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Influence of Amorphous Grain Boundary Phases on the
Superplastic Behavior of 3-mol%-Yttria-Stabilized
Tetragonal Zirconia Polycrystals (3Y-TZP)

Maria Gust,* Grace Goo,* Jeff Wolfenstine,” and Martha L. Mecartney*

Materials Science and Engineering Program, Department of Mechanical and Aerospace Engineering,

Amorphous silicate grain boundary phases of varying
chemistry and amounts were added to 3Y-TZP in order to
determine their influence on the superplastic behavior
between 1200° and 1300°C and on the room-temperature
mechanical properties. Strain rate enhancement at high
temperatures was observed in 3Y-TZP containing a glassy
grain boundary phase, even with as little as 0.1 wt% glass.
Strain rate enhancement was greatest in 3Y-TZP with 5
wt% glass, but the room-temperature hardness, elastic
modulus, and fracture toughness were degraded. The addi-
tion of glassy grain boundary phases did not significantly
affect the stress exponent of 3Y-TZP, but did lower the acti-
vation energy for superplastic flow. Strain rate enhance-
ment was highest in samples containing the grain boundary
phase with the highest solubility for Y,0, and ZrO,, but the
strain rate did not scale inversely with the viscosity of the
silicate phases. Grain boundary sliding accommodated by
diffusional creep controlled by an interface reaction is pro-
posed as the mechanism for superplastic deformation in
3Y-TZP with and without glassy grain boundary phases.

I. Introduction

UPERPLASTICITY in ceramics, generally associated with uni-

form strains over 100%, has generated much interest since
Wakai er al.' first demonstrated superplasticity in 3-mol%-
yttria-stabilized tetragonal zirconia polycrystals (3Y-TZP).
Structural ceramics such as alumina,>* Si;N,,* Si;N/SiC,* and
TZP composites with alumina and mullite®'" have all been
shown to exhibit superplasticity if processed appropriately.
Achieving superplasticity in ceramics allows for net shape
forming of components, saving time and money over the tradi-
tional practice of sintering and machining. One difficulty with
the superplastic deformation of ceramics is that the stresses and
temperatures required are often too high to make superplastic
forming practical. Thus, it is desirable that superplasticity be
obtained at lower stresses and temperatures. One method to
promote superplasticity at lower temperatures or stresses is to
refine the grain size.*'? However, most bulk ceramic materials
which exhibit superplasticity already have a fine grain size, typ-
ically less than 1 pm, and it is difficult to economically
decrease the grain size any further. An alternate technique sug-
gested to enhance the superplastic behavior of ceramics is

1-W. Chen—contributing editor

Manuscript No. 195290. Received September 23, 1992; approved February 10,
1993.

Presented at the 94th Annual Meeting of the American Ceramic Society, Minne-
apolis, MN, April 15, 1992 (Symposium on Tailoring of Multiphasc Ceramics for
Optimum Mechanical Properties, Paper No. 32-SX-92).

Supported by a David and Lucille Packard Fellowship in Scicnce and
Enginecring.

*Member, American Ceramic Society.

1681

University of California, Irvine, California 92717

through the addition of low melting temperature grain boundary
phases. 413

Studies have shown that for a given temperature, stress, and
grain size, the strain rate increases when amorphous or low
melting point grain boundary phases are added to Y-TZP.'"?
These grain boundary phases soften or become liquid at the
superplastic deformation temperatures. Although the addition
of an amorphous grain boundary phase can have a significant
effect on the deformation behavior of Y-TZP at high tempera-
tures, the exact role that the grain boundary phase plays in the
superplasticity of Y-TZP is not well known. There are many
questions left to be addressed, including the role of the inter-
granular phase chemistry and volume fraction with respect to
superplasticity and whether the room-temperature mechanical
properties are degraded upon the addition of these second
phases. Consequently, the current detailed study was under-
taken to investigate the effects of amorphous intergranuiar
phase additions on the superplastic and room-temperature
mechanical behavior of 3Y-TZP.

For this work, the composition and the amount of the amor-
phous grain boundary phase added to 3Y-TZP were varied. The
glasses chosen for this study were barium silicate and borosili-
cate glasses. These were specifically selected because at the
temperatures of interest (a) they did not enhance static grain
growth, (b) there was no crystallization of the glass phases, (c)
the components of the glasses had negligible solubility in
3Y-TZP, (d) the different glasses had very different solubilities
for Y,O, and ZrO,, and (e) these glasses completely wet the
3Y-TZP grains at the sintering temperature.”* The difference
in solubilities was of particular interest for this investigation.
Many of the models proposed to explain the mechanism of
superplastic flow (and high-temperature deformation in gen-
eral) for ceramics containing grain boundary phases predict a
linear relationship between the strain rate and the solubility of
the ceramic in the liquid phase.'*-'¢2¢

II. Experimental Procedure

(1) Sample Preparation

Samples used in this investigation consisted of coprecipitated
3-mol%-yttria-stabilized zirconia (Toya Soda, Atlanta, GA)
fabricated with three different compositions: as-received, with
no glass additions, 1 wt% (1.6 vol%) barium silicate (BaS)
glass powder (Specialty Glass, Inc., Oldsmar, FL) added, and 1
wt% (2.4 vol%) borosilicate (BS) glass powder (Duran glass,
Schott Glaswerke, Mainz, FRG) added. The composition of the
glasses is shown in Table I. Samples of 3Y-TZP containing
between 0.01 and 5 wt% barium silicate glass were also pre-
pared. The as-received 3Y-TZP powder had a total impurity
concentration of about 0.1 wt%, with 0.061 wt% Al,O,, 0.015
wt% Si0,, 0.008 wi% Fe,0,, and 0.02 wt% Na,O as the major
impurities.

