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Abstract

Zirconia based bio-ceramics such as ZTA (Zirconia-toughened alumina) composite are often
used in orthopaedic and dental implants. The hydrothermal ageing behaviour of zirconia in
humid environments is an important factor affecting the lifetime of these biomaterials. It is a
tetragonal-to-monoclinic phase transformation that has been shown to be both temperature-
and stress-dependant. Here, ZTA composites with zirconia inclusion particles of different
sizes were prepared. The influence of zirconia inclusions on internal stresses and thus on
ageing behaviour was studied by Raman micro-spectroscopy and X-ray diffraction. The
results show that the ageing kinetics result from a balance between stiffer matrix and
increased tensile stress in the zirconia inclusion as the local alumina fraction increase. As a
result, the maximum monoclinic fraction formed after1200 h ageing at 134°C decreases with
increasing alumina content, showing the predominance of the stabilization of tetragonal
particles by a stiff matrix over their de-stabilization by tensile stress.
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1. Introduction

Zirconia-Toughened-Alumina (ZTA) composites are increasingly used for the fabrication of
medical implants, mainly in the orthopaedic and dental field. Hydrothermal ageing (also
called LTD for Low Temperature Degradation), one of their most relevant degradation
mechanism in the human body, has been the topic of numerous studies in recent years. It
consists in a thermally activated tetragonal-to-monoclinic (t-m) phase transformation in the
presence of water, potentially leading to roughness increase and microcracking. The ageing
process is affected by many factors, such as the proportion of zirconia, the nature and content
of the stabilizing oxide in the zirconia phase, the density, surface finish, grain size,
cubic/monoclinic zirconia ratio, stress, etc. [1].

The hydrothermal ageing behaviour of zirconia monoliths has been extensively studied,
although not yet fully understood. Many studies hinted that residual or applied tensile stresses
accelerate hydrothermal ageing. Indeed, since stress induced tetragonal to monoclinic
martensitic transformation leads to ~5% volume increase [2], such transformation should be
favoured in the presence of tensile stress, which is consistent with previous works (see [3-6]
for example). Acceleration of ageing in ZTA with respect to zirconia is expected because
zirconia particles are systematically under tensile stress due to the difference of thermal
expansion coefficient between alumina and zirconia, and tensile stresses accelerate ageing.
However the opposite is observed, and ageing can even be completely suppressed in ZTA
materials with low zirconia content. The threshold below which no ageing occurs depends on
several factors, such as the stabilizer nature and content in the zirconia phase or the
agglomeration state of the zirconia grains in the composite. For instance, threshold values are
7 vol.% when agglomerates are present [7] or 16 vol.% when there are no zirconia
agglomerates [8]. Thus the role of stresses in the hydrothermal ageing process of zirconia-
toughened alumina is not yet fully understood. Since the pioneering work by Lange [9] matrix
stiffness is known to be an important factor controlling the t-m transformation in zirconia.
However to our knowledge this factor has not been evaluated yet in the framework of
hydrothermal ageing.

Most researches on zirconia ageing have been conducted using X-ray diffraction (XRD) to
characterize the tetragonal-to-monoclinic transformation. However, XRD lacks in spatial
resolution. Micro-Raman spectroscopy has micrometric spatial resolution, and Raman spectra
contain information on the symmetry and stress state of the examined material. Raman
microspectroscopy is thus a powerful technique to study the spatial distribution of both
zirconia phases and residual stresses in zirconia ceramics. Stress state of tetragonal zirconia is
often determined using shifts in the position of the Raman band located at 146 cm™ in the
tetragonal phase [10]. Micro-Raman gives information on local residual stresses, for example
residual stresses within a deformation band in a ceria-stabilized tetragonal zirconia and
alumina [11], or inside a multilayered composites consisting of Al,O3/3Y-TZP (3 mol%
Y,0s-stabilized ZrO,) layers [12].

