg,Y)-PSZ after pressureless sintering at 1720°C. Spinel
particles appear black.
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Fig. 2. Transformable t-phase content and fracture toughness
in pressureless sintered (Mg.,Y)-PSZ as function of cooling
rate.

amount of transformable t-phase is reduced from
31 vol% at 6 K/min down to 2 vol% at 19 K/min.
Fracture toughness scales with the amount of
transformable t-phase and is reduced from 9-5
MPa Vm at 6 K/min to 6:1 MPa Vm at 19 K/min.

50 T T T

J
40

(2]
o
1

t-phase, [vol.-%]
N
[~]
1

10

Annealing time, t [h]
(@)

50 T
40
30

20

m-phase [vol.-%)]

0 1 2 3
Annealing time, t [h]

(b)
Fig. 3. (a) Transformable t-phase and (b) m-phase content in

pressureless sintered and HIPed (Mg, Y)-PSZ after eutectoid
ageing at 1400°C.

Fig. 4. TEM micrograph of t-precipitates in peak-aged S19.

The amount of transformable t-phase can be
increased in rapidly cooled samples by eutectoid
ageing. As shown in Fig. 3(a) for specimens
cooled at 15 and 19 K/min, respectively, a t-phase
content of about 30 vol% can be obtained in S15
after 1 h. Peak ageing is achieved in S19 after
1-5 h, i.e. at 30 min prolonged ageing time. Over-
ageing occurs after 2 h and reduces the trans-
formable t-phase and increases the m-phase
content sharply as well. The m-phase content then
rises from 4 vol% in the as-sintered S19 specimens
to 35 vol% after 3 h of ageing (Fig. 3(b)).

The t-precipitates formed during ageing have a
lens-shaped morphology (TEM-micrograph in Fig.
4). Their diameter is about 190 nm in peak-aged
samples of S19. Overaged precipitates in the S19
material have a size of 300 nm and are heavily
twinned.

3.1.2 Failure origins

The fracture surfaces reveal pores with diameters
ranging from 40 to 160 um. A typical failure
origin located close to the tensile side is shown
in Fig. 5. A purely transgranular fracture mode is
evident from the micrograph.

Fig. 5. Fracture surfaces of as-sintered S19 with a spherical
pore close to the tensile side.
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3.1.3 Stress-strain behaviour
Linear-elastic stress-strain behaviour up to the
fracture stress is observed in unaged specimens of
S15 and S19. In the aged high-toughness materi-
als, plastic deformation during flexure becomes
apparent from the stress-strain curves presented in
Figs 6(a) and (b). The yield stresses indicating the
onset of the t — m transformation decrease in the
S15 specimens with ageing time from 405 MPa
after 1 h to 310 MPa after 3 h. The corresponding
values for S19 are 515 and 280 MPa, respectively.
Table 1 summarises the critical stresses for trans-
formation calculated from the yield stresses.
Plastic deformation due to transformation is
evidenced also by surface uplift on the tensile side
of bend bars. Fig. 7(a) shows an optical micro-
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Fig. 6. Stress-strain curves of (a) S15 and (b) S19 after different
ageing treatments.

graph from which the volume expansion associated
with the t — m transformation and microcrack
formation is visible.

3.1.4 Mechanical properties

Toughness is increased by ageing treatment from
6:0 MPa Ym up to 11-2 MPa Ym in S15. Compari-
son of Figs 8(a) and (b) shows that strength
scales with toughness. Strength is improved in S15
from 466 MPa to 692 MPa after 1 h at 1400°C.
Similar results are obtained for S19 specimens.
Toughness and strength rise up to 10-5 MPa Ym
and 601 MPa after ageing for 1 and 2 h. An inter-
polation of the data in Figs 8(a) and (b) shows
that peak strength and toughness are achieved for
each material at the same ageing time. Peak values
are obtained after about 1 and 1-5 h of ageing in
S15 and S19, respectively, which correlates with
the optimum in transformable t-phase (Fig. 3(a)).

Fig. 7. Plastic deformation on tensile side of peak-aged (a) S15
and (b) HIP19 bend specimens.

Table 1. Yield stresses and critical stresses for transformation in [MPa])

S15 o, o, SI19 o, HIP19 g, o,
As-fired >550 240 As-fired >262 As-fired >800 349
1h 405 177 l1h 225 30 min 420 183
2h 372 162 2h 175
3h 310 134 3h 122
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Fig. 8. (a) Fracture toughness and (b) fracture strength of
eutectoidly aged S15 and S19, respectively.

3.2 Hot isostatically pressed (Mg,Y)-PSZ

3.2.1 Microstructure

Hot isostatically pressed samples appear dark
brown instead of white due to an understoichio-
metric composition. The general microstructure
resembles that of sintered specimens with a mean
grain size of 18 um. However, the small homo-
geneously distributed pores are eliminated (Fig. 9).
In the as-sintered state, no transformable t-phase
was detected. In analogy to the pressureless sin-
tered material, the amount of transformable
t-phase can be enhanced by eutectoid ageing at
1400°C. As shown in Fig. 3, an amount of up to
31 vol% can be achieved after 1 h of ageing in
nitrogen. The amount of m-phase increases simul-
taneously from 0 to 14 vol%.