Powders were mixed in 2-propanol, dried, sieved to less than
80 wm, and cold isostatically pressed under a stress of 400
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TableI. Chemical Composition of the Glass Additives

Composition (mal%)

Glass SiO, ALO, B.O, K.O BaO St0 As,0;
BaS 45.8 2.1 21.6 29.2 0.7 0.5
BS 83.3 1.5 11.2 0.4

MPa. Mixing was tried both by attritor milling with ZrO, mill-
ing media and by a simple paddle stirrer. For these glass addi-
tives with a softening temperature between 800° and 900°C,
either method provided a very uniform distribution of glass
after sintering as shown by SEM and TEM studies. The pressed
powders were then sintered at 1400°C in air for 2 h. Densities
were measured using the Archimedes method. All samples had
a relative density greater than 98%. The final samples were
right circular cylinders with a diameter of approximately 2 mm
and a height of about 4 mm.

(2) Mechanical Testing

Two types of mechanical tests were used to characterize the
superplastic behavior of 3Y-TZP and 3Y-TZP samples con-
taining glass. Constant stress tests were performed to investi-
gate microstructural evolution as a function of strain. Stress
change tests were conducted to determine the value of the stress
exponent, n. In both tests, the samples were deformed under
uniaxial compression in a dead-load creep apparatus at approxi-
mately true stress conditions. To ensure constant true stress,
load was added at intervals of 0.02 true strain. The amount of
load added was based on the assumption that the volume of the
sample remained constant during the test and that the deforma-
tion was homogeneous. The constant stress tests were con-
ducted in air at 1300°C under a true stress of 15 MPa. The
samples were deformed to 100% true strain. In the stress
change tests, the stress was increased in increments of approxi-
mately 0.10 true strain, with the sample deformed to approxi-
mately 40% total true strain. The stress change tests were
conducted in air at temperatures from 1200° to 1300°C under
true stresses between 15 and 70 MPa. No reaction was observed
between the SiC platens and the 3Y-TZP samples with and
without glass.

Room-temperature elastic modulus, hardness, and fracture
toughness were determined using a microhardness indentation
technique.”?® The ends of each sample were ground parallel,
and one end was polished to a surface finish of 1 wm using dia-
mond paste. X-ray diffraction was used to verify that the sam-
ple surface did not transform to the monoclinic phase as a result
of grinding and polishing. Vickers and Knoop indentations
were applied with a 10-kg load using a microhardness testing
machine (Zwick 3212, Zwick GmbH & Co., Ulm).

Viscosity data on glasses fabricated with the composition of
the grain boundary phase were also obtained. (Glass prepara-
tion and viscosity data provided by Corning Laboratory Ser-
vices, Comning, NY.)

(3) Microstructural Characterization

Scanning electron microscopy (SEM) and analytical trans-
mission electron microscopy (TEM) were used to characterize
the microstructure of the as-sintered and deformed samples.
SEM samples were polished with 1-pm diamond paste and
thermally etched at 1300°C in air for 50 min. No grain growth
due to thermal etching was observed. The linear intercept
method was used to determine the grain size. The average inter-
cept lengths were multiplied by 1.56 to determine the true grain
size. For TEM, samples were dimpled, ion milled, and carbon
coated. Examinations were done at a voltage of 200 keV on an
analytical transmission electron microscope (Philips CM 20,
Eindhoven, Netherlands) equipped with energy dispersive
spectroscopy (EDS) (9800, EDAX International, Prairie View,
IL). Some studies were also performed on a dedicated high-res-
olution transmission electron microscope (HREM) (Akashi
002, Japan) operating at 200 keV. Standard samples of known

Y.0/Zr0O, and Zr0O,/Si0O, concentrations were used to deter-
mine the experimental proportionality constants (k factors)
for EDS.

The solubilities for Y,0, and ZrO, in the glass phase were
obtained by EDS analyses at triple points. Samples with 5 wt%
glass were used for these analyses because the glass pockets in
samples with less glass were too small for quantitative EDS
analyses. EDS analyses of glass pockets were performed by
averaging at least 10 measurements. The EDS results for the
glass pockets were normalized assuming that the relative con-
centrations of Si0O,, ALO;, B,0,, etc., in the as-received glass
powders remained the same. (No evidence of diffusion of the
glass constituents into the ZrO, grains was observed by EDS.)
Quenched samples were also fabricated to study the solubility
of Y,0, and ZrO, in the glass phase at high temperatures. Thin
samples (200 pm thick) were heated to 1300°C in air for 40
min, then water quenched.

III. Results

(1) As-Sintered Microstructure

The as-sintered microstructures of 3Y-TZP with no added
glass, with 1 wt% BaS glass, and with | wt% BS glass showed
a highly dense material with an equiaxed grain structure for all
three types of samples. The true grain sizes of 3Y-TZP,
3Y-TZP with | wt% BaS glass, and 3Y-TZP with 1 wt% BS
glass were 0.41 = 0.07,0.44 *= 0.05, and 0.42 *+ 0.05 pm,
respectively. No distinct second phases were observed in the
scanning electron micrographs for any of the three materials.

