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Hysteresity effects in 3 mol % yttria-doped 
zirconia (t'-phase) 
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Single-crystal and polycrystal samples of 3 mol % Y203-doped zirconia (t'-phase) were 
subjected to uniaxial compression tests at 1 000 ~ in order to separate the effects of phase 
transformation (tetragonal-to-monoclinic) from ferroelastic domain switching. Plastic 
deformation was observed after an elastic regime, with attributes characteristic of domain 
switching. X-ray diffraction traces at room and high temperatures before and after the 
compression test verified that there was, indeed, a variant reorientation within each sample. 
Deformation bands were observed on single crystals, and Raman spectroscopy revealed that 
no monoclinic phase was present. These results verify the existence of ferroelastic domain 
switching phenomenon in this material. 

1. I n t r o d u c t i o n  
The concept of ferroelastic behaviour being involved 
in phase transitions has been well defined and its study 
has been continuing for over 20 years [1]. It was 
proposed as a potential toughening mechanism in 
zirconia in 1986 [2]. From transmission electron 
microscopy (TEM) and transmission optical micro- 
scopy (TOM) techniques it is known that ferroelastic 
domains exist in 3 mol % yttria-doped zirconia in the 
t'-phase, with typical dimensions of 0.05/am x 1.0/am 
[3-7]. This previous work had been done at room 
temperature. Fig. 1 illustrates the "herringbone" do- 
main structure typical in these materials. 

Heretofore it had been assumed by many that the 
t'-phase was a "non-transformable phase", since no 
monoclinic phase had been observed when the sample 
was stressed [8]. It has been shown, however, that this 
is not the case, but that transformation is possible and 
is a function of the domain size [5, 9, 10]. The purpose 
of this study was to demonstrate clearly the ferroelas- 
tic domain switching phenomenon in these materials 
by eliminating the possibility of both the reversible 
and irreversible tetragonal-to-monoclinic phase trans- 
formation. This was done by eliminating the driving 
force for this transformation by conducting uniaxial 
compression tests at temperatures well above the equi- 
librium transition temperature between the tetragonal 
and monoclinic phases. For 3 reel% Y203-doped 
tetragonal zirconia polycrystal (TZP) this phase trans- 
ition occurs at 750 ~ or below, based on the available 
diagram [11-15]. Ferroelastic domain switching is 
easier at high temperatures since the coercive stress 
(a .... ) is an inverse function of temperature [16]. It is 

important, however, not to exceed the Curie temper- 
ature (T~) of the material, since at that temperature the 
material no longer exists in a ferroelastic phase, but 
instead becomes paraelastic. In 3 reel % Y203-doped 
TZP this occurs when the tetragonal ferroic phase 
transforms into the cubic prototype phase at around 
2000~ [17, 18]. It is also necessary to choose a 
temperature low enough to prevent, or at least mini- 
mize, softening and plastic deformation of all test 
set-up materials. A temperature of 1000 ~ was used in 
this study, since it met the above criteria. 

2. Experimental procedure 
Single-crystal and polycrystal samples were pre- 
pared in the t'-phase. The tetragonal single crystal 
was purchased commercially (Ceres Corporation, 
Waltham, MA, USA) and had been prepared using a 
skull melt technique. The sample was not actually a 
true single crystal but a "pseudo-single crystal", 
having three variants in mutually orthogonal direc- 
tions. The irregularly shaped samples were oriented 
using back-reflection Lau~ X-ray diffraction and cut in 
the shape of parallelepipeds (3 mm x 3 mm x 9 ram) 
such that the faces were perpendicular to the (1 0 0> 
directions, based on pseudocubic symmetry, as depic- 
ted in Fig. 2. They were then heated in air at 2100~ 
for 15 rain in a gas-fired furnace, quenched to 1200 ~ 
and furnace-cooled to room temperature. 

