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Abstract

The mechanical properties of ceramics with the
compositions of 5 mol% YO,;—-TZP (ZY5) and
4 mol% YO,5;-4 mol” CeO,-TZP (ZY4Ce4)
were investigated. Nanocrystalline powders of both
TZPs were synthesized by a gel precipitation tech-
nique. Powder compacts were made by cold iso-
static pressing, and were then pressureless sintered
or sinter-forged to dense TZP ceramics (density:
96-99%) with grain sizes of 180 nm. Shear
deformation during sinter-forging was found to
Jfavourably affect densification and microstructure.
The mechanical properties of both types of ultra-
fine-grained TZP ceramics were examined up to
760°C. The results point towards an improved grain
boundary structure and the elimination of residual
flaws obtained by the sinter-forging technique. The
sinter-forged samples exhibited a higher Vicker
hardness compared to that of pressureless sintered
specimens. After sinter-forging the fracture energy
value was found to be 325 J/m’ and the fracture
toughness to be 10 MPa m'?. A Weibull modulus of
21 was obtained for the sinter-forged samples which
was significantly higher than the value of 8 for the
pressureless sintered specimens. The enhancement
of reliability is obviously connected to a decrease in
the average size and concentration of flaws caused
by inhomogeneous powder particle packing due to
the presence of irregular agglomerates.

1 Introduction

Typical requirements for structural ceramics are
high strength, ductility, fracture resistance, chemi-
cal inertness and a stable microstructure. For a
specific ceramic material, better properties can
generally be obtained by improving microstruc-
tural characteristics such as grain size, homogene-
ity and distribution of porosity, and process flaws.

601

For fine-grained ceramics, grain boundaries have
a considerable effect on the properties and perfor-
mance of the materials.!? An example of this is
the role of grain boundary morphology on frac-
ture toughness. Watanabe et al.'* introduced the
concept of grain boundary character distribution
(GBCD) in alloy polycrystals. This distribution
gives the frequency of specific grain boundary
configurations and is an important tool in control-
ling intergranular fracture by grain boundary
design. They pointed out that low-energy bound-
aries are resistant to fracture while high-energy
(incoherent) boundaries are preferential sites for
crack nucleation and propagation. The toughness
of polycrystals increases with the relative fraction
of low energy boundaries. A similar approach to
grain boundary design for polycrystalline ceramics
is also indicated by Krell er al* They suggested
that the concept of grain boundary strength can
be specified in three ways:

(I) As the critical stress intensity k-2 required

to propagate a crack along a grain boundary.

(2) As the specific fracture energy y&°.

(3) As the local, microscopic (tensile) fracture

stress .

The enhancement of the grain boundary strength
for structural ceramics in the case of fracture con-
trolled mainly by an intergranular mode will result
in an improvement of mechanical properties, espe-
cially fracture toughness. High macroscopic
strength is achieved, for instance, by reducing the
concentration and size of flaws in the bulk® or by
limiting the possibility of, normally occurring,
subcritical growth of extrinsic flaws.

Recently the possibilities of using ultra-fine-grained
ceramics or even nanocrystalline materials™® were
explored. As suggested by Burggraaf et al’® the char-
acteristic features of nano-structured materials are:

* A significant fraction of atoms is situated in

the grain boundary region and/or associated
with interfacial effects.
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* An interaction exists between the constituent
domains.

It is expected that ultra-fine-grained ceramics may
possess special properties, related to the presence
of a large grain boundary surface arca. An exam-
ple of this is surprisingly high superplastic defor-
mation rates, obviously connected with short
intergrain diffusion distances, observed by Boutz
et al® Very interesting high temperature mechani-
cal properties are reported by Theunissen et al.'
They found that Y-TZP ceramics with a smaller
grain size exhibit a higher fracture toughness and
bending strength at high temperature than those
with a coarser grain size. Practical applications of
nano-structured zirconia were limited up to now
because it is difficult to produce them repro-
ducibly with a high density (295%). This problem
can be solved by the application of sinter-forging
which is useful for the elimination of flaws and
grain boundary reinforcement.>!!"'2 Hence, sinter-
forging can be used to shift the full densification
temperature for ceramics to a lower tempera-
ture,'>!'* so that grain growth can be limited fur-
ther. This makes it possible to prepare dense
ceramics with grain sizes in the nano-scale region.
For sinter-forged tetragonal zirconia materials
with grain sizes of 100-200 nm, densities > 97%
are reported by Boutz er al'® It has also been
reported that ionic conduction properties are
significantly influenced by sinter-forging due to
the change of grain boundary properties.” To our
knowledge, effects of sinter-forging on mechanical
strength and Weibull modulus (reliability) as well
as on high temperature mechanical properties have
not yet been reported before for tetragonal zirco-
nia polycrystal (TZP) with ultra-fine structure.