In the present study, we analyse the stress state of the zirconia inclusion particles in zirconia
toughened alumina (ZTA) composites and their ageing behaviour, in order to quantify the
effect of stresses on the hydrothermal ageing of zirconia inclusions in ZTA. In order to apply
different levels of stresses on zirconia, composites with different amounts of zirconia (thus
different Young modulus of the matrix) and with different particle sizes were synthesized.
Ageing is then examined globally using XRD, and locally using micro-Raman spectroscopy.
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2. Materials and methods
2.1. Material preparation

The ZTA samples were prepared from 3 mol% Y,03 co-precipitated zirconia powder (TZ-3Y,
Tosoh, Japan) and high purity alumina powder (AKP50, Sumitomo, Japan), with mixing
ratios of either 10 vol.% or 25 vol.% zirconia (respectively referred to as ZTA10- and ZTA25-
materials). The powders were dispersed in water by ball-milling with zirconia balls, using
Darvan 821A (Vanderbilt Minerals LLC) as a dispersing agent. In order to prepare several
materials containing zirconia with different aggregates sizes, different mixing schedules were
used:
- Co-milling zirconia and alumina powders during 7 days (referred to as “ZTA25-7d-”
materials), or
- Co-milling zirconia and alumina powders for 1 day (referred to as “ZTA25-1d-”
materials), or
- Milling alumina powder alone for one day, and then adding zirconia powder and
milling again for 8 minutes (referred to as “ZTA10-1d8m-" and ZTA25-1d8m-".
The mixed slurries were then cast in porous plaster moulds and dried until composite green
bodies were obtained. Then the cast green bodies were debinded and sintered in a
programmable electrical furnace (first dwell of 5h at 550°C (1°C/min heating ramp), then
heating at 5°C/min to a second dwell at1430°C for 3 h, and finally cooling down to room
temperature at 5°C/min). The samples were then wet-polished with 1200 and 2400 grit paper
and mirror-polished with diamond pastes (down to 1um) (suffix “P”’). Note that the polishing
procedure was conducted so that some stresses remain after polishing while all samples
present the same, small roughness. Consequently, some of the polished samples were
annealed (suffix “A”) to remove as much as possible the remaining machining and polishing
residual stresses (1250°C for 0.5h at 5°C/min [13]). The samples studied here are summarized
in Table 1.

Table 1 : Samples prepared for the study of internal stress. The symbols indicated in the table will be used throughout this
article.

Milling procedure
7d 1d 1d8min
ZTA25-7d-AM  ZTA25-1d-A®  ZTA25-1d8Sm-A A
ZTA25-7d-P O ZTA25-1d-PO  ZTA25-1d8m-P A
ZTA10-1d8m-A®
ZTA10-1d8m-P<

Zirconia amount

25vol.%

10vol.%
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2.2. X-ray diffraction

The amount of monoclinic phase was measured by X-ray diffraction using a D8 advance
Diffractometer (Bruker, Germany) equipped with a LynxEye linear detector, with Ko
radiations, in Bragg-Brentano configuration. XRD patterns were recorded in the 27-33° (26)
range with a scan speed of 3 °-min™ and a step size of 0.05°. The monoclinic ZrO, phase
content (Vi) was expressed after Toraya’s equation [14]:

yo_ 1311Xn )

™1+ 0.311X,, (1)
In which the value of X,,, was calculated using Garvie and Nicholson method [15]:

1771111 + 1%111

m T I I3 4 [0 @)
Where I}*! is the area of the diffraction peak related to the (hkl) plane of phase p (m for
monoclinic and t for tetragonal).
The crystallographic texture of the tetragonal phase is often characterized by the %2710
ratio [16,17]. In ZTA measuring directly this ratio is impossible because the (110) peak of
tetragonal phase and (104) peak of corundum are superimposed. Thus Rietveld refinement
was used to more accurately measure the intensities of these peaks, using the Topas 4.0
software. The refinement took into account tetragonal and cubic zirconia phases as well as a-
alumina. The texture of the tetragonal phase was described by the March-Dollase model
implemented in Topas. The intensities of the (110) and (002) tetragonal peaks were retrieved
from the diffraction diagram of the tetragonal phase calculated by Topas. The refinement
were conducted on XRD diagrams recorded in the 20-70° (26) range with a scan speed of 1.2
°.min* and a step size of 0.02°.