Transmission electron micrographs of as-sintered 3Y-TZP
with and without glass additions are shown in Fig. 1. No grain
boundary phases are observed in 3Y-TZP with no added glass,
whereas small glass pockets (indicated by arrows) located at tri-
ple points or at four-grain junctions are observed in 3Y-TZP
with | wt% BaS and in 3Y-TZP with | wt% BS. Grains in
3Y-TZP with no added glass are faceted with sharp triple
points. Most of the grains in 3Y-TZP with added glass are also
faceted with sharp triple points. However, at multiple grain
junctions containing the glass phase, the grain corners are
rounded. No distinct second phase could be seen in the glass-
doped samples along the grain boundaries at low magnification,
so high-resolution studies were conducted. Typical high-resolu-
tion lattice images of grain boundaries in 3Y-TZP with and
without added glass are shown in Fig. 2. At least 10 boundaries
in each material were imaged with HREM. No glass phase is
observed along the grain boundaries in 3Y-TZP (Fig. 2(A)).
Figures 2(B) and 2(C) show examples of the glass phase for the
samples with 1 wt% BaS and 1 wt% BS. All grains are sur-
rounded by a continuous layer of an amorphous phase. The
thickness of the grain boundary phase, measured along the dif-
ferent boundaries, varied from 0.4 to 0.8 nm. No significant
difference in thickness was noted for the two glass
compositions.

(2) Grain Boundary Phase Properties

Solubilities for Y,O; and ZrO, in the BaS and BS glass
phases in as-sintered and quenched samples are listed in Table
I1. Both glasses have a higher solubility for ZrO, than for Y,0;.
The BaS glass has a higher solubility for both Y,0, and ZrO,
than the BS glass. The ZrO, concentrations are 2-3 times
higher in the BaS glass phase than in the BS glass phase. The
Y, 0, solubility in the BS glass was much less than that for the
BaS glass, in fact was too low to detect using EDS (<1 mol%).
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Fig. 1. TEM micrographs of as-sintered 3Y-TZP: (A) without glass, (B) with 1 wt% BaS glass, and (C) with | wt% BS glass. Arrows indicate

glass pockets at multiple grain junctions.

Quenched samples were fabricated to detect if there were any
differences between the grain boundary phase composition at
the deformation temperature of 1300°C and the grain boundary
phase composition after cooling slowly to room temperature.
The solubility for Y,0; and ZrO, after quenching from 1300°C

is not significantly different from the solubility in the as-sin-
tered condition for the BS glass, whereas the BaS glass in the
quenched sample has a slightly higher solubility for ZrO, and a
slightly lower solubility for Y,0;. Calculating in the dissolved
Y,0, and ZrO,, the volume of the glass phase increased from
1.6 to 2.1 vol% for the BaS samples and from 2.4 to 2.6 vol%
for the BS samples, for samples with 1 wt% glass additions.

The viscosity of the BaS and BS glasses with dissolved Y,0,
and ZrO, is shown in Fig. 3 as a function of temperature. The
composition of the glass tested was based on the solubility of
3Y-TZP in the intergranular glass phase averaged for the
quenched and slow cooled samples. Although the viscosity of
the Ba$S glass was too low to measure above 1000°C, it can be
extrapolated to be several orders of magnitude lower than the
viscosity of the BS glass at the temperatures of interest
(between 1200° and 1300°C).

(3) High-Temperature Deformation

(A) Compressive Ductility: The superplastic behavior of
3Y-TZP, 3Y-TZP with | wt% BaS, and 3Y-TZP with | wt%
BS samples is shown in Fig. 4. The samples were deformed in
compression to 100% true strain at a constant true stress of |5
MPa at 1300°C. A brief normal primary creep stage of about
1% to 2% true strain is observed in all three materials prior to
the onset of steady-state behavior. A dramatic enhancement of
the strain rate can be seen in the 3Y-TZP samples with added
glass. The samples containing glass deformed to 100% true
strain in approximately 5 h, whereas the sample with no added
glass required approximately 100 h to achieve 100% strain. The
sample containing BaS glass had a slightly higher strain rate
than the sample containing BS glass. The three materials
revealed no evidence of barrelling or edge cracking after 100%
true strain.

(B) Deformed Microstructures:  Scanning electron micro-
graphs of 3Y-TZP, 3Y-TZP with 1 wt% BaS, and 3Y-TZP with
1 wt% BS samples deformed to 100% true strain at a constant
true stress of 15 MPa and temperature of 1300°C (Fig. 4) are
shown in Fig. 5. The compressive stress direction is shown by
the arrows. The grains remained relatively equiaxed in all three
materials and dynamic grain growth was minimal. The true

TableIl. Y,0, and ZrO, Solubility in Glass Phases

Fig. 2. HREM micrographs of typical grain boundaries in as-sin-
tered 3Y-TZP: (A) without glass, (B) with I wt% Bas$ glass, and (C)
with 1 wt% BS glass.

Y,0, (mol%) 710, (mol%)
BaS (undeformed) 42 +0.7 190=x28
Ba$ (quenched from 1300°C) 23x04 23.9 3.2
BS (undeformed) 0403 97=*x15
BS (quenched from 1300°C) 0.4 £0.1 79+24




1684 Journal of the American Ceramic Society—Gust et al.

6 —O— BaS

-
(=]
b BREALL ERaA

VISCOSITY (Poise)

700 900 1100 1300 1500

TEMPERATURE (°C)

Fig. 3. Temperature dependence of the viscosity for the glasses with
dissolved ZrO, and Y,0,. The broken line indicates extrapolated data.
(The viscosity of the BaS glass between 1000° and 1500°C was below
the detection [imit of the equipment.)

grain sizes of the deformed 3Y-TZP, 3Y-TZP with | wt% BaS,
and 3Y-TZP with 1 wt% BS are 0.54 + 0.09, 0.51 = 0.07,
and 0.49 * 0.05 pm, respectively. There was no evidence of
cavitation in any of the samples, which density measurements
also confirmed.

