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Effect of small amount of alumina doping on
superplastic behavior of tetragonal zirconia
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The effect of Al,O3; doping of around 0.1 wt % on superplastic behavior was studied in

3 mol % yttria-stabilized tetragonal zirconia polycrystal (TZP) which was free from SiO,
contamination and had a grain size of 0.4 um. Compression creep tests revealed that
high-purity TZP with less than 0.07 wt % Al,03 had two deformation regions: the low stress
region had a stress exponent of three and an apparent activation energy of 640 kJ/mol, and
the high stress region had two and 460 kJ/mol. On the other hand, TZP containing more
than 0.12 wt % Al,O3 had only one region which had a stress exponent of two and an
activation energy of 480 kJ/mol. The region of diffusion control with a stress exponent of
one was not observed in any samples. High resolution transmission electron microscopy
revealed that no amorphous grain boundary phase was produced even with 0.18 wt %
Al,O3 doping. Energy dispersive X-ray spectroscopy near grain boundaries revealed that
yttrium was segregating at the grain boundaries with denuded zones of 30 nm width, which
were created during slow cooling from the sintering temperature. © 7999 Kluwer
Academic Publishers

1. Introduction grain boundaries. In high-purity TZP, clean grain
Since the discovery of superplasticity in yttria-stabi- boundaries without an amorphous phase were observed
lized tetragonal zirconia (TZP) [1], there have beenusing high resolution electron microscopy (HREM)
numerous studies [2] on the superplastic behavior of7, 18, 19], while the existence of amorphous phases
monolithic TZP [3-10], Y-TZP with a glassy phase at grain boundaries was reported in low-purity TZP
[11-14] and alumina/TZP composites [15-17]. The pausing conventional transmission electron microscopy
rameters such as the stress expomesatidlns/dlno, (TEM) [18] and in TZP with a glassy phase using
the apparent activation ener@/=Rdlns/3(1/T)and HREM [14]. However, recently, even in TZP with a
the grain size exponept= dln ¢ /9In d characterize the glassy phase, clean grain boundaries absent of a grain
steady-state deformation of superplasticity, wheie = boundary amorphous phase (film) were observed by
the strain ratey is the stressT is the temperatureandt  HREM [20].
is the grain size. The early studies on monolithic Y-TZP The mechanism of superplasticity involves grain
showed disparate values of the stress exponent of twooundary sliding with grain switching [21], and the
[1, 3] and three [6, 7]. Similar discrepancy was also re-sliding rate is controlled by accommodation processes,
ported for the activation energy [3, 7]. Later it was sug-i.e., diffusion creep in materials with clean grain bound-
gested that the change in the stress exponent is relatedies [21, 22] and solution-precipitation creep in mate-
to the impurity content of the material, i.e., high-purity rials with a grain boundary glassy phase [23]. Both
TZP shows a stress exponent of three while low-puritydiffusion creep and solution-precipitation creep can be
material shows two [8, 9]. In addition, another region atcontrolled either by diffusion [21, 23] or by interface
high stresses with a stress exponent of one was reportaeaction [22, 23]. Recently, Wakai [24] proposed a pre-
in both high- and low-purity materials [8, 9]. However, cise formulation of solution-precipitation creep based
another study claimed the absence of the highset stress the classical crystal growth theory [25] in order to
region with a stress exponent of one [2, 10]. In contrasexplain the experimental results of low-purity TZP: the
to such confusions in monolithic TZP, in TZP with an- existence of a grain boundary glassy phase and the tran-
other phase, such as the glassy phase [11-14] or alsition from a stress exponent of two at low stresses to
mina [15—17], only one region with a stress exponenpone at high stresses. Recent reports of the absence of a
of two was reported. glassy phase [20] and the absence of the highest stress
The above flow behavior should be influenced byregion [2, 10] requires reconsideration of the theoretical
the atomic structure and chemical composition of thescheme of solution-precipitation creep [24].
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In the present study, superplastic flow behavior was3. Results
examined over a wide range of strain rate and tem3.1. Compression tests
perature in TZP doped with several amounts of alufig. 1a shows the stress and strain rate relations in un-
