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Low-Temperature Aging of Y-TZP Ceramics

Jéréme Chevalier

National Institute of Applied Sciences, Department of Research into the Metallurgy and
Physical Properties of Materials, Associate Research Unit 5510, 69621 Villeurbanne Cedex, France

Bernard Cales* and Jean Michel Drouin

Norton Desmarquest Fine Ceramics, 27025 Evreux Cedex, France

The isothermal tetragonal-to-monoclinic transformation of
a 3Y-TZP ceramic is investigated from 70° to 130°C in
water and in steam by X-ray diffraction and optical inter-
ferometer techniques. Aging kinetics followed by X-ray dif-
fraction are fitted by the Mehl-Avrami-Johnson law, sug-
gesting nucleation and growth to be the key mechanisms for
transformation. Optical interferometer observations of
highly polished samples effectively reveal a nucleation and
growth micromechanism for tetragonal-to-monoclinic
transformation. A model based on surface change analysis
is developed that fits closely to the X-ray diffraction results.

1. Introduction

THE concept of stress-induced phase transformation in zir-
conia ceramics represents one of the most remarkable in-
novations in the ceramic field. Indeed, it was shown in the
1970s, first by Garvie er al.! and then by Gupta et al.,? that
zirconia exhibits a transformation toughening mechanism act-
ing to resist crack propagation. The stress-induced phase trans-
formation involves the transformation of metastable tetragonal
crystallites to the monoclinic phase at the crack tip, which,
accompanied by a volumetric expansion, induces compressive
stresses. Yttria-stabilized zirconia ceramics belong to this fam-
ily of toughened materials. They can exhibit a strength of more
than 1000 MPa with a toughness of about 6 to 10 MPa - m'/2.
Experimental®>= and theoretical®’ studies agree that transfor-
mation toughening is highly dependent on grain size and sta-
bilizer (yttria) content. The excitement created by these mate-
rials, however, was dampened by Kobayashi er al.,! who
discovered a serious limitation of Y-TZP ceramics for appli-
cations near 250°C. The authors revealed that Y-TZP ceramics
can suffer a slow, tetragonal-to-monoclinic (—m) transforma-
tion at the sample surface in a humid atmosphere, followed by
microcracking and a loss in strength. Following this work, a
series of papers were published with an attempt to understand
the basic micromechanisms of #~m transformation and to re-
duce this limiting phenomenon.®~'® The main features of
this so-called low-temperature degradation (LTD) are the
following:

(i) Transformation proceeds most rapidly at temperatures
of 200-300°C and is time dependent.

(i) Water or water vapor enhances the transformation.

(iii)) Transformation proceeds from the surface to the bulk
of zirconia materials.

(iv) Higher stabilizing content or finer grain size increases
the resistance to transformation.
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Today there are several models which attempt to explain
how the presence of water can promote transformation. Sato et
al.'%!! proposed chemisorption of water to form Zr—OH at the
surface, which results in the accumulation of strain energy and
thus in #~m transformation. Yoshimura er al.'” also proposed
the chemisorption of water as the key mechanism but attributed
the accumulation of stresses to the migration of OH™ species at
the surface and in the lattice. A third model, presented by
Lange and co-workers,” postulates a reaction between H,O and
yttria (Y,O3), the formation of Y(OH); depleting the stabilizer
content then leading to transformation. However, recently, the
depletion of Y,O; during LTD has been rejected and the fun-
damental role of internal stresses has been demonstrated.'®

Transformation kinetics have sometimes been fitted by the
Mehl-Avrami-Johnson (MAJ) law,!*2° which suggests nucle-
ation and growth. However, the evidence for the real nucleation
and growth mechanism has never been clearly identified at the
surface of Y-TZP materials. This was the aim of the present
study, to identify nucleation and growth processes occurring
during LTD. Another question is the extent of isothermal trans-
formation at low temperature, typically near room temperature.
Therefore, an attempt was made to provide LTD data at low
temperatures, far below 150°C, in order to predict accurately
isothermal t—m transformation kinetics of zirconia ceramics for
low-temperature applications.