Transmission electron micrographs of 3Y-TZP, 3Y-TZP with
1 wt% BaS, and 3Y-TZP with 1 wt% BS samples after defor-
mation are shown in Fig. 6. A comparison between the as-sin-
tered microstructures (Fig. 1) and the deformed microstructures
(Fig. 6) again reveals that the grains remained equiaxed with
minimal dynamic grain growth. The deformed grains appear to
be essentially dislocation-free for all three materials. Extensive
bend contours are observed in all three materials after super-
plastic deformation, indicating a high amount of strain in the
materials. More bend contours are observed in the sample with-
out glass additions. In addition, some tetragonal grains trans-
formed to monoclinic.

(C) Strain Rate-Stress Relations:  The results of the stress
change tests for 3Y-TZP, 3Y-TZP with | wt% BaS, and
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Fig. 4. ‘True strain vs time for 3Y-TZP with and without 1 wt%
glass.
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3Y-TZP with 1 wt% BS samples at 1300°C are shown in Fig. 7.
The data in Fig. 7 are plotted as steady-state strain rate versus
applied stress on a logarithmic scale. Both samples with added
glass deform much faster than 3Y-TZP with no added glass
over the entire range of applied stress. For example, at a given
value of stress, 3Y-TZP with 1 wt% glass deforms about an
order of magnitude faster than 3Y-TZP with no added glass.
The stress exponent, which is the slope of the curves, is about
the same for all three materials. The stress exponents for
3Y-TZP with no added glass, with 1 wt% BaS glass, and with 1
wt% BS are 1.8, 1.7, and 1.8, respectively.

Stress change tests were also performed at 1200° and 1250°C
on the three materials. At both 1200° and 1250°C, samples con-
taining 1 wt% glass deformed about an order of magnitude
faster at a given value of stress than 3Y-TZP with no glass. The
stress exponents obtained at 1200°, 1250°, and 1300°C are
listed in Table III. The stress exponents for the three materials
do not appear to change significantly with temperature. The
3Y-TZP samples containing glass have a slightly lower stress
exponent than 3Y-TZP with no added glass at 1200°C and
1250°C.

(D) Activation Energy: The activation energy for super-
plastic flow for each of the three materials was determined from
a plot of logarithm of steady-state strain rate versus inverse
temperature at constant stress and grain size. Figure 8 is a plot
for data from the stress change tests at a stress level of 35 MPa
and grain size of 0.4 wm. The activation energy for superplastic
flow, determined from the slope of the straight lines in Fig. 8, is
equal to about 640 kJ/mol for 3Y-TZP and 510 kJ/mol for both
3Y-TZP with | wt% BaS and 3Y-TZP with | wt% BS.

(E) Volume Fraction of Glass Phase: The effect of the
amount of glass phase on the superplastic behavior of 3Y-TZP
can be seen in Fig. 9. Figure 9 is a plot of logarithm of steady-
state strain rate versus logarithm of stress for 3Y-TZP with no
added glass and with 0.01, 0.1, I, and 5 wt% BaS glass at
1300°C and a constant grain size of 0.4 pm. From Fig. 9 it is
observed that the strain rate increases at a given value of stress
as the amount of glass is increased. The increase in strain rate is
not linearly dependent on the amount of glass. For example, at
a stress level of 35 MPa, the addition of 5 wt% BasS to 3Y-TZP
increases the strain rate by a factor of approximately 25,
whereas 1 wt% Ba$ increases the strain rate by a factor of 7.
Note that as little as 0.1 wt% BaS causes the strain rate to
increase by a factor of 2. The stress exponent is essentially
independent of the amount of glass phase. The stress exponents
are 1.8, 2.1, 2.0, 1.7, and 1.9 for 3Y-TZP with no glass and
with 0.01, 0.1, 1.0, and 5 wt% Ba$, respectively.

(4) Room-Temperature Mechanical Properties

The room-temperature hardness, elastic modulus, and inden-
tation fracture toughness of 3Y-TZP, 3Y-TZP with BaS, and
3Y-TZP with BS containing [ and 5 wt% glass are listed in
Table 1V. All the samples have approximately the same grain
size of 0.4 pm. From Table IV it is seen that these room-tem-
perature properties are not changed with the addition of 1 wt%
glass, but are significantly degraded with the addition of 5 wt%
glass of either composition.

IV. Discussion

(1) Microstructure

HREM results of as-sintered 3Y-TZP with and without glass
additions (Fig. 2) show the effects of the glass additions on the
microstructure. In 3Y-TZP with no added glass, no distinct
glass phase is observed either at triple points or along the grain
boundaries. Samples with added glass have a continuous inter-
granular glass phase with a fairly uniform thickness along all
high-angle grain boundaries examined by HREM. Although
grain boundary phases have commonly been observed in
Y-TZP,"*** studies performed by Nieh et al.>* on 2Y-TZP
have indicated that Y-TZP materials can be fabricated without
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Fig. 5. SEM micrographs of superplastically deformed 3Y-TZP: (A) without glass, (B) containing 1 wt% BaS glass, and (C) containing | wt% BS

glass. Arrows indicate compressive stress direction.