mina in order to clarify the role of impurities on the doped TZP at 1473, 1573, 1673 and 1773 K. The stress
rate-controlling processes of the superplastic flow. Thexponentis three atlow stresses and two at high stresses.
grain boundary microstructure was also characterizett is clear that the transition is from a stress exponent
using HREM and energy dispersive X-ray spectroscopyf three to two but not from three to one. The appar-
(EDS). Alumina was selected as a controlled dopangnt activation energy is 638 kJ/mol at low stresses and
because many of the present commercial TZPs contait61 kJ/mol at high stresses.
less than 0.01 wt % silica and soda but contain about Fig. 1b shows the stress and strain rate relations in
0.2 wt% alumina as a sintering aid [5]. 0.18AL03-TZP. The stress exponent of two is observed
all over the measured region and no region of one is ob-
served. The apparent activation energy is 481 kJ/mol,
which is close to that at high stresses in undoped
2. Experimental TZP.
Raw materials were undoped 3Y-TZP powder (TZ- |n Fig. 2, the data at 1673 K in TZP of various dop-
3Y, Tosoh Co., Ltd.) and 3Y-TZP powder doped with ing levels are summarized. They can be classified into
0.18 wt% alumina (TZ-3Y-E, Tosoh Co., Ltd.). Four two groups according to the doping levels: the sam-
kinds of 3Y-TZP powders containing various amountples of doping level below 0.07% show two regions,
of alumina were then prepared through ball mixing ofa stress exponent of two at high stresses and three at
undoped TZP powder and pure alumina powder (TM-ow stresses, while the samples of doping level above
DAR, Taimei Chem. Co., Ltd.) using a pot and balls 0.12 wt % show only one region with a stress exponent
made of alumina. The main chemical compositions ofof two. The high-purity group shows a lower strain rate
the prepared powders are listed in Table I. Other imputhan the low-purity group, and the difference becomes
rities were typically 0.006 wt %Si§)0.003 wt %FgO3 larger at lower stresses.
and 0.002 wt%NzgO. Although silica is an impu-
rity easy to be introduced during treating the pow-
ders, it remained below 0.02 wt%SiCafter ball
mixing. 3.2. Electron microscopy
Dense cylindrical samples of 6 mm diameter andFig. 3a and b are high resolution electron micrographs
8 mm length were prepared from these powders throughf one grain boundary in as-sintered 0.1884-TZP
cold isostatic pressing at 400 MPa, air sintering atenlarged from one negative; Fig. 3b is placed left of
1673 K for 2 h with heating and cooling rates of Fig.3a. The grainboundaryinFig. 3isahighangle, ran-
10 K/min, and polishing of the bases. Scanning elecdom boundary. The lattice fringes of both grains meet
tron microscopy (SEM) on the thermal edged surfaceat the grain boundary directly as seen in Fig. 3a, show-
revealed that the above sintering condition resulted in éng the absence of a grain boundary glassy phase. No
grain size of 0.4um. High temperature compression intergranular precipitation nor dislocation is observed.
tests were performed with an Instron type machineAlong the grain boundary, the atomic structure is dis-
equipped with an SiC jig in air at temperatures fromtorted in the width of 0.4 nm. On the other hand in
1473 to 1773 K with strain rates from25x 106 to  Fig. 3b, along the grain boundary, a darkened band of
1.0x10%s™L. 5 nm width is observed. Because we can see lattice
TEM samples for the as-sintered materials were prefringes inside of this band, it is not the grain boundary
pared from a mechanically cut disk of 3 mm diam- glassy phase but a grooved region created by damage
eter without support rings through dimpling and Ar ion from ion milling. In the bright field mode and Fres-
milling with an accelerating voltage of 4 kV and a glanc- nel fringe mode, this band shows a thickness contrast,
ing angle of 10 followed by C coating. These samples which looks like a grain boundary glassy phase similar
were free from contamination of sputtered materialto Figs 2 and 3 in Ref. [18].
from the support rings during ion milling. High res-  Since the sample was cooled down with a rather
olution observations were performed using JEM-3010small cooling rate of 10 K/min, redistribution of the
(300 kV, LaBs filament) and JEM-ARM1250 (1250 kV, segregated yttrium happened, as discussed in detail in
LaB;g filament). EDS analysis near the grain boundariesSection 4.4. We cannot rule out the possibility that inde-
was performed with an EDAX DX-4 system attachedpendent phases such as dispersoids or a grain boundary
to a JEM-3010 under a nano beam mode with a spoglassy phase, which might be more stable than the inde-
size 2 nm. pendent yttrium ions, were also affected by the cooling