II. Experimental Procedure

The experiments were conducted on a Y-TZP ceramic con-
taining 3 mol% (5.2 wt%) yttria (Norton Desmarquest Fine
Ceramics, France). The commercial starting powder was pro-
duced by a coprecipitation method. The material was processed
by cold isostatic pressing at 300 MPa, followed by pressureless
sintering at 1500°C for 2 h. Hot isostatic pressing was then
conducted to achieve a density of more than 99.9%. The grain
size was measured by SEM according to the ASTM E112
standard. The average grain size value by linear intercept was
0.5 pm. Small disks of 40 mm diameter and 4 mm thickness
were ground and polished with diamond paste to reach a sur-
face roughness (R,) of less than 3 nm (measured by means of
an optical interferometer, Phase Shift Technology®). Such a
roughness was believed to be low enough to observe any small
surface uplift due to —m transformation. No annealing was
done on the specimens because it was shown that monoclinic
content and residual grinding stresses were suppressed during
careful polishing steps.?! Monoclinic content was measured by
an X-ray diffraction (XRD) technique (CuKa radiation, with a
penetration depth in zirconia estimated to be about 5 pm from
Ref. 22) and calculated from the modified Garvie and Nichol-
son equation.?® It was systematically close to 0% before any
aging test. Surface changes were recorded by means of the
optical interferometer used for roughness measurements in a



monochromatic wavelength mode. It is characterized by a
height resolution of +0.1 nm (X-Y resolution of about 0.3 wm).
Aging was achieved in distilled water at different temperatures
from 70° to 100°C (thermostated baths +2°C) and in steam at
120°C and 130°C under 2 bar.

III. X-ray Diffraction Results

The relationship between the amount of monoclinic phase
and aging time at various temperatures is shown in Fig. 1. The
amount of monoclinic phase increases with aging time accord-
ing to a sigmoidal behavior, in agreement with previous stud-
ies conducted at high temperatures.>*2° These studies sug-
gested that the relationship between the amount of monoclinic
phase and the aging time could be expressed by the MAJ
equation: '%-20

f=1-exp[-(b1)] 6]

where f is the transformation fraction, ¢ is the time, and b and
n are constants. The MAJ equation is often used for describing
time-transformation isotherms in metals and metallic alloys.
Tsubakino er al.>*?> suggested that isothermal transformation
occurs by a nucleation and growth process without providing
experimental evidence for this mechanism. In the MAJ theory
summarized by Christian,?° it is shown that the n exponent,
which can be derived from the slope of the In (In (1/(1 - f)))
versus In ¢ plot, is related to nucleation and growth conditions.
b is a parameter giving the apparent activation energy Q by

b=b, exp[— RQT] (2

where b, is a constant, R the gas constant and 7 the absolute
temperature. b can also be calculated for each temperature from
aln (In (1/(1 — f))) versus In ¢ plot. This plot is shown in Fig.
2. Because the monoclinic fraction never reaches 100% even
after a very long duration, f is taken as the fraction in the
saturated amount of monoclinic phase (88%). A linear relation-
ship is observed for each temperature with a constant value of
n equal to 3.6 £ 0.4. According to the MAJ theory,'®?° this
value between 3 and 4 corresponds to a nucleation and three-
dimensional growth process. The plot of In b versus 1/T in Fig.
3 gives an activation energy of 106 kJ/mol with excellent re-
liability (correlation coefficient of more than 99%).

IV. Optical Interferometer Investigations

The nucleation and growth mechanism for LTD, which was
suggested by XRD, was confirmed by optical interferometer
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Fig. 1. Monoclinic content measured by X-ray diffraction versus
time for temperatures ranging from 70° to 130°C. Solid lines represent
the fitting of the experimental results by the Mehl-Avrami—Johnson
law with n = 3.6.
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Fig. 2. Plot of In (In (1/(1 = f))) versus In ¢ for the determination of
n (slope) and In b (ordinate origin) in the MAJ equation.
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Fig. 3. Plot of In b versus 1/T for the determination of the apparent
activation energy for the —m phase transformation process.