Fig. 6. TEM micrographs of superplastically deformed 3Y-TZP: (A) without glass, (B) with 1 wt% Ba$S glass, and (C) with | wt% BS glass.

Arrows indicate areas of monoclinic transformation.

an amorphous grain boundary phase. It has been suggested that
the thickness of the amorphous grain boundary phase depends
on the chemistry of the intergranular phase as well as on the
heat treatment of the ceramic sample.**¢ For example, the
thickness of the amorphous grain boundary phase in Si;N, can
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Fig. 7. Steady-state strain rate vs true stress for 3Y-TZP with and
without 1 wt% glass.

Table III. Stress Exponent (n) of 3Y-TZP with and without

Glass Additives
n at 1200°C nat 1250°C nat 1300°C
3Y-TZp 2.0 2.1 1.8
3Y-TZP + 1 wt% BaS 1.7 1.4 1.7
3Y-TZP + 1 wt% BS 1.5 1.6 1.8

range from 0.5 to 2 nm, depending on the composition of the
grain boundary phase.” In contrast, the BaS and BS glasses
used in this investigation formed amorphous films having simi-
lar thicknesses in 3Y-TZP, even though the two glasses have
very different compositions (Table I).

TEM micrographs of the deformed samples (Fig. 6) reveal
bend contours, suggesting a high amount of strain in these sam-
ples. Areas of monoclinic transformation are observed, indicat-
ing that the stress in the materials was so high in these regions
that it nucleated the martensitic transformation from tetragonal
to monoclinic. Fewer monoclinic areas are observed in 3Y-TZP
with glass than in 3Y-TZP without glass. The intergranular
glass phase may help to accommodate residual stresses in the
material by allowing grain rearrangement to occur more easily
than in 3Y-TZP without glass.

(2) Superplastic Behavior

In general, the superplastic flow of ceramic materials is a dif-
fusion-controlled process where the steady-state strain rate, &,
can be expressed as follows:
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TableIV. Room-Temperature Mechanical Properties of
3Y-TZP with and without Glass Additives

H (GPa) E (GPa) K. (MPa-m'?)
3Y-TZP 12404 2175+ 69 4.1 +0.1
3Y-TZP + Ilwt% BaS 11.5 £ 0.6 2263 =233 38 +0.2
3Y-TZP + | wt% BS 126 04 2193+ 7.0 40+0.1
3Y-TZP + Swt%BaS 8.2+ 09 1539+ 136 3504
3Y-TZP + Swi% BS 8.9 +x03 1439+ 39 3102

& = Aog'd’? exp(—l%) (1)

where ¢ is the stress, T is the absolute temperature, d is the
grain size, n 1s the stress exponent, p is the grain size exponent,
Q is the apparent activation energy for plastic flow, R is the gas
constant, and A is a material constant. The experimental values
of n, @, and p can be compared with theoretical values to deter-
mine the rate-controlling deformation mechanism(s).

Vol. 76, No. 7

In the following section, the experimental creep values (n,
Q) and microstructural observations for 3Y-TZP containing a
grain boundary phase will be compared to the existing models
for superplasticity in order to determine the rate-controlling
deformation mechanisms in these materials. In addition, the
deformation behavior of 3Y-TZP containing two different
glasses will be compared in order to gain a better understanding
of the importance of grain boundary phase chemistry and vol-
ume fraction of glass on the superplastic behavior.

(A) 3Y-TZP: Stress exponent values published for Y-TZP
range from 1.0 to 3.5 with activation energies from 360 to 655
kJ/mol 772353738 47 Grain size exponents are not widely docu-
mented, but have been reported to be between 1.5 and 2,074
The large scatter in the n, @, and p values has been attributed to
differences in impurity content, powder processing route, test-
ing technique, and microstructural evolution during deforma-
tion.” Despite the scatter in these creep parameters, grain
boundary sliding has been proposed as one of the most probable
mechanisms to explain the superplastic behavior of Y-TZP. The
microstructural observations of equiaxed grains in the
deformed samples support a grain boundary sliding mecha-
nism. 3799 Biffugional creep alone would lead to elongated
grains.*

The many models that exist for grain boundary sliding are
summarized in a review paper by Sherby and Wadsworth.®
Grain boundary sliding must be accommodated by another pro-
cess in order to keep the grains from separating. It has been pro-
posed that this accommodation can occur by either dislocation
motion®" or diffusional creep.* For the case of grain boundary
sliding accommodated by dislocation motion, most models pre-
dict a stress exponent of 2. In the case of diffusional creep
accommodation, the predicted stress exponent is unity when
lattice or grain boundary diffusion is rate-controlling. Ashby
and Verrall® derived an expression for grain boundary sliding
and diffusional creep controlled by an interface reaction which
contains a stress exponent of 2. Recently, Wakai*® has sug-
gested that grain boundary sliding accommodated by interface-
reaction-controlled diffusional creep may be operable in
Y-TZP. In the present study and others,!'9¥ 742424 3 gtregs
exponent close to 2 has been found for 3Y-TZP with no inter-
granular glass phase.