The major objective of this study was to investi-
gate the effects of sinter-forging and the influence
of grain boundary properties and process flaws on
fracture toughness, bending strength and Weibull
modulus at temperatures up to 760°C. The sinter-
forging technique was used to strengthen grain
boundaries and consequently increase the mechan-
ical properties. The effect of flaws on reliability of
ceramics is discussed. Transmission electron micro-
scopy (TEM), scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD) were used to analyze the fracture
surface, flaw size and grain boundary properties.

2 Experimental Procedure

2.1 Powder preparation

Nanocrystalline tetragonal zirconia powders with
high sinter reactivity were synthesized by a gel
precipitation technique using metal chloride pre-

cursors. The materials studied were ZY5 (5 mol%
YO, ;-TZP) and ZY4Ce4 (4 mol% YO, s—4 mol%
CeO,-TZP). The precursor solution was dropped
slowly into an excess of a 25 wt% ammonia solu-
tion with pH >11. The formed gel was washed
subsequently with a water/ammonia mixture solu-
tion to remove CI". Washing with ethanol was
then used to remove the free water. A more
detailed process has been given by Groot Zevert et
al.'® The dried gel was calcined subsequently at
500°C for 2 h followed by milling procedure using
Zr0O, balls. Compacts were made by cold isostati-
cally pressing at 50 MPa and crushed again in an
alumina mortar to obtain better powder flowabil-
ity. This powder was uniaxially pressed at 80 MPa
in a die to form a rectangular shape which was
compacted further by cold isostatical pressing
(CIP) at 400 MPa. The compacts were pressure-
less sintered in air at 1150°C for 10 h with heating
and cooling rates of 2°C/min.

2.2 Sinter-forging

The samples for sinter-forging experiments were
pre-sintered by a heating rate of 2°C/min to
1000°C for 15 min to improve compact strength.
The density changed from 46% for the initial
green body after CIP to 64%. These samples were
subsequently machined to 26 X 8 X 6 mm?® with
plane-parallel 26 X 6 mm? sides. Sinter-forging
experiments were performed in air at 1150°C
under a constant load corresponding to an initial
stress of 90 MPa. The initial stress is defined with
respect to dimensions just before loading. The sin-
ter-forging heating schedule was: heating from
ambient temperature to 950°C at 600°C/h and
then to 1150°C at 300°C/h. The load was imposed
on the 26 X 6 mm’ plane of the samples and
raised linearly at 1150°C from zero to its final
value in 5 min and then kept constant for 25 min.
Details of the sinter-forging setup are given in
Refs. 13, 14 and 17.

2.3 Characteristics

The densities of the green and sintered compacts
were measured by the Archimedes technique in
Hg. The bending strength was measured by the
4-point bending technique with an inner and outer
span of 10 and 20 mm, respectively, using a
crosshead speed of 0-7 mm/min. The specimens
for bending strength measurement were cut into
26 X 5 X 2 mm? bars and polished on the 26 X 5
mm? side opposite to the loading piston (hence
subjected to tensile stress). After machining and
polishing, all specimens were annealed for 10 min
at 1000°C with heating and cooling at 2-5°C/min.
The fracture toughness, K-, was measured by the
3-point single-edge notched beam (SENB) method
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with a span of 12 mm, a crosshead speed of 0-3
mm/min and 15 X 3 X 1 mm? specimens. A notch
of 450 um depth and 50 um width was cut with-
out pre-cracking at the notch tip. After machin-
ing, the samples were annealed at 1000°C in the
same way as mentioned before.