2.3. Raman spectroscopy

The amount of tetragonal to monoclinic phase transformation was measured by Raman
spectroscopy on a Horiba Jobin-Yvon LabRAM HREvolution microspectrometer with a
maximum spatial resolution of 0.5 um. The Raman spectra were recorded from 90 to 600 cm’
! using a laser with 532 nm wavelength. The monoclinic phase content (Vm) was calculated
according to the formula proposed by Mufioz-Tabares and Anglada [18]:
1479 4 110
Vin = 175 7190 146 4 256 (3
(I579 + 1100) 4 0.32(1146 + [2°9)

Where Iy™ is the area of the peak related to the Raman shift of the characteristic bands (at
wave number wn) of phase p (m for monoclinic and t for tetragonal). Typical Raman spectra
of the powders used in this study are shown on Figure 1.
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Figure 1 : Typical Raman spectra of tetragonal
zirconia (t, obtained on TZ-3Y powder calcined at
1200°C)), a mixed tetragonal and monoclinic
zirconia (t+m, obtained on the as-received TZ-3Y
powder), alumina (obtained on the AKP50 powder),
and a mixture of tetragonal + monoclinic + alumina
phases (a+t+m, obtained on a ZTA25-1d-8m-P
composite after 1200h ageing) from 90 to 600 cm™.

a+t+m
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The microscopic stress distribution was measured by collecting Raman spectra over linear or
two-dimensional arrays on the samples surface. The automatically collected arrays of spectra
in relatively large two-dimensional maps were typically 5 pm-spaced and the laser spot size
was about 1 um. In previous reports [10,19,20], it was found that the stress in the crystal
phase has an approximately linear relationship with its associated spectral shift (Av), as:

Av = 31,0, 4)
Where g, is the average normal stress of the phase p, II, is uniaxial piezo-spectroscopic
coefficient corresponding to the characteristic band, Av is the spectral offset. Since IT,, of
each characteristic band is constant, a quantitative analysis of stresses can be conducted by
measuring the spectral offset Av.
The spectral offset of the 146 cm™ band was used for stress assessment in tetragonal zirconia,
with a value of T, = -0.6 cm™/GPa [10], the position of the same band measured on TZ-3Y
powder being taken as the corresponding stress-free position.
The local alumina volume fraction (V,) is determined on the same spot from the proportion of
relevant peaks areas as shown in the following equation:

kxI47
Vo = AT v T (5)
where I;h‘f " is the area of the peak related to the Raman shift of the characteristic bands of

phase p (m for monoclinic, t for tetragonal and a for alumina phase) and k is a constant that
will be evaluated in the present article.

Since several thousands Raman spectra were obtained, an automated analysis procedure was
devised, that used the fitting ability of Topas 4.0 Rietveld analysis software (Bruker,
Germany). Basically, Raman spectra were transformed to a file format usable by Topas by a
simple Matlab routine. Topas was then used in a batch mode to extract the position (centre,
w), intensity (lp), width (h) and shape factor (7) of all the peaks present on the spectra (all
peaks being considered as pseudo-Voigt functions, eq. 6) and related to either alumina,
monoclinic zirconia or tetragonal zirconia (for each phase, a complete list of the characteristic
peaks with approximate parameters was provided to Topas as initial conditions for the fit).
Finally, for each spectrum the procedure returned a restricted list of the parameters necessary
for the use of equations 3, 4 and 5 (i.e. I%]° 110,116,256 1417 146)  However this
procedure is not perfect, and sometimes leads to slight overestimation of the background,
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resulting in artificially negative values for Vy, for small monoclinic phase fraction (< 3 vol.
%).

=1l V4in2 —4In2. (v — vy)? . 2h .
=l [(1—n) W eXp( h2 > nn’(1+4(U—U0)2) (6)

2.4. Assessment of ageing kinetics

Ageing kinetics were evaluated by performing accelerated ageing tests on all samples in water
steam at 134 °C, under 2 bars pressure. The hydrothermal ageing kinetics are rationalized by
fitting the t-m transformation curves with the Mehl-Avrami—Johnson laws [21]:

= = exp(—(b0)) ™)

VMax - VO
where Vp, is the monoclinic phase content, Vo and Vvax are respectively the initial and
saturation levels of monoclinic phase content, b is a thermally activated kinetic parameter
(whose activation energy could not be measured here).

2.5. Microstructural observations

Microstructures were observed using scanning electron microscopy (SEM, ZEISS Supra55-
VP, Germany) without conductive coating, in high vacuum at low accelerating voltage (2
kV). The average grain size of zirconia and alumina in the annealed samples was calculated
from measurement of at least 500 grains selected randomly. The average size of zirconia
agglomerates was obtained from about 200 agglomerates selected randomly.
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3. Results
3.1. Microstructure

Figure 2 shows micrographs of all ZTA specimens. Quantification of their microstructures is
reported in Table 2. The average grain sizes of zirconia and alumina in ZTA25-7d sample are
smallest. In both 1d8m samples, the dispersion of zirconia agglomerates was not complete,
and big zirconia agglomerates remain together with well dispersed small zirconia grains.
Interestingly, the size of zirconia grains in the agglomerates is larger than the size of dispersed
grains.