For grain boundary sliding accommodated by either disloca-
tion motion or diffusion-controlled diffusional creep, the acti-
vation energy for superplastic flow can be correlated with the
activation energy for diffusion of the rate-controlling (slowest)
species either through the lattice or along the grain boundaries.
Diffusion data are not available for 3Y-TZP, so diffusion data
for 16-mol%-Y,0;-stabilized ZrO, have therefore been used for
the subsequent discussion. The activation energies for lattice
diffusion of the slower-moving cations have been reported to be
391 kJ/mol for Zr** and 423 kJ/mol for Y**, while the activa-
tion energies for grain boundary diffusion for Zr** and Y**
have been reported to be 309 and 293 kJ/mol, respectively.*
The activation energy for superplastic deformation of 3Y-TZP
in the present study was 640 kJ/mol, on the high end of the acti-
vation energies reported for 3Y-TZP with a similar grain
size. 20444 Since the activation energies for superplastic
flow are typically much larger than the activation energies for
lattice self-diffusion or grain boundary diffusion,* this may
suggest that during grain boundary sliding, an interface reac-
tion (limiting the rate at which atoms detach and reattach to the
grains) is the rate-controlling step.

(B) 3Y-TZP with a Grain Boundary Phase: The exact
role that low melting temperature grain boundary phases play in
the superplastic behavior of ceramic materials is uncertain. It
has been suggested that the liquid phase acts to reduce the fric-
tion between the grains, promoting grain boundary sliding, and
thus leading to an enhancement in the strain rate."” It has also
been suggested that the liquid phase acts as a high-diffusivity
path compared to grain boundary or lattice diffusion in the dif-
fusional creep process, which also leads to an enhancement in
the strain rate."'® In this case, the diffusional creep process for
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a polycrystalline material containing a well-dispersed liquid
phase is termed solution-precipitation creep.'*'* Diffusional
creep via solution-precipitation alone, however, predicts an
elongation of the grains in the direction of the tensile stress.'*'*
This is inconsistent with the equiaxed grains observed after
deformation in the present study, so grain boundary sliding
must also be occurring.

Strain rate enhancement is observed in 3Y-TZP containing a
glassy grain boundary phase (BaS or BS), as shown in Fig. 7.
The stress exponent was found to lie between 1.4 and 1.8 for
3Y-TZP containing 1 wt% glass. The similarity of the stress
exponents for 3Y-TZP with and without glass suggests that the
mechanism of flow may be the same. The observation that the
addition of a second phase leads to strain rate enhancement but
does not significantly affect the stress exponent agrees with pre-
viously published results.'™™ The grain shapes of the super-
plastically deformed 3Y-TZP with 1 wt% glass are similar to
the grain shapes of the deformed 3Y-TZP without glass (Figs. 5
and 6). The observations of equiaxed grains and no disfocations
present after deformation support a grain boundary sliding
mechanism for superplastic deformation of 3Y-TZP containing
a BaS or BS intergranular phase.

The activation energy for superplastic flow of 3Y-TZP with |
wt% BaS or BS glass was 510 kJ/mol, lower than 640 kJ/mol
found for 3Y-TZP with no added glass. As in the case for
3Y-TZP without glass, we cannot interpret the activation
energy for superplastic flow in terms of existing diffusion data.
However, a decrease in the activation energy with the addition
of a second phase or dopants is consistent with previous
reports.'”> The lower activation energy for 3Y-TZP with glass
than for 3Y-TZP without glass suggests that lattice diffusion is
not rate-controlling, since in that case, the activation energy
would be the same for both. The lower activation energy in the
samples containing glass might indicate the presence of a
higher diffusivity path in the liquid grain boundary phase or an
easier interface reaction at the liquid/solid interface. It should
be noted that the addition of a second phase or dopants does not
always lower the activation energy for superplastic flow. An
increase in the activation energy has been reported in both
2.5Y-TZP with aluminosilicate glass' and in 3Y-TZP con-
taining Al,O, and Si0,." These increases may be attributed to
crystallization of the grain boundary phase (most likely as mull-
ite**) or dewetting of the grain boundaries by Al,O, scavenging
Si0,.%

The results of Fig. 9 reveal that the strain rate is strongly
dependent on the amount of grain boundary phase present for a
given grain boundary composition. Hermansson ez al.'® could
not observe a direct correlation between the superplastic prop-
erties and the volume fraction of glassy grain boundary phase
using different compositions for each volume fraction. This
emphasizes that superplastic flow is strongly influenced by the
grain boundary chemistry and not by the volume fraction of
glass alone.

A model which takes into account the influence of the chem-
istry of the intergranular phase on the high-temperature defor-
mation behavior has been proposed by Raj."*'® This model is
typically referred to as solution-precipitation creep. Two kinetic
processes are involved in this creep deformation mechanism.
These two steps are similar to those proposed by Ashby and
Verrall® for the high-temperature deformation behavior of poly-
crystalline materials without a liquid phase. First, an interface
reaction occurs where atoms are detached from or attached to
the grains, and second, atoms are transported along the grain
boundaries through the liquid phase. Since these two processes
occur sequentially, the slowest is rate-controlling.

If diffusion of atoms through the liquid phase is rate-control-
ling, the steady-state strain rate is given by a modified Coble
creep equation:™
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where () is the atomic volume, C is the solubility of the crystal
atoms in the intergranular liquid phase, 8 is the thickness of the
liquid phase, D, is the diffusivity of the liquid phase, & is Boltz-
mann’s constant, and A is a constant. Raj"*¢ has modified Eq.
(2) for diffusion-controlled solution-precipitation to obtain

. 2.36Q0Ca
=TT (3)

where v} is the viscosity of the liquid phase and « is a factor that
is proportional to the thickness of the liquid phase.