The phase composition was measured on pol-
ished and annealed surfaces as well as on frac-
tured surfaces by means of X-ray diffraction using
CuK o radiation (Philips PW1710 X-ray diffrac-
tometer with a step scan size of 0-015° (26). The
method proposed by Toraya'® was used to deter-
mine the volume fraction of monoclinic zirconia.
The microstructures of polished surfaces and frac-
tured surfaces were analyzed by SEM (JSM-35CT,
JEOL). The grain sizes of the sintered ceramics
were measured by the linear intercept method
from SEM photographs.'” The grain boundary
structure of sinter-forged materials was analyzed
by transmission electron microscopy (TEM).

2.4 Weibull modulus

Weibull statistics were used in describing the
strength distribution in ceramics. The statistical
strength values obtained from testing of ceramics
were analyzed using the cumulative probability
parameter, P(o). This is the probability of failure
at a stress <o and is given in Ref. 20:

0- nt
T - ) (1)
where m 1s the Weibull modulus, which is a slope
obtained from a plot of In{In(1/(1-P(0))} against
In(o) curves. oy is a scale parameter with the same
dimension as o.
The estimator of the cumulative probability
parameter was calculated by:

i= (2)

where the jth result in the set of n samples is
assigned a cumulative probability of failure, P,
This was done by ordering the results of the
stresses to rupture from the lowest to the highest
values. This probability parameter P(o) is gener-
ally fitted to the modulus of rupture (MOR) test
data, which were the four-point bending strength,
o, of a set of bars of the test materials.

2.5 Micro-hardness

The hardness of a solid is generally defined as a
resistance to local deformation.” In this study, the
classical Vickers hardness (Hy) was measured by a
microhardness equipment (Shimadzu DUH-200,
Japan). During the measurement, typical load-
ing-unloading curves were recorded using a maxi-

mum load of 2 N with a loading speed of 144 X
102 N/s and a hold time of 5 s at the maximum
load. Using this equipment, the Vickers hardness
(Hy) was determined by the average values of
both diagonals with a Vickers indenter apex of
136° and calculated with

Hy = 18544 3)

dz

where F is the load (N), and d is the mean value
of both diagonals.

The measured Vickers hardness values (Hy) in
Table 1 were nearly the same as the results
(HV10) obtained by a macroindenter (Isser Stedt
Garant 250RD) at a load of 100 N (10 kgf).

3 Experimental Results

3.1 Powder characteristics and densification

No significant differences in powder properties
were found for the ZY5 and ZY4Ce4 systems. A
crystallite size of 8 nm for both ZY5 and ZY4Ce4
powders was calculated from X-ray line broad-
ening data (XRLB) by using the Scherrer equa-
tion” and measured from TEM micrographs.?
For the same powder a large average agglomerate
size of 15 um is obtained by a laser diffraction
particle size distribution analyzer (Horriba LA-500).
Weak agglomerates can be fragmented gradually
during isostatic compaction at a certain minimum
pressure, P, which is defined as the agglomerate
strength.'® For both powders, P, was found to be
70-90 MPa, but certain hard agglomerates still
remained at this pressure. Relative densities of
ZY4Ce4 during pressureless sintering and sinter-
forging (at 90 MPa) at 1150°C are shown as a
function of time in Fig. 1. The densification kinet-
ics are significantly enhanced by creep deforma-
tion under a uniaxial pressure of 90 MPa
(sinter-forging) as compared to pressureless sinter-
ing. After sinter-forging for 25 min, a creep strain
of 0-5 and a density of 98-99% were reached. After
pressureless sintering, however, a density of only
93-94% was obtained. To achieve a density of
96-97% by pressureless sintering at 1150°C, 600
min dwell time was required as seen in Table 2.
Prolonged sintering did not result in any further den-
sity increase. Similar results were obtained for ZYS5.