TABLE | Chemical compositions of the prepared powders

Powders Non-doped 0.034D3 0.07ALO3 0.12AL03 0.18AL03 0.95AL03
Y203 (wt %) 5.11 5.11 5.11 5.11 5.02 5.11
Al,03 (Wt %) 0.005 0.032 0.073 0.12 0.18 0.95
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Figure 2 Stress and strain rate relations in TZP with various levels of
10_15 T T 3 Al,03 doping at 1673 K. The samples of doping level below 0.07% show
F b two regions, a stress exponent of two at high stresses and three at low
L (b) 0.'|8A|203 ] stresses, while the samples of doping level above 0.12 wt% show only
102L . one region with a stress exponent of two.
-3
10 3 1 of the size of 5 nm. EDS analysis revealed that this
i 1 glassy phase consisted of 13 wt %%i® wt %Y,03,
W 10°L i 5 wt %Al,03 and the balance of ZrQindicating that
Py g ] impurity silica was localized to form silicate glass. Be-
5 i cause the samples studied in this study contained impu-
£ 10‘5§ 4 rity silica of about 0.006 wt %, the effect of the glassy
2 i pocket on deformation behavior was neglected.
ol 1 For many grain boundaries (more than ten) in
107 N2 i 7 0.18ALOs-TZP, EDS analysis with a spot size of 2 nm
L © 1773k 1 was performed. Only the yttrium distribution was an-
107L <D> gii | alyzed using the Y L peak and the Zr L peak because
g A 1473k ] the Al K peak was overlapped by lower energy side
r ] of the Zr L peak. Fig. 5a shows that Y is segregating
10°® S e : in the grain boundaries and that denuded zones with
10° 10’ 10 a width of 30 nm are formed around the grain bound-
Stress / MPa aries . This yttrium segregation and denuded zone are

also observed in 0.18AD3-TZP sintered at 1773 K for
Figure 1 Stress and strain rate relations in (a) undoped and (b)lo h, as shown in Fig. 5b.

0.18AL03-TZP at 1473, 1573, 1673 and 1773 K. In undoped TZP, two
regions, a stress exponent of two at high stresses and three at low stresses,
are distinguished; in 0.18403-TZP only one region of a stress exponent

of two is seen. 4. Discussion

4.1. Comparison with the recent data

The present data on flow behavior are compared with
procedure. However, the point of the observation is thathe recently reported data of two categories in TZP with
the different features are observed in the neighboring grain size about 0.4m; while Lakki et al. [9] and
places of one grain boundary. Wakaiet al.[5] reported a transition from=3 or 2 to

Fig. 4 is a high resolution electron micrograph of al in high- or low-purity materials, respectively, Owen

grain boundary triple pointin 0.1840D3-TZP. The lat- and Chokshi [10] reported a transition only in high-
tice fringes of the three grains meet directly with somepurity materials froorm =3 to 2. The data are normal-
amount of overlapping caused by the insufficient edgeized to those at 1673 K and of Ow/m grain size using
on condition of the boundaries. Almost all of the ob- the apparent activation ener@y= 480 kJ/mol and the
served triple points possessed no glass pocket like thigrain size exponenp =2 (for then =2 region) and
micrograph. Very few triple points had a glassy pocketQ = 640 kJ/mol ando =1 (for then = 3 region).
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Figure 3 High resolution electron micrographs of one grain boundary in 0. A8AITZP enlarged from one negative. (a) The lattice fringes of both

grains meet at the grain boundary directly, showing the absence of a grain boundary glassy phase. (b) Along the grain boundary, a darkened band
of 5 nm width is observed. We can see lattice fringes inside of this band; therefore it is not the grain boundary glassy phase but is a grooved region
created by damage from ion milling.