If the interface reaction is rate-controlling, the equation for
the steady-state strain rate derived by Raj'*'® is given as

. k'CaQ)
= TakT )

where &’ is the frequency at which solute atoms jump across the
interface from the crystal to the liquid.

In examining the equations for solution-precipitation creep,
it can be seen that the solubility of the crystal atoms in the lig-
uid phase and the viscosity of the liquid phase play an important
role in the deformation behavior. Rather than quantitatively
analyzing the strain rates predicted by the model, the relative
strain rates observed for 3Y-TZP containing the two different
glasses will be examined. At a given value of stress and temper-
ature, all of the terms in Egs. (3) and (4) are similar for 3Y-TZP
containing the two glasses, except the solubility and the viscos-
ity of the glasses. The factor k" may be assumed to be similar
for the two liquid/solid interfaces as the activation energies
were the same. Therefore, it is possible to express the ratio of
the strain rates for the 3Y-TZP materials containing glass in
terms of the solubility and the viscosity.

In the case of a diffusion-controlled process (Eq. 3), the ratio
of the strain rates is given as follows:

& a5 .
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Using the solubilities for ZrO, (Table II) and the viscosities of
the two glasses at 1300°C (Fig. 3), a difference of about 3
orders of magnitude is predicted between the strain rates of
3Y-TZP with 1 wt% BaS glass and 3Y-TZP with | wt% BS
glass. This predicted difference in strain rates primarily results
from the large difference in viscosity between the two glasses.
Experimentally, it was observed that the strain rate of 3Y-TZP
with 1 wt% BaS glass was only ~1.5 times greater than the
strain rate of 3Y-TZP with | wt% BS glass (Fig. 7). This large
discrepancy between the predicted and observed relative strain
rates (1000 vs 1.5) may indicate that this model is not applica-
ble or may arise from several phenomena described in the next
paragraph.

The viscosities used in the present study are viscosities of
bulk samples of glass and not of thin grain boundary films. Isra-
elachvili ef al.*® and Gee et ai.” have reported that the viscosity
of thin films can be as much as 10° greater than the bulk viscos-
ity. Dryden et al.™ have also reported that the viscosity of a thin
liquid phase increases over the bulk viscosity as the reciprocal
of the cube of the volume fraction of the liquid phase. However,
since the volume fractions of BaS and BS in 3Y-TZP are
approximately equal, the thicknesses of the uniform intergranu-
lar films are similar, and they are both silicate-based liquids, the
relative ratio of the viscosities may remain the same even for the
case of thin grain boundary films. Alternately, the thickness of
the intergranular film may be different from that measured by
HREM. Clarke?* found that for Si;N,, the thickness of the inter-
granular phase at high temperature was greater than that
observed at room temperature, while Badwal er al.* have found
that the amorphous intergranular phase in Y-TZP can be
squeezed out from between the grains during compression.
Therefore, the thickness of the intergranular films in 3Y-TZP at
high temperature under a compressive stress might be different
from the thickness measured at room temperature, although
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thickness differences alone would not compensate for the sev-
eral orders of magnitude difference in viscosity.
In the interface-reaction-controlled process (Eq. (4)), the
ratio of the strain rates is given as follows:
@ _ CB;\S (())

éBS CBS

Using the solubilities for ZrO,, the strain rate of 3Y-TZP with |
wt% BaS glass should be 2-3 times greater than the strain rate
of 3Y-TZP with 1 wt% BS glass, in approximate agreement
with the observed value of 1.5 times. Therefore, the interface-
reaction-controlled case appears to be more consistent in terms
of predicting relative strain rates between samples with the
same amount of glass but with different glass compositions.

Despite the agreement in predicting the relative strain rates
for 3Y-TZP containing two different glasses, there are several
discrepancies between the model for solution-precipitation and
the experimental data. First, the interface-reaction-controlled
process predicts a creep rate that is independent of the amount
of grain boundary phase. This is in contrast to the experimental
observations which reveal that the strain rate is a function of the
volume fraction of glass. For the diffusion-controlled case, the
strain rate should be proportional to the thickness of the liquid
phase. However, it has been proposed that an equilibrium thick-
ness of amorphous intergranular films exists in ceramics, with
the excess glass going into multiple grain junctions.* There-
fore, the thickness of the intergranular glass phase should be the
same in 3Y-TZP containing different amounts of BaS glass. By
our calculations, the grains will be coated with a uniform grain
boundary layer if 0.1 wt% or more glass is added, considering
the initial impurities already present in the 3Y-TZP powders.
(In the 3Y-TZP with added glass, only low-angle grain bound-
aries appeared free of any glassy phase, but the glass appeared
to be uniformly distributed along all high-angle grain bound-
aries.) Therefore, the diffusion-controlled process also cannot
explain the increase in the strain rate with an increase in the vol-
ume fraction of glass since the thickness of the grain boundary
phase should remain the same. Second, both the interface-reac-
tion and diffusion-controlled processes described by Raj predict
a stress exponent of unity, whereas the experimental values are
closer to 2, although Hwang and Chen'” have suggested that
interface-reaction-controlled solution-precipitation creep should
exhibit a stress exponent of 2.