Table 1. The microhardness of TZP materials

Sample SF/PS Hy(GPa)
ZY5 SF 142 £0-5
ZYS5 PS 133+ 04

ZY4Ce4 SF 136 £ 03

ZY4Ce4 PS 125+ 06




604 Y. J. Heet al.

Densification of ZY4Ce4 at 1150°C
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Fig. 1. Densification behaviour of ZY4Ce4 during sinter-forg-
ing and pressureless sintering. The samples were performed
by sinter-forging at 90 MPa initial pressure.

Micrographs of ZY5 samples sinter-forged and
pressureless sintered at 1150°C are shown in Fig. 2.
Grain sizes of 0-18 and 0-19 um were obtained for
ZYS5 and ZY4Ced, respectively (Table 2). XRD
analysis revealed that in all cases only a tetragonal
phase was present. The residual pore sizes are less
than the grain sizes in both sinter-forged and pres-
sureless sintered samples. The microstructure
obtained, however, showed large differences. At
low magnification, some pore-like or crack-like

@

Table 2. Properties of sinter-forged (SF) TZPs (25 min) and
pressureless sintered (PS) TZPs (600 min) at 1150°C

Sample SF/PS Density (%)  Grain size (pum)
ZY5 SF 985 0-18
ZY5 PS 96-97 018
ZY4Ce4 SF 98-5 019
ZY4Ced PS 97 0-19

flaws (the largest about 60 wm) were present in
the pressureless sintered samples as seen in Fig. 3.
Such large flaws were also found by Boutz et al.”®
in Y-TZP pressureless sintered at the same condi-
tions. Such flaws, however, were not found in
sinter-forged TZP, in agreement with the observa-
tions for sinter-forged ZTA (zirconia-toughened
alumina) ceramics.!!

3.2 Effects of grain boundary structure on hardness
Vickers hardness values are given in Table 1.
These results show that the Vickers hardness for
sinter-forged ZY5 and ZY4Ce4 samples is higher
than that of the pressureless sintered samples. In
all cases ZYS has a slightly higher Vicker hardness
than ZY4Ce4. The Vickers hardness can be con-
sidered as the resistance to plastic deformation.
Thus a higher resistance to plastic deformation is
obtained by sinter-forging compared to pressure-
less sintering.

(b)

Fig. 2. Example of the microstructure of ZY5 samples after sintering at 1150°C: (a) for 25 min by sinter forging, and (b) for 600
min by pressureless sintering.
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The hardness of a given material is related to
microstructural parameters such as porosity, grain
size, grain boundary properties and preexist dislo-
cation structure as indicated by Krell.>* In the pre-
sent study the grain size is equal in all cases, thus
grain size effects on hardnesses are eliminated. A
possible difference in preexist dislocations between
pressureless sintered and sinter-forged specimens
is not expected as will be discussed now. Boutz ef
al®" point out that the plastic deformation of
fine-grained Y-TZP takes place by interface reac-
tion controlled grain boundary sliding. During
this process the shape of the crystals does not
change. That means an absence of dislocation
creep. These arguments certainly hold for sinter-
forging at low temperature. Bulk dislocation
mobility is very low especially for the small crys-
tals considered here. Hence, dislocations are
unlikely to affect the hardness in the sinter-forged
specimens. It is more likely that the differences in
microhardness values between sinter-forged and
pressureless sintered specimens can be ascribed to
the porosity of the bulk and the property of the
grain boundaries. It was attributed to the fact that
the microhardness measurements were performed
on parts of the microstructure without flaws. So the
effect of porosity caused partly by local flaws in
the pressureless sintered samples can be ignored
for these microhardness measurements. Grain
boundary properties such as bonding strength and
micropores (or microdefects) at grain boundaries

Fig. 3. A typical cracklike defect is presented on the surface
of pressureless sintered ZY5 samples.

are thus the major factors that affect the hardness
values. For a given ZY5 or ZY4Ce4 material, the
difference in the Vickers hardness between sinter-
forged and pressureless sintered samples is related
to the bonding strength and micropores of the
grain boundaries as will be discussed later.