All the data show good agreement except those inthef n = 1. The region oh =1 at high stresses, which is
high stress regiom(= 2) in high-purity TZP, indicated based on a few data points in Ref. [8, 9], is absent at
by the closed symbols in Fig. 6a. In that region, theleast up to 200 MPa both in high- and low-purity TZP
present data locate just between those of Lekki.[9]  with a grain size of about 0.4m.
and Owen and Chokshi[10], and the data for each study This conclusion, however, does not deny the exis-
seem to lie on arespective linemf 2 but noton aline  tence of the region of =1 at higher stresses, where
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Figure 4 High resolution electron micrograph of the grain boundary triple point in 0 A8AITZP, indicating that the lattice fringes of three grains
meet directly without forming a glass pocket.

W T ] where @ =0.7b® is the molar volumeb=2.57x
o BF ] 10719 m is Burger’s vector [26]5 =2b is the grain
OE o ] boundary width ankT has the usual meaning. The
-~ 1 ] grain boundary diffusion coefficieg, is assumed to
S: T 1 equal to that for cubic zirconia,2x 10~ exp[—-293 kJ
10k ] mol~1/RT] m? s~ measured by Oisht al.[27]. This
.l 1 equation predicts that the diffusional control appears
L 0.18%AL0, doped TZP ] under a stress of more thanx3l0®> MPa in TZP of
8 |- Sintered at 1673 K for 2h . 0.4pum at 1673 K.

On the other hand, Kusunoki and lkuhara [28] re-
s ] ported a smaller value dDgp=1.1x 10°* m? s71 (at
51 ] 1673 K) throughin situ observation at high tempera-
2 b ] tures in TEM. This diffusion coefficient predicts that
oL 1 almost all of the measured data fall under the region of
I M\\//w ] diffusional control. A creep study at still higher stresses

would provide information on this large discrepancy in

Y0, / mol%
S
T

> L ] the diffusion constant.

sl 0.18%A,0, doped TZP 1 Just recently, an interpretation that a temperature-

[ Srteredat 1773 Kfor 10 ] depending threshold stress causes the increase in a

o stress exponent from two to three with decreasing the

-60 -40 -20 0 20 40 60 stress in low-purity TZP [29]. We cannot, unfortunate-
Distance from Grain Boundary / nm ly, affirm nor deny the temperature-depending thresh-

_ i N _ . old mechanism considering the experimental errors of
Figure 5 Profiles of Y distribution across the grain boundaries in . .
0.18AL0s-TZP sintered at 1673 K for 2 h (a) and 1773 K for 10 h the p_resent data and their data. B_efore_ the furth,er dis-
(b). Both specimens show that Y is segregated in the grain boundarie§USSIONn on the threshold mechanism, it is required to
and around the grain boundaries, denuded zones with a width of 30 nfpropose the origin of the threshold stress which depends
are formed. on the temperature and grain size.

deformation might be controlled by diffusion. The con-
stitutive equation for grain boundary sliding with grain 4 o Change in strain rate with doping

switching controlled by diffusion is given as [21] The effect of doping level on the strain rate is plotted
b= 3292 D b“_‘s 1) in Fig. 7a using a double logarithmic plot. The plotted
kT °d3’ data are at 30 MPa for the= 2 region and 5 MPa for
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[ (b) Low Purity ] levels at 30 MPa fon =2 region and 5 MPa fon = 3 region for high-
102 | purity TZP. The data for alumina/TZP composite [17] and TZP doped
! with silicate glass [13] are also plotted. Alumina doping increases the
#‘2;’3?32,2‘;;3’(1:0.4 pm o strain rate at both stresses up to 0.1 wt % and shows a tendency toward
sl saturation above that. Around this doping level, the stress exponent at low
10 3 E stresses also changes from three to two. In contrast to alumina doping,
i silicate glass doping does not show a tendency toward saturation above
r 0.1 wt % because of glassy pocket formation at the triple points.
10% & 4
"_VJ E
e
| | alumina, the material is considered as an alumina/TZP
5 ; i composite and shows a very low strain rate as indicated
7 i 1 by the broken line in Fig. 7a [17].
10°° ¢ | Fig. 7a also shows the data of Gastal. [13] who
: i studied the doping effect of silicate glass. They used
. O Present Work 1 alow-purity powder (total impurity level of more than
107 5 Lakdotal (1969) 1 0.1 wt%) as a raw material; therefore their material
g ¢ Wakeletal 1% 1 without doping did not show the behavior of high-purity
10® Y e TZP, i.e., only then = 2 region was observed, and they
10° 10 102 did not discuss the transition from high-purity to low-