3.2.2 Failure origins

Fracture surfaces from broken bend bars are
shown in Fig. 10. Again, the fracture mode is purely
transgranular. However, the size of failure origins
is reduced remarkably as compared to the sintered

Fig. 9. Microstructure of HIPed (Mg,Y)-PSZ with 3 vol%
MgAl, O, spinel. Spinel particles appear within the pore-free
bulk as black.

Fig. 10. Fracture surface of unaged HIP19 in (a) failure
origin and (b) fracture mirror.

material. Obviously, also the large pores are elimi-
nated. As failure origins, agglomerates of spinel
with a size smaller than 15 um were identified.

3.2.3 Stress-strain behaviour

The stress-strain curves for aged and unaged
specimens are shown in Fig. 11. While unaged
specimens do not show any plastic deformation,
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Fig. 11. Stress-strain curves of unaged and aged HIP19.

the aged high-toughness material shows onset of
t — m transformation at a yield stress of 420 MPa.
Again plastic deformation could be discerned on
the tensile side of bend bars after fracture (Fig.
7(b)). The critical stresses for transformation calcu-
lated from the yield stresses are compared to the
equivalent values for sintered materials in Table 1.

3.2.4 Mechanical properties

Fracture toughness is improved by ageing treat-
ment from 49 + 0-4 in the as-HIPed material to
102 + 0-8 MPa Vm after 1 h ageing (Fig. 12).
Peak strength in the HIPed material does not cor-
relate with peak toughness. The highest strength
of 878 + 56 MPa is achieved after 30 min ageing
at a fracture toughness of 7-0 MPa Vm. At the
highest toughness (10-2 MPa Ym), the strength is
reduced to 768 t 29 MPa.

4 Discussion
4.1 Microstructure

Fine-grained (Mg,Y)-PSZs with grain sizes between
13 and 19 um are achieved with pressureless sin-
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Fig. 12. Fracture strength and toughness of HIPed (Mg,Y)-
PSZ as a function of ageing time.

tering as well as with HIPing. The key to obtain
this structure is the spinel additions which act as
grain growth inhibitor.

The amount of transformable t-phase after sin-
tering is determined by the cooling rate which
governs the size of t-precipitates. While cooling
rates of either 15 or 19 K/min lead to small sizes
able to allow good control of the amount of trans-
formable t-precipitates by subsequent eutectoid
ageing, lower cooling rates lead to premature
ripening and formation of metastable t-precipitates
during cooling. Using 6 K/min the as-sintered
material is nearly peak-aged as indicated by a K|,
of 9:5 MPa Vm and an amount of 30 vol% of
transformable t-phase. Lower cooling rates as 6
K/min or subsequent ageing would overage the
t-precipitates and would cause severe degradation.

The amount of about 30 vol% t-precipitates
which can be obtained in rapidly cooled pressure-
less sintered (Mg,Y)-PSZ by eutectoid ageing for
1-2 h is comparable to that of conventional
Mg-PSZ. Hence, the precipitation behaviour of
the t-phase is nearly identical to that of Mg-PSZ.°
It i1s noteworthy that, also in hot isostatically
pressed (Mg,Y)-PSZ, an amount of 30 vol% trans-
formable t-phase can be achieved by eutectoid
ageing. Earlier attempts to hot press or hot iso-
statically press Mg-PSZ to produce transformable
t-precipitates by ageing in air have failed.'®" A
prerequisite is that ageing is performed in nitro-
gen. Preliminary experiments have shown that
also in (Mg,Y)-PSZ an ageing treatment in air at
1100°C for 30 min leads to spontaneous transfor-
mation. It is believed that oxygen deficiency due
to nitrogen incorporation is involved as stabilising
mechanism as has been stated earlier for unstabi-
lised zirconia and Y-TZP.?>? The subsequent age-
ing in air causes a release of nitrogen and a loss of
related additional oxygen vacancies. As a conse-
quence, spontaneous transformation occurs.

Peak ageing occurs for both sintered and HIPed
materials at nearly the same ageing time. This
result is somewhat surprising because the higher
oxygen vacancy concentration should lead to a
larger critical size of the t-precipitates. Conse-
quently, peak ageing should occur at longer age-
ing times. An explanation may be that the
t-precipitates in HIPed samples grow faster due to
a higher local temperature in the hot isostatic
press. As a consequence, t-precipitates in HIPed
samples are as metastable as those in sintered
samples after the same ageing time.