3.3 Influence of strengthened grain boundaries on
fracture toughness

The fracture toughness results are given as a func-
tion of temperature in Fig. 4. Sinter-forged sam-
ples show higher toughness values than
pressureless sintered samples at all temperatures.
X-ray diffraction results on polished surfaces and
even on a ground surfaces do not show any mon-
oclinic zirconia. This clearly indicates that no pre-
compressive stresses at the notch tip due to
machining-induced transformation can influence
the mechanical properties. By XRD analyses, no
monoclinic phase was detected at the fractured
surface. This means that no irreversible phase
transformation occurs during fracturing. As dis-
cussed by Boutz et al.,"? for ultra-fine-grained TZP
materials, the occurrence of reversible transforma-
tion toughening is a matter of debate, and crack
deflection is commonly suggested as the toughen-
ing mechanism in this case. The toughening mech-
anism for all TZPs investigated in this work is
expected to be the same for pressureless sintered
and sinter-forged samples. So for sinter-forged
samples an additional toughening mechanism
should be present.

The observation of the fracture surfaces (Fig. 5)
gives a clue to consider this difference between sin-
ter-forging and pressureless sintering. All these
surfaces show a considerable fraction of intergran-
ular fracture. Hence the grain boundaries play an
important role in the development of the fracture
process. The fracture energy, 7y; necessary to create
a unit area of new fracture surface, is directly
related to K¢ at plane stress conditions by:

12

Ultra-fine grained (180-190 nm) TZPs —*  SF-ZY5

""" o F8-ZYS
—* " SF-ZY4Ce4
""" & F8-ZY4Ce4
" ZY5 (0.75 ym)

10

Fracture toughness K, (MPam'™)

0 100

200 300 400 500 600 700 800

Temperature (*C)

Fig. 4. Fracture toughness of ZY5 and ZY4Ce4 obtained by
pressureless sintering and sinter-forging as a function of
temperature.
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Fig. 5. Fracture surface of ZY5 sintered by (a) sinter-forging and (b) pressureless sintering, fractured at room temperature.

K’
2FE

Y= 4)

where E is Young’s modulus. An enhancement of
v can be caused by reduced porosity and
strengthened grain boundaries. In order to com-
pare the influence of the grain boundaries on ¥; in
sinter-forged samples with that in pressureless sin-
tered samples, it is necessary to eliminate the infi-
uence of porosity. Normally, the fracture energy,y;,
as a function of the residual porosity (P) is given as:?

Yt = Yo exp(- bP) &)

where v, is the fracture energy of a fully dense
material and b is a numerical constant, found to
be 3.4 by Boutz et al.'® In Table 3, the calculated
v, values-.are given for 100% density for both sin-
ter-forged and pressureless sintered samples,

whereas the primary data are the measured Kic.
The vy, data (see Table 3) indicate that there is a
significant increase in fracture energy after sinter-
forging. This increase can be ascribed only to
grain boundary strengthening. It is noted again
that no reversible phase transformation toughen-
ing was observed in these materials.

3.4 Influence of flaws on reliability and flexural
strength

In Fig. 6 the flexural strength is given for ZYS5 as
a function of temperature. The flexural strength
gradually decreases with increasing temperature in
both sinter-forged and pressureless sintered speci-
mens because grain boundary bonding becomes
weaker with increasing temperature. This varia-
tion of flexural strength as a function of tempera-
ture is the same as that obtained by Theunissen.'?

Table 3. Fracture energies and toughness values of all investigated TZP materials

Sample Ther Fracture energy K¢
Yol J/im?) (MPa m'?)
(°C)
SF FS SF FS

ZY5 20 297 209 9-8+06 85+05

ZYS 320 160 101 72105 59+03

ZY5 760 81 49 5106 4106
ZY4Ce4 20 325 126 10:0 £ 0-5 6305
ZY4Ce4 320 133 80 6407 50+03
ZY4Ce4 760 55 21 41£02 2602
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Fig. 6. Flexural strength (4-point bending strength) for sinter-

forged or pressureless sintered ZY5 as function of tempera-

ture. The values in parenthesis represent the Weibull
modulus.