ZTA25-7d

ZTA25-1d

e

ZTA10-1d-8m m_m

Figure 2 : SEM images of all ZTA specimens.
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Table 2 : microstructural features of ZTA materials (NA: not applicable)

Material ZTA25-7d ZTA25-1d ZTA25-1d8m ZTA10-1d8m
A'“m'”(":‘lg;a'” s1ze 0.58+0.21 0.67+0.26 0.66+0.25 0.78+0.32
Size of isolated
zirconia grains 0.22+0.09 0.29+0.15 0.30+0.15 0.32+0.16
(um)
Size of zirconia
grains in NA 0.40%0.15 0.430.17 0.44+0.17
agglomerates (um)
Size of zirconia NA 2.1+1.1 4.643.0 3.542.7
agglomerates (um)
Fraction of total
Zirconia in NA 0.01 0.15 0.35

agglomerates
(estimation)

3.2. Quantitative analysis of Al03 phase in ZTA by Raman Spectroscopy

In order to quantify the alumina content, the constant k in equation (5) has to be determined.
Since the zirconia distribution in ZTA25-7d samples is very homogeneous, and the volume
fraction of the alumina phase is known (75%), this sample was used to determine k. A value

of 29.3 was obtained from 722 Raman spectra of ZTA25-7d samples.

3.3. Analysis of texture before ageing

Figure 3(a) shows an example of decomposition of XRD diagram into the diagrams of the
constituent materials (alumina, tetragonal and cubic phases), and taking into account a
possible texture (possible inversion of the %2711 ratio as compared to the theoretical
ratio). It shows that even in the case of the largest measured texture (ZTA25-7d-A, shown
here) the intensities are not inverted, thus the texture is not very large. As shown in Figure
3(b), the ratios measured here are between 0.65 and 0.88, whereas the same ratio measured in

a nanometric, non-textured 3Y-TZP powder is 0.68 and the theoretical value is 0.64.
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Figure 3 : (a) Rietveld refinement of XRD of ZTA25-7d-A, showing a slight texture (deviation from the theoretical
intensity ratio between the (002) and (110) tetragonal peaks); (b) 1t(002)/1t(110) ratio for all materials.

3.4. Analysis of internal stress before ageing

XRD results show that the surface of all samples before ageing test is mainly composed of
alumina phase and zirconia tetragonal phase.

Stress analysis in inclusion-free composites

With the uniform distribution of zirconia in ZTA25-7d and ZTA25-1d samples, the Raman
spectra of these samples were collected (ZTA25-7d-A, 53 points; ZTA25-7d-P, 620 points;
ZTA25-1d-A, 339 points; ZTA25-1d-P, 289 points). The resulting estimates of stress are
shown in Table 3 and Figure 4. It was also found that the zirconia particles mixed in the
alumina are mainly subjected to tensile stress, and that polishing process both lowers the
average internal tensile stress and increases the width of the distribution of the internal stress.
In addition, small amounts of monoclinic zirconia (0 to 20%) were found on some few
isolated grains of ZTA25-7d-P and ZTA25-1d-P.

Table 3 : Average spectral shift and stress in ZTA25-7d and ZTA25-1d samples

spectral shift Av(cm™)  Stress (MPa)

sample name  N° of measuring points + standard deviation + standard deviation
ZTA25-7d-A 53 -1.5+0.092 833151
ZTA25-7d-P 620 -1.17+0.274 650+£152
ZTA25-1d-A 339 -1.34+0.085 74447
ZTA25-1d-P 289 -1.21+0.165 672192
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Figure 4: distribution of internal stresses in the t-phase at each point on the surface of the samples (ZTA25-7d and
ZTA25-1d)

Stress analysis of large zirconia inclusions (>2*2um)

In the four materials ZTA10-1d8m-A, ZTA10-1d8m-P, ZTA25-1d8m-A and ZTA25-1d8m-P,
zirconia inclusions were large enough to collect Raman maps, allowing the quantification of
monoclinic fraction, alumina fraction and residual stress in the tetragonal phase (Figure 5). In
all these 4 materials, the centres of the large inclusions show the presence of monoclinic
phase, especially in polished samples, and lowest tensile stresses. The polishing process
seems to favour the presence of monoclinic phase. Moreover, a small amount of monoclinic
zirconia appeared in ZTA10-1d8m-A samples (but not in ZTA25-1d8m-A samples).