The polycrystalline samples were prepared using a 
premixed commercial powder (TZ-3Y from Tosoh 
USA Inc., Atlanta, GA, USA). The powder was die 
pressed at 28 MPa, isostatically pressed at 207 MPa 
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Figure 1 TEM micrograph of 3 tool % Y203-doped zirconia (t'-phase) showing existing domain structure. 

and sintered in air at 1450 ~ for 2 h. The sintered 
samples were then heated to 2100~ for 15 min in a 
gas-fired furnace, quenched to 1200 ~ furnace-cooled 
to room temperature, and cut to size (3 mm x 3 mm 
x 9 ram). 

A rocking-curve X-ray analysis was done on repre- 
sentative samples to ensure that crystallite size and 
preferred orientation due to processing would not 
significantly affect the quantitative X-ray diffraction 
(XRD) results. This was deemed particularly import- 
ant for the polycrystalline samples after the high- 
temperature (2100~ heat treatment due to their 
large average grain size (> 100 pro). A rocking-curve 
XRD analysis is performed by making multiple XRD 
traces on a flat sample surface oriented at various 
angles to the incoming X-ray beam. This involves 
"rocking" the sample between + 15 ~ in both the 
x- and y-directions in order to observe whether there 
is a significant shift in the 20 peak positions. Multiple 
X-ray diffraction traces (Scintag Pad X XRD, FRG) 
were obtained from various faces of all samples at 
room temperature and at 1000~ before and after 
high-temperature testing. They were stressed in uni- 
axial compression at a rate of 0.01 mm min-1 between 
two silicon carbide push-rods at 1000~ on a uni- 
versal testing machine (Instron model 6027, Boston, 
MA, USA). Load versus displacement was monitored 
during the loading-unloading cycle and a stress- 
strain plot was later constructed. A silicon carbide 
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"core sample" (6.35 mm in diameter and 12.7 mm 
long) was first run under the same conditions in order 
to determine the compliance of the loading assembly. 
All samples were aligned preloaded to 35 N at room 
temperature, and heated to 1000~ under constant 
load conditions before any data were recorded. 

Additional single crystals were prepared having the 
same {1 00) orientation. The lateral faces were poli- 
shed to a 1 pm finish and stressed in compression to 
2.2 GPa at room temperature. Each face was studied 
before and after compression using Nomarski inter- 
ference microscopy (model BH2, Olympus Optical 
Co., Ltd, Tokyo, Japan), XRD (model XRD-8000, 
Diano Corporation, Wobum, MA, USA) and laser- 
induced Raman spectroscopy. A triple spectrometer 
(model 1877C-AG, 0.6m, triple spectrometer, Spex 
Industries Inc., Edison, NJ, USA) and an argon-ion 
laser (model 2045, Spectra Physics, Mountain View, 
CA, USA), operating at 488 nm, with a beam size of 
5 pm diameter, were used in the Raman study. Irradi- 
ance at the sample was 1 x 109 Wm -2. A more com- 
plete discussion of the Raman technique used will be 
published in a separate paper [19]. 

3. Results and discussion 
3.1. Single crystal 
The density was measured using the Archimedean 
displacement technique and was determined to be 
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Figure 2 Orientation and dimensions of single-crystal samples. 

6 .10gcm -3 (100% theoretical). The compressive 
strength was found to be > 2.2 GPa  at room temper- 
ature and > 400 MPa at 1000~ Greater stresses 
could not be applied for fear of damaging the test 
apparatus. A stress versus strain plot for this single 
crystal is shown in Fig. 3. The sample behaved elasti- 
cally to around 750 MPa, where it began to deform 
plastically. Not  all of the observed plastic deformation 
can be due to ferroelastic domain switching. Deforma- 
tion due to switching is a function of the c/a ratio of 
the individual unit cells and of the relative percentage 
of cells with variants in each of the three directions. 
From XRD data before stressing we know that about 
one-third of the total number of cells exist in each of 
the three variant directions and that the c/a ratio is 
about 1.013 at room temperature and at 1000~ We 
would therefore expect around 0.43% deformation 
due to ferroelastic domain switching. Here we see 
1.4% plastic strain. Dislocation movement may also 
be occurring simultaneously at this high temperature 
and is discussed below. 