A slightly higher flexural strength for sinter-forged
samples as compared with pressureless sintered
samples is observed for the full temperature region
regarded (20-760°C). The Weibull modulus, m, as
obtained from a Weibull plot of the flexural
strength, is given in Table 4. Ten samples were
used for both cases of sinter-forging and pressure-
less sintering. At room temperature, m-values of
21 and 8 are obtained after sinter forging and
pressureless sintering, respectively. The results
reveal a significant increase in the Weibull modu-
lus for the sinter-forged samples. In all cases the
Weibull modulus decreases with temperature
(Table 4). It is concluded that the reliability of sin-
ter-forged TZP ceramics is higher than pressure-
less sintered ones. It is well known that the
bending strength of ceramics is highly sensitive to
the flaws in bulks.

To investigate the effect of flaws on the reliabil-
ity of materials, the fracture origins were exam-
ined by SEM. Typical morphologies of the
fracture surface of pressureless sintered ZY5 sam-
ples are given in Fig. 7. As can be seen there are
some Wallner lines around a certain part in the
fractural surface (Fig. 7(a)). A large flaw is found
at the beginning of these Wallner lines. At larger

Table 4. Values of the Weibull modulus of both sinter-forged
and pressureless sintered TZP ceramics

Weibull modulus
Sample
RT 320°C 760°C
FS-ZYS 8 4 6
SF-ZY5 21 11 12

RT: room temperature.
FS: free sintering.
SF: sinter-forging.

magnification it can be seen that this large flaw is
a porous zone (Fig. 7(b)). Such porous zones are
hardly found in sinter-forged samples (Fig. 7(c)).
The same observation is made for a large area of
the fracture surface of ZY4Ce4 samples as can be
seen in Fig. 8. The fracture surface of the sinter-
forged samples always shows a homogenous frac-
ture surface (Fig. 8(a)), while in pressureless
sintered samples it is easy to trace the stress con-
centration back to a specific flaw (Fig. 8(b)). As
indicated in Section 3.1, crack-like or pore-like
fracture origins, are present in the pressureless sin-
tered samples and are caused by inhomogeneous
sintering’ due to inhomogeneous packing of the
green compact, while these flaws are suppressed
or eliminated by a large shear deformation
imposed on the material during sinter-forging.
Microstructural observations indicate that the
maximum dimension of the crack- or pore-like
flaws is about 60 wm in pressureless sintered sam-
ples. In the sinter-forged samples, however, only
residual pores are present, of which sizes are less
than the grain size.

Another type of flaw is found in both sinter-
forged and pressureless sintered samples (Fig. 9).
Large dense, irregular-shaped particles are
observed that are coherent with the local matrix.
EDX analysis indicate a high Al content so that
these particles are referred to as alumina inclu-
sions. They are likely to originate from the alu-
mina mortar used during sample preparation in
the compaction-grinding-compaction processes
and cannot be eliminated by the sinter-forging
technique. These inclusion flaws also serve as fail-
ure initiation sites with dimensions of 25-120 um.
Nevertheless, the elimination of more severe flaws
as shown in Figs 3 and 7 results in a higher
Weibull modulus, enhancing the reliability of the
materials after sinter-forging.

4 Discussion

A nearly theoretical density and a flaw-free micro-
structure are favourable in many applications of
engineering ceramics. The sinterability of ceramics
and the development of the final microstructure
depend on the homogeneity of the pore structure
in the green compacts. As suggested by Burggraaf
et al.”® a mild disorder in the green compact is
preferred to obtain a homogeneous structure
throughout the bulk and to minimize the size and
concentration of defects. Long-range density fluc-
tuations in the green compact may lead to the
development of structural defects in materials dur-
ing the sintering process. The density fluctuations
are mainly caused by the presence of residual
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Fig. 7. Fracture surfaces of a ZY5 sample. (a) A flaw (indicated by the square) is surrounded by stress lines in pressureless sintered
samples; (b) the large magnification of (a) shows a defect formed by a porous zone; (c)the sinter-forged samples.

agglomerates and/or other inhomogeneous particle ing in local residual tensile stresses.’® The occur-
packing structures. rence of such stresses during sintering may give
Long-range density fluctuations result in local rise to crack-like flaws or pore-like cavities.'"?