Stress / MPa purity. In contrast to alumina doping, silicate glass dop-
Figure 6 Comparison between the present study and the recently re!n% dO(g/S T)Ot show a tendencyl toward Si'turatloﬂ ab(.)\lle
ported study of two categories; while Laldtial.[9] and Wakaiet al.[5] 0.1 wt%, because it creates glassy pockets at the triple

reported a transition from=3 or 2 to 1 in high- or low-purity ma- points (not a grain boundary glassy film as claimed by
terials, respectively, Owen and Chokshi [10] reported a transition onlylkuharaet al.[20]), which enhance the stress relaxation
in high-purity materials_frorm_=3 _to 2. The data_l are normalized into gt the triple points.
those at 1673 K and with grain size of Q4n using Q =480 kJ/mol
and p =2 (for then =2 region) andQ = 640 kJ/mol ancdb =1 (for the
n =3 region).

4.3. Interface reaction control

The present results, i.e., the absence of a grain bound-
then = 3 region for high-purity TZP as shownin Fig. 2. ary glassy phase and a stress exponent of two or three,
Alumina doping increases the strain rate at both stressesiggest that the deformation is grain boundary slid-
up to 0.1 wt % and shows a tendency toward saturatioing with grain switching [21] accommodated by diffu-
above that. Around this doping level, the stress exposion creep controlled by interface reaction, i.e., vacancy
nent at low stresses also changes from three to two, dermation and absorption at the grain boundaries [22].
shown in Fig. 7b. This behavior means that the deforAssuming that the reaction rate is proportional to the
mation mechanism at low stresses in high-purity TZPstress, the site density of the reaction should be propor-
changes into that in low-purity TZP at a 0.1 wt % dop- tional to the second power of the stress at low stresses
ing level. Alumina doping of more than 0.1 wt % causesand proportional to the stress at high stresses in pure
little increase in the strain rate, and if we dope moreTZP. Alumina doping may enhance the transition from
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low stresses to high stresses through affecting the inequilibrium distribution of yttrium, though after slow
terface reaction by alumina ion segregation at the graiooling, we observed denuded zones.
boundaries, and that more than 0.1 wt% results in a
single region with a stress exponent of two.

The transition takes place at a doping level of5. Conclusions
0.1 wt%. If we assume that all aluminum ions locateHigh-purity TZP with less than 0.07 wt %403 and
at the grain boundaries, we can roughly calculate the grain size of 0.4«m had two deformation regions:
ratio of the grain boundary area covered by aluminunthe low stress region had a stress exponent of three
ions as 20% using the following equation, and an apparent activation energy of 640 kJ/mol, and
the high stress region had two and 460 kJ/mol. On the
other hand, TZP containing more than 0.12 wt %24
with the same grain size had only one region which
had a stress exponent of two and an activation energy
of 480 kJ/mol. The region of diffusion control with a
Here aluminum ion is assumed to cover the TZP grairstress exponent of one was not observed in any samples.
boundary with the width of alumina unit cellaccom- High resolution transmission electron microscopy re-
panied with two oxygeniond, is the volume fractionof vealed the absence of an amorphous grain boundary
alumina calculated fromthe doping lev8|,isthegrain  phase with 0.18 wt %Al0; doping. Very few grain
boundary area in a unit volume (3.30 [30]) asthcs the  boundary triple points possessed a glassy pocket, which
grain size of the TZP matrix. Considering that the TZPconsisted of silicate glass. EDS analyses near the grain
grain boundary has already been covered by yttriumboundaries revealed that yttrium was segregating at the
aluminum can occupy up to 20% of the grain boundarygrain boundaries with denuded zones of 30 nm width.
at high temperatures by pushing yttrium aside. This denuded zone was created during slow cooling

fd

= 554 2)

Alumina doping of more than 0.1 wt % is expected to from the sintering temperature.

cause precipitation of alumina phase but not to increase
the area fraction of the grain boundary occupied by

aluminum ion. That is, at the doping level where grainReferences
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