Zirconia has a smaller tensile stress in ZTA25-1d8m-A than in ZTA10-1d8m-A sample. This
hints to an effect of the composition on the presence of monoclinic phase: higher alumina
fraction in the matrix leads to greater internal stresses in the zirconia particles. Thus, in order
to better study the effect of alumina volume fraction on the residual stress in tetragonal
zirconia particles, we chose to analyse the Raman spectra of the two annealed samples
(ZTA25-1d8m-A and ZTA10-1d8m-A), excluding spectra containing monoclinic zirconia
from the comparison, since the t-m transformation can dramatically change the stress state
around the transformed grains. The results show that the tensile stress in zirconia grains
increases almost linearly with local alumina fraction (Figure 6).
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Figure 5 : examples of monoclinic fraction (Vm), alumina volume fraction (Va) and residual stress in tetragonal phase
distribution on the surface of large zirconia inclusions and their surroundings in ZTA25-1d-8m and ZTA10-1d-8m
samples before ageing.
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3.5. Ageing process

After ageing at 134 °C for 1000 hours, ZTA25-7d-A and ZTA25-1d-A samples do not show
any trace of monoclinic phase according to XRD data. The ageing kinetics of other samples
are shown in Figure 7. Generally all ageing kinetics are slow compared to conventional,
monolithic 3Y-TZP zirconia. The maximum monoclinic content after 1000 h ageing at 134 °C
is 15% (Figure 7). Table 4 reports the parameters of the Mehl-Avrami-Johnson equation used
to described ageing kinetics (eq. 7). Values of n lower than 1 point to ageing Kinetics
dominated by nucleation of the monoclinic phase [22] (which is coherent with the structure of
the material, in which growth of the monoclinic nuclei is hardly possible). No correlation
could be found between n, b and the initial average internal stress measured from the average
spectral shift of the 146 cm™ band of t-ZrO,. However, strong correlations between Vs and
the initial stress and between V, and the initial stress exist, as it is illustrated on Figure 8 that
reports Vmax-Vo Vs initial internal stress. This figure shows a threshold between 700 and 750
MPa above which ageing does not occur anymore, while below the threshold the saturation
monoclinic fraction decreases linearly with increasing internal stress.
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¢ ZTA10-1d-8m-A
1 © ZTA10-1d-8m-P 0. 90 1
A ZTA25-1d-8m-A @ o
120 & ZTA25-1d-8m-P| sty 5p
O ZTA25-1d-P 2 ,2,/973.
O ZTA25-7d-P 1

Figure 7 : XRD monoclinic fraction measured versus
ageing time (the initial state, time 0, is shown at time 1h
(rectangle and left-pointing arrow) because of the
impossibility to represent time 0 in logarithmic scale)
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|
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Table 4 : Parameters of the Mehl-Avrami-Johnson laws for the materials susceptible to ageing (n, b, Vo, Vimay)-
Ageing of ZTA25-7d was too slow to determine its parameters.

Material ZTA25-1d-P ZTA25-1d-8m-A | ZTA25-1d-8m-P | ZTA10-1d-8m-A | ZTA10-1d-8m-P
n 0.44 0.29 0.38 0.77 0.63
B 0.0024 0.053 0.025 0.035 0.027
Vo (%) 0 0 0.24 0.3 2.5
Vmax (%) 8.5 6.8 12.0 10.1 14.0
Initial internal 673.36 702.45 579.95 623.56 547.17
stress (MPa)
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3.6. Phase analysis of large zirconia inclusions after ageing

The monoclinic fraction measured at several points of ZTAL10 (Figure 9a) or ZTA25 (Figure
9b) samples varies with the alumina volume fraction measured on the same points. Since the
maximum t-m transformation extension varies linearly with the average initial internal stress
in the composite (Figure 8), and the average internal stress in ZTA10 samples and ZTA25
samples are different, the two groups of materials are discussed separately.

In ZTA10 samples, the maximum monoclinic fraction exhibits a non-linear decrease with
increasing alumina content: large zirconia agglomerates, corresponding to alumina fraction
lower than 60 vol.%, are fully transformed to monoclinic after 1000h ageing; on the contrary,
when zirconia is fully dispersed inside the alumina matrix (alumina fraction at its maximum,
nominal 90%), it remains almost completely tetragonal and does not suffer from ageing.