The Young's modulus is slightly different when 
loading and unloading the sample. This may be due to 
the anisotropy in the [100]  and [001]  directions 
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Figure 3 Stress versus strain curve for 3 mol % Y203-doped ZrO z 
single crystal (U-phase) in compression at 1000~ (longitudinal 
direction). 

before and after the domain switching has occurred. 
After removing the effects of apparatus compliance 
and plasticity, the actual modulus, upon loading, at 
1000 ~ is around 127 GPa, in accordance with values 
obtained using the free-floating beam method 
(138 GPa  for 3.5mo1% Y-TZP at 1000~ [20]. 
From the figure it is seen that some of the plastic 
deformation is reversible. In this case roughly half of 
the plastic strain produced in loading was recovered 
upon unloading. Part of this recovered strain can 
possibly be explained by data reported by Takei and 
Tsunekawa [21, 22]. When studying ferroelastic single 
crystals of neodymium niobate and lanthanum nio- 
bate, they found that the domain orientations could be 
switched irreversibly, or partially or completely re- 
versibly, depending on the strain rate while loading. 
The strain rate was not varied in this study. 

It is clear that the material exhibits quite an amount 
of plastic deformation, but it is not obvious that part 
of this deformation is due to ferroelastic domain 
switching, despite the occurrence of characteristics 
expected in switching, as previously described. How- 
ever, XRD data verify this conclusion. An average 
overall cell orientation can be determined by obser- 
ving the (0 0 2)/(2 0 0) relative peak heights and integ- 
rated intensities [14]. Table 1 summarizes the aver- 
ages of XRD data obtained from multiple runs on the 
front face of the sample at room temperature. It is seen 
that from either the relative heights or integrated 
intensities, the (0 0 2) peak grows at the expense of the 
(2 0 0) peak, in accordance with the switching pheno- 
menon. Fig. 4 shows some actual XRD traces from 
this face. Deconvolutions were done using software 
provided by the manufacturer of the diffractometer. 
XRD traces obtained from this face at 1000 ~ and on 
other faces at both room and high temperatures con- 
firm these results. 

Samples whose lateral faces had been polished to a 
1 gm surface finish were stressed in compression at 
room temperature to 2.2 GPa. The faces were ob- 
served using Nomarski interference microscopy. One 
such face after stress is shown in Fig. 5. A definite 
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Figure 4 Room-temperature XRD traces and deconvolutions (left) 
(front lateral face). 
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before and (right) after stress in 3 tool % Y203-ZrO 2 (t') single crystal 

T A B L E I Average values of XRD data for 3 tool % Y2Oa-ZrO2 
(t') single crystal (front lateral face at 25 ~ 

loo2/I2oo Ioo2/12oo 
(peak height) (integrated intensity) 

Before stress 0.4 0.5 
After stress 0.8 1.3 

Figure 5 Nomarski interference contrast micrograph of the defor- 
mation zone produced on a lateral face during compression of a 
3 mol % Y203-ZrO 2 (t') single crystal. 

de fo rma t ion  zone has a p p e a r e d  due to the appl ied  
stress and  can be clearly seen. X R D  on the entire face 
showed no evidence of monocl in ic  phase  being pre- 
sent. Lase r - induced  R a m a n  spec t roscopy  was used to 
examine  the de fo rma t ion  zone. The beam size was 
a b o u t  5 gm. Mul t ip le  spect ra  were ob ta ined  in var ious  
areas  within and outs ide  the zone. One  such spec t rum 
is shown in Fig. 6. Peaks  co r re spond ing  to the mono-  
clinic phase  are consp icuous ly  absent  [19, 23-25] .  In  
fact, no monoc l in ic  phase  could  be detected anywhere  
in the zone or  on the sample  surface. This f inding 
indicates  that  de fo rma t ion  zones p roduced  dur ing  
crack p r o p a g a t i o n  in zirconia,  as identif ied by 
N o m a r s k i  microscopy,  may  no t  be entirely due to the 
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Figure 6 A typical Raman spectrum produced from inside the 
deformation band shown in Fig. 5. Note that no monoclinic phase is 
observed. 