4.2 Failure origins

As evident from the fracture surfaces, the failure
origins are large pores in all pressureless sintered
samples regardless of ageing time. Although the
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critical stress for transformation in high-toughness
samples is well below the fracture stress, plastic
deformation and microcracking has been observed
on tensile sides. It is concluded from such observa-
tion that maximum strength occurs at maximum
toughness that even in high-toughness samples
strength 1s flaw-size-controlled. This is in contrast
to other high-toughness zirconias like Mg-PSZ and
Ce-TZP where strength is transformation-controlled
and strength decreases with increasing toughness.’

The origin of the large pores cannot yet be
clarified. Preliminary experiments point to their
formation at temperatures > 1500°C. Evaporation
of MgO as well as burning out of strongly bonded
organic substances must be taken in consideration.

Presintering at 1500°C and subsequent hot iso-
static pressing eliminates the large pores. Because
hot isostatic pressing is known to eliminate small
pores in ceramic materials very effectively, but not
pores larger >100 um?** it is not likely that
the pores with diameters up to 160 um were
simply compressed by HIPing. We suggest there-
fore that the pressure applied below 1500°C read-
ily suppresses pore formation. By inspecting the
fracture surfaces, this appears as a reduction
in flaw size in the low-toughness specimens. The
observation that the strength in HIPed specimens
is reduced with increasing toughness leads to the
conclusion that strength in this regime is trans-
formation-controlled. Apparently, the generated
surface cracks can compete in this case with the
inherent defects.

4.3 Mechanical properties

The high amount of transformable t-phase after
eutectoid ageing, due to transformation toughen-
ing, allows for an increase in fracture toughness
up to ~11 MPa Vm in both pressureless sintered
and HIPed (Mg,Y)-PSZ. Hence, by exploiting
transformation toughening, the strength of unaged
specimens of both pressureless sintered and HIPed
(Mg,Y)-PSZs can be remarkably improved.

The strength of pressureless sintered samples is
determined by the size of the large pores which, in
the pressureless sintered materials, are much larger
than the grain size. The difference in grain size has
therefore only a negligible influence on strength.
Therefore, the fine-grained microstructure could
not be exploited for strength improvement. The
defect size is comparable to that of Mg-PSZ and
consequently, a strength higher than 700 MPa
cannot be expected. Indeed, the maximum
strength of 600-700 MPa coincides with that of
peak-strength Mg-PSZs where strength is limited
by grain boundary fracture.”

The experiments using hot isostatic pressing
have shown that the fine-grained microstructure

can be utilised, as the large pores occurring in
sintered (Mg,Y)-PSZs are eliminated. Due to the
reduction in flaw size, the strength of the unaged
hot isostatically pressed material is considerably
enhanced. With respect to the unaged S19 material
the strength is doubled and is already in the order
of peak-strength Mg-PSZ or peak aged sintered
(Mg,Y)-PSZ. Because stable crack growth cannot
be expected in unaged HIPed and pressureless sin-
tered materials due to small R-curve behaviour,
the equivalent defect size has to be approximately
four times smaller in the latter. Comparing the
mean defect sizes of 60 and 15 um, this ratio of 4
is verified and hence the increase in strength in the
HIPed material is accounted for.

When fracture toughness is additionally enhan-
ced by transformation toughening, the small flaw
size allows for further strength improvement in
HIPed samples to about 900 MPa. At fracture
toughness values higher than 7 MPa Vm, the
strength i1s limited by transformation-induced
yielding. The critical stress for transformation is
then considerably below the fracture stress and
plastic deformation and microcracking attributed
to the phase transformation occurs. While the
inherent flaw size is large in pressureless sintered
samples and a very low critical stress is required in
order to produce a surface crack of comparable
size, yielding becomes important only at high K.
values in these materials. In HIPed samples, small
surface flaws generated at high critical stresses are
sufficient to compete with inherent flaws. When
larger than 15 um their growth along the specific
R-curve causes final failure. As a result, strength is
transformation-limited. The interrelation between
flaw size, transformability, R-curve behaviour and
strength of fine-grained (Mg,Y)-PSZ is outlined in
a forthcoming paper.*

5 Conclusions

1. Fracture strength and fracture toughness in
fine-grained (Mg,Y)-PSZ can be favourably
adjusted by either changing cooling rate or
eutectoid annealing time.

2. Strength in sintered (Mg,Y)-PSZ is control-
led by pores up to 100 um.

3. Fracture strength and fracture toughness of
sintered (Mg, Y)-PSZ are comparable to
those of Mg-PSZ.

4. HIPing yields reduced defect size and increased
strength in as-fired specimen up to 700 MPa
at toughness of 49 MPa Vm.

5. With eutectoid ageing, strength and tough-
ness of HIPed samples can be improved con-
siderably. Peak strengths of about 900 MPa
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are obtained at a toughness of 7 MPa vVm.
Longer annealing further increases toughness
but reduces strength. The origin is a change
from defect- to transformation-controlled
failure.
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