In ZTA25 samples, the maximum monoclinic fraction decreases more progressively with
increasing alumina content (although one should point out a bias in the statistics, as fewer big
zirconia inclusions were found in ZTA25 than in ZTAL0). In both groups of materials, the
same trend is seen whatever the treatment (polished or annealed) and whatever the overall
microstructure (1d-8m or 1d). Note that 7d materials are not reported in Figure 9 since they
are completely homogenous and do not age, they would overlap with the large group of points
at Vi~0 and V,=0.9 (for ZTA10) or 0.75 (for ZTA25). XRD results are consistent with these
trends.
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Figure 9 : Monoclinic zirconia fraction versus alumina volume fraction (measured by Raman spectroscopy, using
equations 3 and 5) after ageing 1200h at 134°C. (a): ZTA10-1d8m; (b): ZTA25 samples. The X-Ray diffraction points
are average values on all ZTA10 materials (a) or all ZTA25 materials (b) after the same ageing treatment. The thick,
yellow lines are only guides for the eyes.

4. Discussions
4.1. Effect of texture

In this work all samples were characterized either after polishing or after polishing followed
by annealing. In zirconia, rough polishing treatments are known to induce plastic deformation
in a thin surface layer. Annealing these polished materials can induce a recrystallization into
very small crystallites [23,241, and sometimes the apparition of a texture seen by XRD as
modification of the 1°°?/1*% ratio [16,17] (theoretically, from the structure factors of these
two peaks this ratio is around 0.6, but it can vary up to 2.5 in the case of an important texture).
This texture is associated to ferroelastic domain switching under the effect of large
compressive stresses. Moreover, this surface microstructure is thought to slow down ageing
kinetics [16,17,23,24], which is attributed either to the small grains [16,24], to the large,
compressive residual stresses [17] that are also the cause of ferroelastic domain switching, or
to the texture itself [16]. In any case, the direct, physical link between texture and
hydrothermal ageing is difficult to establish with complete certainty.

Here, 1L%/111% ratio between 0.65 and 0.88 were found, much lower than what was found in
the articles cited above. Moreover, Figure 8 shows a much nicer correlation between the t-m
transformation extension after ageing and the initial residual stress (a) than between the
transformation extension and the texture (b). Without ruling out a possible effect of the
texture (because of limited number of materials), this shows that the initial stresses have more
impact than texture on the ageing kinetics, at least in the ZTA materials studied here.

4.2. Effect of alumina content
The influence on internal stress before ageing

Our results show that the internal stress of zirconia in tetragonal zirconia and alumina two-
phase composite increases with increasing alumina content, which is consistent with previous
studies [12,25].The residual hydrostatic stress of isolated zirconia particles in tetragonal
zirconia and alumina two-phase composite after cooling down from sintering temperature can
be written as [11,26,27]:
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(8).

In equation (8),a7 is the internal stress of zirconia particle in ZTA composites, caused by the
thermal expansion mismatch between alumina and zirconia phases, K;, K, are the bulk
modulus of zirconia and alumina phase (184 GPa and 247 GPa respectively [28]), a;, g are
the thermal expansion coefficients of the zirconia and alumina phase (typically 1-10™ and
8-10°°, respectively). AT is the difference between room temperature and the temperature on
cooling down at which stress can no longer be relaxed (as a first approximation, we choose
AT=-1200K), wvv, are the Poisson ratio of zirconia and alumina (0.31 and 0.23,
respectively, from [28] and Lamé’s relation), and V;, V, are the volume fraction of zirconia
and alumina phase in the composites, and their sum is 1. Equation (8) is valid only when
zirconia particle are dispersed in a continuous alumina matrix, thus for large values of V..

The theoretical residual stresses (and the deduced Raman shift offset) calculated from
equations (8) are reported in Figure 6 versus the alumina volume fraction (or local matrix
stiffness), considering 3 cases: the bulk case (where equation (4) applies), the surface case
where equation (4) should be replaced by equation (9) since o33 = 0, and the 1D case
(particle on the edge of a surface pore, g,, = g33 = 0) (any case between these limits is
possible, given the small depth analysed by Raman spectroscopy).