t - to -m phase t ransformat ion .  W h e n  t rying to corre la te  
mate r ia l  toughness  with t r ans fo rmat ion  zone size (e.g. 
crack-shie lding effects), it is i m p o r t a n t  to realize tha t  
there is not  necessari ly a one- to -one  cor respondence  
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Figure8 Stress versus strain curve to failure for 3mo1% 
YzO3-Zr02 (t') polycrystal in uniaxial compression at IO00~ 
(longitudinal direction). 

mechanical energy that might normally be channelled 
into crack formation and extension will instead be 
expended in the formation and /or  switching of fer- 
roelastic domains [2]. Hence, ferroelasticity is a po- 
tential toughening mechanism. 

Figure 7 A scanning electron micrograph and an optical micro- 
graph o(the microstructure of 3 mol % Y203 ZrO 2 (t') polycrystal 
before (grain size of around 1 gin) and after (grain size > 1001am) 
the 2100 ~ heat treatment. 

between the deformation zone and the phase trans- 
formation zone. 

These data also demonstrate that ferroelastic 
domain switching is a deformation process. Since 
deformation processes expend energy, some of the 

3.2. Polycrystall ine t ' -Zr02 
The density was measured to be 6.06 g cm -3. The 
samples were translucent and no porosity was ob- 
served under an optical microscope. Due to the 
2100~ heat treatment, the grain size in the TZP 
material had grown from 0.6 t-tin to around 200 gm 
(Fig. 7). A number of the polycrystalline t ' -ZrO 2 
samples were first loaded in compression to failure at 
1000 ~ to determine the fracture stress, as well as to 
ensure that the material exhibited a significant 
amount of plastic deformation. The compressive 
strength at room temperature was > 1200MPa. 
Again, the applied stress was not > 1200 MPa for fear 
of damaging the fixtures in the test apparatus. A 
typical stress-strain curve to failure at 1000~ is 
shown in Fig. 8. The material exhibits quite an 
amount of plasticity beginning at 450 MPa, with the 
sample fracturing catastrophically at 620 MPa. After 
removing strain contributions from the test apparatus, 
about 0.96% strain was due to plastic deformation of 
the sample. The Young's modulus of around 125 GPa  
was a little lower than the value obtained for the single 
crystal and is consistent with data published and 
referred to earlier [20]. 

Two consecutive stress runs were made on a differ- 
ent sample (cut from the same "parent bar" as the 
sample taken to failure). The temperature was again 
1000~ Multiple XRD traces were obtained from 
various faces at room and high temperatures before 
and after each run. The samples were unloaded before 
failure occurred, but after plastic deformation had 
begun. Fig. 9 shows typical stress-strain plots from 
both runs. Again a permanent strain is observed in the 
material. During the first run plastic deformation 
began at around 450 MPa, as it did in the samples 
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Figure 9 Stress-strain curves for two consecutive runs of a 3 mol % Y203-ZrO2 (t') polycrystal stressed in uniaxial compression at 1000 ~ 
(longitudinal direction). Note that the yield stress increased from run 1 to run 2. 

taken to failure. The sample was unloaded once a 
stress of 500 MPa had been reached. It was cooled, 
X-rayed and loaded in run 2 at 1000 ~ to a stress of 
about 600 MPa. In run 2 the sample behaved elasti- 
cally up to 500 MPa, at which we had stopped loading 
on the first run. This behaviour is typical in many 
strain-hardened materials. It also indicates that do- 
mains that had switched between 450 and 500 MPa in 
the first run appear to have done so irreversibly, and 
did not switch again in run 2. In this second run 0.68% 
strain was produced through plastic deformation. 
Since the c/a ratio for this specimen was again about 
1.013, a maximum of around 0.43 % total plastic strain 
would be expected if ferroelastic domain switching 
were the only plastic deformation mechanism in op- 
eration. Dislocation motion may again be a possible 
mechanism contributing to the observed plasticity. 