The absence of dislocations after deformation, a stress expo-
nent value of 2, an equiaxed grain structure after deformation,
and the direct dependence of the strain rate on the solubility of
the glass phase support a grain boundary sliding mechanism
accommodated by diffusional creep via interface-controlled
solution-precipitation for 3Y-TZP with amorphous grain
boundary phases. One flaw with this model for superplastic
deformation is that the influence of the volume fraction of glass
1s not included. If we consider that the accommodation process
to prevent grain separation during grain boundary sliding
occurs only at multiple grain junctions, then the interfacial area
of the grain boundary phase at multiple grain junctions is an
important parameter influencing the strain rate. Increasing the
volume fraction of glass would increase the strain rate by gener-
ating more interfacial area for the interface reaction at multiple
grain junctions. The increase in the strain rate should be pro-
portional to the increase in the volume fraction of glass to the
2/3 power from geometrical considerations, since (surface area)
is proportional to (volume)”’. The data in Fig. 9 follow this
trend. For example, increasing the amount of BaS glass added
from 1 to 5 wt% (a 5 times increase in volume) increases the
strain rate by 2.3 to 3.4 times for the different stresses, in
approximate agreement with the predicted 2.9 (5%°) times
increase in strain rate. This relationship assumes that most of
the glass exists in multiple grain junctions and would break
down when the volume of glass is equivalent or jess than that
required to coat the grain boundaries with an equilibrium
thickness.
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(3) Room-Temperature Mechanical Properties

The greatest enhancement in strain rate is observed in
3Y-TZP with 5 wt% BaS glass (Fig. 9). However, the room-
temperature hardness, elastic modulus, and fracture toughness
are degraded by the addition of such a large amount of glass
(Table IV). The degradation in the hardness and elastic modu-
lus is much larger than would be predicted by the rule of mix-
tures. Yoshizawa and Sakuma'*?* also observed dramatic strain
rate enhancement between 1200° and 1400°C with the addition
of 5 wt% of various silicate phases to 2.5Y-TZP, but did not
report on the room-temperature hardness, elastic modulus, and
fracture toughness. However, they did report a 20% to 30%
decrease in the room-temperature bending strength with the
addition of glass.”” Microstructural observations of 3Y-TZP
with 5 wt% BaS glass or 5 wt% BS glass have revealed that the
ZrO, grains are spherical and completely surrounded by the
glass phase.”* As a consequence, easy crack propagation
through the continuous glassy phase occurs, leading to
degraded room-temperature mechanical properties.? In con-
trast, the addition of 1 wt% BaS glass to 3Y-TZP increases the
strain rate by an order of magnitude over 3Y-TZP without glass
and does not degrade the measured room-temperature mechani-
cal properties.” Hwang and Chen'” have also reported that the
addition of less than | wt% of low melting temperature CuO to
2Y-TZP enhances the strain rate without significantly affecting
the hardness and fracture toughness. Consequently, there
appears to be an optimum amount (near 1 wt%) of an amor-
phous intergranular phase for which the greatest strain rate
enhancement is achieved without affecting the room tempera-
ture mechanical properties of 3Y-TZP.

V. Conclusions

(1) 3Y-TZP samples can be fabricated with or without a
continuous intergranular amorphous phase.

(2) Strain rate enhancement is observed between 1200° and
1300°C in 3Y-TZP containing an intergranular BaS or BS glass
phase. The degree of enhancement is dependent on the volume
fraction of glass, with strain rate enhancement observed in
3Y-TZP containing as little as 0.1 wt% BaS glass.

(3) The degree of strain rate enhancement depends on the
chemistry of the glass phase. For a given stress, 3Y-TZP con-
taining 1 wt% BaS glass has a higher strain rate than 3Y-TZP
containing 1| wt% BS glass. The strain rate of the glass-con-
taining samples appears to be proportional to the solubility for
Y,0, and ZrO,, but is not directly related to the viscosity of the
glass phases.

(4) The stress exponent is between 1.4 and 2.1 for 3Y-TZP
with and without BaS or BS glass. The addition of an intergran-
ular glass phase does not significantly affect the stress exponent
of 3Y-TZP.

(5) The activation energy for superplastic flow decreases
with the addition of glass. The activation energy for superplas-
tic flow for 3Y-TZP is 640 kJ/mol, whereas the activation
energy for superplastic flow for 3Y-TZP containing 1 wt% BaS
or | wt% BS glass is 510 kJ/mol.

(6) A stress exponent of two along with equiaxed grains
after deformation, an absence of dislocations, and an activation
energy higher than those for lattice or grain boundary diffusion,
suggests that grain boundary sliding controlled by an interface
reaction is the mechanism of superplastic flow in 3Y-TZP. Sim-
ilar results, combined with a lower activation energy for super-
plastic deformation and a dependence on solubility for 3Y-TZP
containing BaS or BS intergranular phases also support a model
of grain boundary sliding accommodated by interface-con-
trolled diffusional creep. However, this model does not include
a dependence of strain rate on the volume fraction of glass.

(7) If the interface reaction rate is dependent on the interfa-
cial area of the glass pockets at multiple grain junctions, then
the strain rate should be proportional to (volume fraction of
glass at multiple grain junctions)”’, a relationship in approxi-
mate agreement with the experimental results.
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(8) The highest strain rate was observed in 3Y-TZP con-
taining 5 wt% BaS glass, but the room-temperature hardness,
elastic modulus, and fracture toughness are degraded. The
addition of 1 wt% BaS to 3Y-TZP increases the strain rate by an
order of magnitude without degrading these room-temperature
properties. The addition of a low melting temperature grain
boundary phase is a viable means to enhance the superplastic
behavior of 3Y-TZP; however, the amount and composition
must be carefully chosen in order to obtain the highest strain
rate without degrading the room-temperature mechanical
properties.
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