Av,p = 21,0, 9)

Av,p = 11,0, (10)

The good agreement between experimental data and theoretical curves shown in Figure 6
shows that the residual stress in zirconia inclusions (or grains) depends more on local alumina
content (local matrix stiffness over a few cubic micrometers, the size of the Raman probe
used here) than on overall matrix stiffness, although this approach does not take into account
the fact that the internal stress of the inclusions is related to the shape and size of the
inclusions [29-32]. Data lie between the prediction for the 1D and bulk cases (and in few
cases cose to the 1D case) but are close to the intermediate prediction for the surface case.
Although this may reflect the fact that Raman measurements conducted here are mainly
surface measurements, not too much credit should be given to this observation, since the
calculated lines are very sensitive to small changes of AT, o, and o.

The influence on ageing process

The maximum extension of t-m transformation after ageing decreases with the increase of
alumina content, in consistency with former results [7]. Three main reasons account for these
results: 1- when increasing the alumina content, the stiffness of the matrix around the
tetragonal grains increases, the energy necessary to overcome the deformation resulting from
the t-m transformation is higher, and the t-m transformation is more difficult; 2- when the
alumina content increases, the matrix around zirconia grains gets stiffer and blocks the growth
of micro-cracks caused by volume expansion during t-m zirconia phase transformation,
reducing the diffusion channel of the water molecules between the zirconia grains; 3- with
more alumina, the number of Al/Zr-VO bonds [33] (more stable than Y/Zr-VO) increases,
which increases thermal activation energy, delaying ageing.

Increasing the alumina content also increases the residual tensile stresses in the zirconia grains
(Eq. 8). Thus the decrease of t-m transformability with increasing alumina content is coherent
with the decrease of transformability with increasing tensile stresses shown in Figure 7. This
may seem contradictory with existing literature on zirconia, where residual tensile stresses
favor the transformation (see [3-6] for example) — however the matrix stiffness is constant,
unlike in ZTA. Here in ZTA, the largest tensile stresses are associated with the stiffest,
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alumina-rich matrix, more difficult to deform, which might delay or prevent t-m
transformation.

The work of Lange [9] already presents an analysis of the thermodynamic effects of matrix
stiffness and residual stresses on the tetragonal-to-monoclinic phase transformation in
zirconia. The difference of free energy (AG;_,,) between a tetragonal inclusion and the same
inclusion after the t-m transformation is described by the following equation:

AGi_p, = —AG. + AUsp + AU (11)

Here AG. is the chemical free energy (that depends on the temperature and on the
composition, in particular in our case the amount of hydroxyl ions occupying the oxygen
vacancies [34]), AUgg is the elastic energy associated with the transformation, and AUs is a
surface energy term [9]. One can consider that matrix stiffness and residual stresses only
impact AUsg. Still following Lange’s work, and considering the extreme case where the
residual stresses maximally favor transformation, these effects can be accounted for by
expressing AUgg as:

AU _ s fAv z I .7 r otr 12
se =2\5) toie;toje;  (12)
In this equation, ¢/; is the stress in the transformed inclusion, &f; and o7} are the residual strain

and stress in the inclusion prior transformation, and eitjr is the transformation strain.

s is given by the equation:
2E 1 E,

5T ArvoBt2-2v)E, (13)

In equation (13), E1, E», w1, » are respectively the Young’s modulus and Poisson ration of the

matrix (1) and transforming inclusion (2). These properties can be calculated using the

equations by Pabst [28] (eq. (14a-b) and Lamé’s relation (eq. 14(c)):

E, = 210.4 4+ 133.3V, + 56.3V2  (14a)

K, = 184.2 + 25V, + 10.8V2 (14b)
l _ El(Va)

Vi = > 6K1(Va) (14C)
E2 = Et (14d)
vV, =V (14e)

One should also consider that o}; depends on the alumina fraction, via the combination of
equation (13), (14) and (15) derived from [9]:

2
((V) =3alef a9)
As a result, the Figure 10 shows the variations of AUsz with V; when implementing the
materials properties used in the first paragraph of the present section, E;=400GPa and E=210
GPa (considering that all stresses and strains are hydrostatic and using 0.05 for AV/V). AUgg
increases with the alumina fraction. This effect can be discomposed in two opposite ones. A
first effect is an increase of AUgg with stiffness (e.g. a less easy t-m transformation), seen by

2
the term %(%V) . The second effect results in a slight decrease of the part of AU affected by

residual stresses (ai’je[j + a[jel-tjr) when increasing the residual tensile stress, in coherence

with an easier transformation in the presence of tensile stresses. The later effect is clearly
dominated by the effect of stiffness.
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In addition to these effects at equilibrium, both matrix stiffness and residual stress can have an
effect on the kinetics, in particular through the kinetics of water diffusion. Indeed, a possible
description of the dependency of diffusion coefficient (Dp) with hydrostatic stress (on) and