observations. For instance, Fig. 4 represents the same surface
of a given specimen observed with the optical interferometer
after different aging durations at 130°C, 2 bar in steam. Figure
4(a) corresponds to the initial surface, with a roughness R, =
2 nm and a monoclinic content close to 0%. After an incubation
period of about 1 h, the nucleation of monoclinic sites occurs
(see Fig. 4(b)). Nucleation is detected by small surface upheav-
als (with a height less than 10 nm and a diameter close to 1 p.m)
which correspond to the transformation of one or a few
grains.?”2® This surface expansion is linked to the increase of
the crystal size and thus the grain size due to —m transforma-
tion. At that time, monoclinic fraction measured with XRD still
remains close to 0%. After 5 h (in Fig. 4(c)), it appears that the
initial nucleation sites have slightly increased in size. Their
shape is nearly conical, suggesting that transformation effec-
tively occurs from one grain to the neighboring grains and so
on. The propagation from the initially transformed grain to the
others is related to the formation of micro- or nanocracks
around transformed grains, as already suggested by several
authors. In addition to the initial sites, new nucleation sites are
created (Fig. 4(c)). Monoclinic content measured by XRD now
reaches 10%. It is observed that the “conical” monoclinic sites
grow at an approximately constant rate with time, with a con-
stant ratio of height/diameter of about 1%. Figure 4(d) shows
the same surface after 7 h for a monoclinic fraction of 20% and
confirms a nucleation and growth process.

Saturation in monoclinic content measured by XRD is
reached at the time when the surface is completely covered by
conical spots. Transformation then proceeds in the bulk of the
material (i.e., deeper than the first 5 pm analyzed by X-ray
diffraction analysis).



20 pm

Fig. 4. Optical interferometer observation of the same area (165 x 124 pm?): (a) before aging for a monoclinic fraction f close to 0%, (b) after
3 h in steam at 134°C, 2 bar with f < 5%, (c) 5 h with f = 10%, and (d) 7 h with f = 20%.

V. Analysis and Discussion

Figure 5(a) shows the diameter and the height of three par-
ticular conical surface upheavals as a function of time after
their nucleation, at 130°C. The plots can be fitted with linear
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Fig. 5. Variation of spot size (height and diameter) (a) and nuclei number (b) with time for the evaluation of the o, o, and N, parameters.
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relationships. The nucleation rate at 130°C is followed in Fig.
5(b) for two regions of the same specimen (area of each region:
165 x 124 pm?) from the beginning of the LTD until the
surface is totally recovered by monoclinic grains. After a short
apparent incubation period of about 1 h, the number of nuclei

60
° [}
3 . ----- e
o hd .
&
2 40 -
g
[
=]
hy 4
%
=
E 201
Z
OJ t : t
0 2 4 6 8 10
time ( hours))

(0)



varies linearly with time, the nucleation rate being constant.
After 7 h, i.e., for a monoclinic content higher than 30%, the
nucleation rate reaches a saturation level. Such a saturation
level can result from compressive stresses induced by the t—m
transformation.?! Another explanation for the saturation is the
decrease of the probability of nucleation at a given location as
LTD proceeds at sites distributed randomly. The optical analy-
sis can therefore be summarized in a mathematical form, for
monoclinic content less than 30%:

d.(t) =a,t—T) (3)
h(f) = ot =) “)
dN=N,A dt (5q)

where d_(¢) and h.(¢) represent the diameter and the height of a
spot originating at time # = 7, and where dN corresponds to the
number of nuclei created between T and 7 + dt, a; and o, are
constants characteristic of the diameter and height growth
rates, and N, is the nucleation rate per unit time and area. A is
the area observed for the analysis. The surface uplift observed
at the surface corresponds to the volume expansion due to t—m
transformation, known to be accompanied by a volume expan-
sion of about 4%,?° thus by a linear expansion, k, of about
1.3%. Thus, the volume of a given monoclinic region originat-
ing at ¢t = T is given by

v(t)_

o k 7y’ (6)
During the initial period of LTD, when nuclei are widely
spaced and the interaction between them is negligible, the
monoclinic volume at time ¢ resulting from nuclei created be-
tween T and T + dt is dV,, = v.(f) dN. Thus, the total trans-
formed volume at time 7 is equal to

f T oGy, Y
Vo= [o g N AG= ) dr )