differences in the densification rate finally result- The occurrence of porous zone flaws can be con-
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Fig. 8. Fracture surfaces of a ZY4Ce4 sample. (a) A large area
of the fracture surface in pressureless sintered samples; (b) a
large area of the fracture surface in sinter-forged samples.

sidered as being due to major inhomogeneities.
The formation of processing flaws during densifi-
cation makes it difficult to obtain dense materials
with an ultra-fine or even nano-scale microstruc-

(b)

Fig. 9. An alumina inclusion acting as a fracture origin
observed in the fracture surfaces of the sinter-forged or
pressureless sintered samples.

ture by pressureless sintering at lower tempera-
tures such as 1150°C. During sinter-forging, a shear
deformation is exerted on the compact so that
large pores (or defects) can become oval-shaped
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and subsequently fragmented into smaller ones
as indicated in Ref. 12. The small pores can
then disappear easily with increasing shear strain.
The experimental results of Kellett and Lange®®
clearly show that shear deformation is responsible
for the elimination of pores by a change of pore
shape. The shear deformation process can even
prevent the formation of crack- or pore-like flaws
during the densification process. Previous experi-
mental and theoretical results'*® indicate that a
maximum compressive strain of 0-6 is needed to
remove large pores of spherical shape. This value
can be less for non-spherical pores and depends
on the initial aspect ratio of the minimum and
maximum diameter of the ellipsoidal pore. In our
study, a final shear strain of 0-5 is obtained and
leads to the elimination of process flaws. The
effect of shear deformation on densification during
the sinter process also leads to dense materials in
shorter sintering times and even at lower sintering
temperatures. The effectiveness in reducing flaws
and increasing densification through sinter-forging
was also observed for Al,O,'? and ZTA."" Sung et
al?’ indicated that the fracture origin flaws follow
an ‘order of severity’ in which crack-like flaws and
larger pores are more severe fracture origins than
inclusions. This may suggest that, even though the
alumina inclusions that we found have much
larger dimensions than the crack-like flaws, the
latter, however, have a stronger influence on frac-
ture strength. Hence the improvement in reliability
by sinter-forging should be attributed to the elimi-
nation of more severe fracture origins such as pore-
like and crack-like flaws.

The creep behaviour of ultra-fine TZP materials
during sinter-forging, especially in the final sinter-
ing stage, has been interpreted as interface-reac-
tion-controlled or grain-boundary-diffusion controlled
grain boundary sliding."® Sinter-forging thus not
only eliminates the flaws in the sintered bulk, but
also changes the grain boundary morphology. In
order to demonstrate the possible change of the
grain boundary morphology by sinter-forging, the
hard-sphere description of Gleiter et al** for
nanocrystalline materials is adopted. In this
description the materials consist of two phases: a
crystalline bulk component formed by regular lat-
tice atoms (spheres) and an interfacial (grain
boundary) component comprising all atoms which
are situated in grain boundaries. A simple two-
dimensional model of an ultra-fine-grained ceramic
is given in Fig. 10. The interfacial atoms generally
are situated in regular lattice positions, but in
reality these atoms will relax from these sites (see
the local area of A in Fig. 10(a)). The grain
boundary phase may exhibit a different solid state
structure with a more random atomic arrange-

ment in which certain interatomic spacings are not
filled completely due to incoherence between adja-
cent crystal lattices,” e.g. the local area B, C in
Fig.10(a). This situation is especially probable
when an irregular surface prevails frequently, as is
the case for very small grains (nanocrystals). For
ceramics obtained by pressureless sintering, large
interatomic spacings might then be formed easily
at the grain boundaries and result in a relatively
thick grain boundary layer with micro-defects
such as the local areas A, B and C in Fig. 10(a). If
samples obtained by pressureless sintering contain
an amorphous layer at grain boundaries due to
impurity segregation (see Fig. 11(A)), the grain
boundary component consists of the amorphous film
and the interface atoms. In such cases, the pres-
ence of an amorphous layer may also make the grain
boundaries weaker and lead to a further decrease
in the grain boundary bonding strength. A grain
boundary film with a thickness of about 1-2 nm is
observed by TEM in pressureless sintered ZYS5
materials'® using the Fresnel fringe imaging technique.