Young’s modulus (E) can be given by:
D

Dp = 7°exp (Cl ka‘;—h) (16)
Here Dy is the diffusion coefficient in the absence of stress, C; a material-related constant, kg
the Boltzmann constant and T the absolute temperature. Although this relation was established
for Bcc metals [35], the fact that the diffusion coefficient varies in opposite ways with
increasing hydrostatic stress and increasing matrix stiffness should be preserved in a
tetragonal ceramic. As can be seen in Figure 6, here the residual stress increases with matrix
stiffness. However, using equations 8 and 14(a) and postulating that the applied stress (om) is

equal to the stress in the tetragonal zirconia phase (ot), one can calculate that:
Oh _ Va 3Kg(ar—ag)ATV,(1+ng) 1

— X X 17)

E~  1-V, (1—Va)(1+na)+Va(1+naI,<<—‘z> 210.4+133.3V,+56.3V2

A very good numerical approximation of the variation of this ratio with Va is (with the same
unit for o, and E):

% = (1.81V;2 — 6.35V2 + 8.39V,) x 1073 (18)

As a result, with the values given earlier in this section % increases with the alumina fraction.

Thus the observed evolutions of the ageing behaviour with residual stress and matrix stiffness,
which imply a decrease of the diffusion coefficient, are compatible with a negative value of
C,, that we have unfortunately no mean to evaluate without ab-initio calculations.

4.3. Effect of zirconia inclusion size

In ZTA25 samples, the different milling procedures lead to a significant difference in the size
of zirconia inclusions in the composites. From SEM images, it is found that the order of the
average size of zirconia inclusions is: ZTA25-7d < ZTA25-1d < ZTA25-1d8m. The average
spectral shifts of zirconia 146 cm™ peak in the corresponding annealed samples respectively
are -1.5 cm™, -1.34 cm™ and -1.26 cm™. These results indicate that the average tensile stress
of the zirconia inclusions decreases as the inclusions size increases. The size of zirconia
inclusions has a very important effect on ageing behaviour of ZTA composites. The results on
Figure 5 show that ageing often occurs first in the central region of large size zirconia
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inclusions where the tensile stress is minimal, and where the local matrix stiffness is also
minimal. Larger zirconia particles in the ageing process will lead to more transformation from
tetragonal zirconia into monoclinic phase since the zones with low tensile stresses and low
matrix stiffness are larger, in coherence with the overall ageing behaviour reported in Figure
8.

5. Conclusion

Several zirconia-toughened alumina ceramics were fabricated, with different microstructures,
allowing variation of the local environment of tetragonal zirconia grains (alumina content,
size of zirconia agglomerates, residual stresses). The following conclusions can be drawn:

1. The zirconia particles in ZTA composites are mainly subjected to tensile stress, and
the stress increases with increasing alumina content with a near- linear relation. The
polishing process, triggering a small amount of t-m phase transformation, can lower
the average internal tensile stress but increase its distribution width, making more
probable the presence of highly stressed zones.

2. The maximum t-m transformation extension after ageing of these ZTA composites has
a strong relationship with the distribution of the alumina content, through a balance
between local residual tensile stress (destabilizing the t phase) and local matrix
stiffness (stiffer matrix stabilizes the t phase): it decreases with increasing alumina
content, showing that the matrix stiffness effects is dominant over the residual stresses
effect.

3. The presence of tensile stresses slows down the ageing kinetics, an opposite result to
what is observed in zirconia monoliths. This may be related to both thermodynamic
and kinetic considerations. Thermodynamically, in ZTA composites, the highest
tensile stresses (in the zirconia phase) are observed in zones with the highest alumina
content and highest stiffness. Both theoretical calculations and experiments confirm
the dominance of the stiffness over the internal tensile stresses on the stability of the t-
phase, resulting in more stable t-phase with increasing alumina fraction, thus a lower
driving force for the t-m transformation and slower kinetics. Moreover, the diffusion
coefficient of water is also related to internal stress, however this effect could not be
quantified here.

4. These results also emphasize the necessity, when processing ZTA composites, to
avoid the presence of large-sized zirconia inclusions, as these inclusions are nuclei of
hydrothermal ageing.
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