The integration of Eq. (7) gives

Eadah 4
V,.=N, T At (8)
The following constants can be derived from Figs. 5(a) and (b):
a, = 2.7 pm/h, o, = 27 x 107 pm/h, and N, = 3.7 x
10~#/h/pm?2. The monoclinic fraction, f, calculated for a layer
of material of thickness, /, is equal to

Vi N, ’n'adah4
AT 48 k! (%a)

Therefore, with k = 1.3%, and with [ = 5 pum (to compare
with the monoclinic fraction obtained with the XRD analysis),
the monoclinic fraction at 130°C is

fay = 0.0072¢ (9b)

The monoclinic fraction calculated at 130°C using Eq. (9a) is
plotted in Fig. 6 and compared with the experimental X-ray
diffraction results. The correlation between the two curves is
excellent when the monoclinic content does not exceed 30%.
Above 30%, the decrease in nucleation rate is not considered in
the analysis. For a more correct analysis we have to consider
also the decrease in the tetragonal content, thus the decrease in
the probability of nucleation at a given location, with time. A
simple refinement then replaces Eq. (5a) by

dN =N,A(1 - f)dr (5b)
The combination of Egs. (5b) and (6) gives
df woa,N, 3
Q_W(I_T) dr (10)

©
(=]

meonoclinic content (%)
= N w o (4] o ~ [+
o o o (=] o (=3 o (=]
+ :

o

time (hours)

Fig. 6. Variation of monoclinic content with time at 130°C, 2 bar in
steam from X-ray diffraction results (@), MAJ equation with n = 3.6
(heavy line), Eq. (9a) (dotted line), and Eq. (11) (single line) of the
nucleation and growth model.

The monoclinic fraction is then obtained by integration of Eq.
(10):

TS N,
f=1 —exp|:—<:8k/;)t4:| (11)

The monoclinic fraction f calculated from Eq. (11) is also plot-
ted in Fig. 6 and compared to XRD results. The agreement is
very good. Also remarkable is the similarity between Eq. (11)
from the present analysis and Egs. (1) and (2) from the MAJ
treatment, with b = [waZa,N,/48k1]"". The present analysis
leads to a value of 4 for the n exponent, while expeirmental
X-ray diffraction results lead to a value of about 3.6. The slight
difference can result from the compressive stresses induced by
t—-m transformation and which hinder the nucleation and,
maybe, the growth rate. These compressive stresses are not
considered in the present analysis.

It is of prime interest then to determine the temperature
dependence of the constants o, o, and N,. This was done by
recording the nucleation rate and the nuclei growth rates at four
temperatures: 80°, 100°, 120°, and 130°C. The variation of o,
oy, and N, versus temperature is recorded in Fig. 7 in Arrhenius
plots to derive the activation energy. It is not surprising to
obtain three, parallel, straight lines, giving each an activation
energy of about 100 kJ/mol, similar to that calculated from
XRD results by the MAJ equation.

V1. Conclusion

The low-temperature degradation behavior of a 3Y-TZP ce-
ramic was investigated from 70° to 130°C. X-ray diffraction
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Fig. 7. Variation of o, o, and N, with temperature.



results suggested an incubation—nucleation—growth mechanism
for transformation because of sigmoidal variation of the mono-
clinic fraction with time for all temperatures. The MAJ equa-
tion was used to fit the experimental data, with n = 3.6. Nucle-
ation and growth micromechanisms were then confirmed with
optical interferometer observations on highly polished sur-
faces. A model was used that correlated well with the MAJ law.
This equation allows an accurate prediction of the monoclinic
fraction at the surface of the aged 3Y-TZP ceramic for a given
time and temperature and particularly for low-temperature
applications.

This study was focused on a given zirconia ceramic. Any
extrapolation to other zirconia ceramics could be subjected to
large error because LTD is primarily dependent on the ceramic
microstructure (grain, size, yttrium content, density, etc.).
Therefore, LTD parameters should be specifically determined
for each Y-TZP ceramic.
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