Dislocation movement has been shown to occur in 
yttria-doped TZP at elevated temperatures due to 
grain boundary sliding and creep cavitation within a 
thin (< 101xm) glassy phase present at the grain 
boundaries [26, 27]. This glassy phase is due to 
impurities such as SiO 2 and A120 3 existing in the 
material [28]. XRD traces indicate that no monoclinic 
phase existed on any of the sample surfaces, as ex- 
pected. Upon loading the Young's moduli were identi- 
cal in each of the two runs. The difference in moduli 
observed during loading and unloading was smaller 
than that observed for the single crystal. These obser- 
vations are consistent with the fact that in polycrystal- 
line materials fewer grains are of a favourable orienta- 
tion for switching to occur. Hence, any anisotropy 
caused by ferroelastic behaviour would be more sub- 
dued. This is evinced by the data shown in Table II, 

T A B L E  II Average values of XRD data for 3 mol % Y203-ZrO2 (t') polycrystal 

I002/1200 I002/I200 
(peak height) (integrated intensity) 

Front  lateral face at 25 ~ 

Before stress 1.8 1.8 
After stress, run 1 2.4 2.2 
After stress, run 2 3.1 2,6 

Rear lateral face at 25 ~ 

Before stress 1.7 1.6 
After stress, run 1 2.7 2.5 
After stress, run 2 3.1 3.0 

Right lateral face at 25 ~ 

Before stress 0.9 1.0 
After stress, run 2 1.5 1.5 

Front  lateral face at 1000 ~ 

Before stress 1.3 1.7 
After stress, run 1 2.1 1.9 
After stress, run 2 3.4 2.2 
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which summarizes average values of XRD data, again 
indicating an increasing degree of reorientation of 
some of the variants in the sample with increasing 
stress, in agreement with the ferroelastic domain 
switching mechanism. Some average values for XRD 
data obtained at 1000 ~ are also included in the table. 
Figs 10 and 11 demonstrate this switching phenom- 
enon through some actual XRD traces, along with 

their deconvoluted peaks. From these traces it is clear 
that some switching had occurred before loading due 
to the compressive stresses involved in surface grind- 
ing [14]. Here again, Io 02 increased at the expense of 
I z  o o in accordance with ferroelastic theory. 

Partial hysteresis loops under compressive stress at 
room temperature have also been observed in this 
material, as seen in Fig. 12. XRD data again support 
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Figure 10 Room-temperature X-ray diffraction traces and deconvolutions (left) before and (right) after stress in 3 tool % YzO3-ZrO2 
(t'-phase) polycrystal (right lateral face). 
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Figure 1l High-temperature (1000 ~ X-ray diffraction traces and deconvolutions (left) before and (right) after stress in 3 tool % YzO3-ZrO2 
(t'-phase) polycrystal (front lateral face). 
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Figure 12 Partial hysteresis loop for a 3 tool % YzO3-ZrO2 (t') 
polycrystal stressed in uniaxial compression at room temperature. 

the ferroelastic domain switching mechanism as being 
partially responsible for the plastic deformation. 

4.  S u m m a r y  a n d  c o n c l u s i o n s  
From this study it is possible to draw a number of 
conclusions. The first is that ferroelastic domains are, 
indeed, present in 3 mol % yttria-doped zirconia exist- 
ing in single-crystalline and polycrystalline forms 
(t'-phase). 

Secondly, 3 mol % yttria-doped zirconia existing in 
single-crystalline and polycrystalline forms (V-phase) 
undergoes ferroelastic domain switching when loaded 
in uniaxial compression at 1000~ This contributes 
to the partial hysteresis loops observed in the stress- 
strain curves. 

The third, and perhaps most significant, conclusion 
is that ferroeIastic domain formation and/or switch- 
ing is a deformation process and can expend mechan- 
ical energy that might otherwise be used for crack 
formation and propagation. It is therefore a potential 
toughening mechanism in ferroelastic materials. This 
also implies that care must be exercised when at- 
tributing deformation zone size to phase trans- 
formation alone when dealing with such theories as 
the "crack-shielding effect". 
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