During sinter-forging, shear deformation con-
trolled by interface reaction or grain boundary
diffusion'® results in a rearrangement of the grain
boundary component. Some impurities which are
segregated to the grain boundaries are moved to
grain boundary junctions or are partly eliminated
by the crystallization during sinter-forging. The
low energy traps are gradually filled and inter-
atomic spacings are reduced. This process results
in a thinner and more regular grain boundary
layer (see Fig. 10(b)) as well as discontinuous
amorphous films (see Figs 11(B) and (C)). The
observation of the high resolution TEM image by
Boutz et al.'* shows the absence of amorphous
phases or the existence of discontinuous amor-
phous films at grain boundaries of sinter-forged

Fig. 10. Schematic representation of ultra-fine-grained ceram-

ics distinguishing between the atoms associated with the indi-

vidual crystals (solid circles) and those constituting the grain

boundary network (open circles). The boundary atoms are

shown in regular lattice positions, but in reality will relax to

form different atomic arrangements (based on the model in
Refs 29 and 30).
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Fig. 11. Model of the physical-chemical state of the grain
boundaries of TZP ceramics after pressureless sinter or sinter-
forging (G: grain, GB: grain boundary).

ZY5. A more detailed discussion of this 1is
given by Boutz et al.'> XPS results obtained by
Boutz et al'’ show that there is a significant
decrease in yttrium, aluminium and silicon con-
centration at the grain boundaries of sinter-forged
samples. This may result in enhanced bonding
strength between interface atoms from differently
oriented crystallites. The improved grain bound-
aries might result in a higher resistance to plastic
deformation in local areas, resulting in higher
classical Vickers hardness for sinter-forged TZP
samples than that for pressureless sintered samples.

Krell & Blank® pointed out that the presence of
a relatively thick grain boundary layer can easily
cause the formation of cracks at grain boundaries
and provide an easy path for crack propagation.
The improved grain boundary bonding strength
by sinter-forging leads to a large fracture energy
in sinter-forged samples which, in turn, increases
the resistance to crack propagation. This results in
an increase in grain boundary toughness (Kc&°).
As indicated by Krell et al.'® a higher grain
boundary toughness (K;£%) gives a higher macro-
scopic toughness.

5 Conclusions

(1) Dense, ultra-fine grained (180-190 nm) ZY5
and ZY4Ce4 ceramics were obtained by
both sinter-forging and pressureless sinter-
ing at 1150°C. The sintering time necessary
to obtain high density (> 95%) can be
reduced by sinter-forging, i.e. sinter-forging
can significantly improve the densification
rate of TZP ceramics.

(2) Sinter-forging with a large shear strain
(about 0-5) results in the absence of large
pores or cracklike flaws which are present
in pressureless sintered samples. It also
results in an improvement of the reliability

(Weibull modulus of 21) of sinter-forged
samples compared to pressureless sintered
ones (Weibull modulus of 8).

(3) After sinter-forging, the grain boundaries
are strengthened by suppressing impurity
segregation and by hindering the formation
of a continuous amorphous film at grain
boundaries due to shear deformation. Sin-
ter-forging also results in a higher Vickers
microhardness, an increase in fracture ener-
gies and fracture toughness compared to
pressureless sintered samples. The strengthening
of the grain boundaries, which is responsible
for the increase of fracture toughness, is
partially maintained at high temperatures.
A fracture toughness K- of 10 MPa m'? is
obtained for ultra-fine grained TZP made
by sinter-forging. A fracture energy of
300-330 J/m? is calculated for these materi-
als. No irreversible phase transformation
toughening was detected.

(4) The bending strength in sinter-forged sam-
ples is slightly increased by the strengthened
grain boundaries. The Weibull modulus
strongly increases in this case, which indi-
cates that the strength is more sensitive to
the flaw sizes and flaw size distribution. The
presence of some large alumina inclusions
limited the increase of bending strength in
sinter-forged samples.
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