










































































































































































































































































TABLE 1]
Batch # Wt.% Cao Wt.% Monoclinic
I 3.4 40
2 3.4 27
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phase, this phase in batch #2 will be soffer than that in batch #1,

These factors could also lead to the non-appearance of microcracking

on the batch #2 replicas, It is also interesting to note the non-
appearance of bumps and twins on the batch #| replicas, The nonappearance
of coherent bumps and the observation of cracking is further evidence

in favour of the brittle nature of the batch #| material., Monoclinic

ZrO2 is noted fé twin most readily when totally confined(SS). The cracking
observed in batch #| possibly relaxes the confinement of the monoclinic
material and twinning does not therefore occur. Essentially, it is being
suggested that batch #1 is a more "brittle" system than batch #2,

By the linear-intercept technique the number of cracks .per unit
area of sample was determined from the replica (Figure 37(b)). Assuming
that such cracks were uniformly distributed throughout the material volume,
the crack density was determined as ~ 107 cracks/cc. It is of interest

(79) of

to discuss this phenomenon in terms of Hasselman's analysis
thermal shock resistance, As outlined, Hasselman demonstrated that the
critical temperature difference required for crack instability is given

by:
o7 = [26/ma’€1'/2 (1 + 20002
where N is the crack density (cracks/unit area), & is the crack

half-length, E is Young's modulus, a is the thermal expansion coefficient

and G is the shear modulus,
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I+ can be shown that the crack length (lmin) which separates
the kinetic Frack propagation region from that of quasi-static propagation
is proportional to N in the following manner:
lﬁin = /TN
Therefore, a large value.of N will shift the minimum to very small crack
lengths, Particularly then, it is suggested that dﬁe to the large number
of cracks in batch #| PSZ, quasi-static crack propagation is exclusively
observed and the body maintains a large portion of its strength even
after continuous thermal cycling., As reported by Hasselman, the intro-
duction of a crack into alsTressed body is equivalent to lowering the
Young's modulus of the body., The total energy in a thermally shocked
body is the sum of the elastic stored energy and the surface energy
associated with produced cracks, Thé greater the number of microcracks
produced, the higher the second energy ferm.J Hence, for a given total

energy, the elastic stored energy is reduced by microcracking.

4,2,3 General Discussion

It is evident that all replicas taken from PSZ samples following
thermal shock show surface roughening. Such roughening could be associated

with at least three phenomena, i.e.,:

(i) a non-equiiibrium microstructure foilowing fabrication,
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(ii) thermal etching, and
(iii) the phase ftransformation of the pure zirconia component of the

microstructure,

In view of the possible non-equilibrium state of the PSZ microstruc-
ture, it is possiblé that the features observed represent microstructural
adjustments ddring.fhe high temperature soak period associated with
each thermal shock cycle, The highest temperature used in the thermal
shock tests was IBOOOC. To investigate this possibility, polished
samples were placed in furnaces at 900 and 1300°C and held at these
temperatures for one week, and Thén slowly cooled to room temperature,
Replicas were then taken from both and compared with the initial ones,

The replicas obtained from the 1300°C tests on batch #2 are shown in
Figure 38, |t can be seen that no significant changes in the replica
structures have occurred during the anneal. The same observations were made
for batch #1, Consequently, it would appeér that non-equilibrium
conditions do not account for the roughening. The same was observed
in the case of the 900°C replicas, y

| Thermal etching is unlikely at temperatures < 1000°C and, in
fact, replicas taken from slowly-cooled polished bars appeared the same as the
original ones, Therefore, thermal etching is not responsible for the
observed roughening,

It is therefore reasonable to expect that the roughening observed
on all the replicas is associated with the phase transformation of pure

zirconia component of the PSZ material. As mentioned in the literature



Figure

38,

(a)

(b)

Replicas of polished PSZ surface before (a) and after
annealing at 1300°C for one week,

(b)

84
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review, the reversible transformation of pure zirconia has been studied
by many workers, The transformation is accompanied by volume expansion
(v 7%) on cooling. As reported recently by Bansal and Heuer(sz), surface
relief accompanied the transformation in both directions,

It is easy to understand that the surface roughening observed on
replicas for temperatures within and above the normal transformation
temperature might result from the tetragonal ¥ monoclinic transformation
in the material., |t is suggested, therefore, that the roughening observed
below the normal transformation temperature region is possibly due to the
transformation also and its induction by stresses on The‘maferlal. In
other words, the presence of internal stresses together with thermal shock

induced stresses may cause the transformation to occur at sub-transformation

temperatures.

(4) offered a model for thermal shock

Garvie and Nicholson
resistance of batch-#| type CaO-PSZ, based on stress induction of the
phase transformation, Close examination of the replica shown in Figure
37(b) suggests that grains and cracks are associated., They point out that the
most probable source of crack initiation in batch #| PSZ is the monoclinic-
tetragonal transformation in the pure Zr'O2 ;omponenf. This mechanism is
easily understood for shock temperatures above and during the phase
transformation, The expansion of the tetragonal component on transforming
to monoclinic in a confracfing body will produce cracks, They suggested

“that the same mechanism produces cracks below normal transformation

“temperatures owing to thermal stress induction of the transformation.
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The proposed model is shown schematically in Figure 39, At
sub~transformation temepratures the stress acting on a monoclinic
domain in thermal shoqk probab!y consists of two components, the internal
stress residual following fabrication (oi) and the thermal shock stress

(o*h), i.e.,

%total = 9 * %n

- A critical value of o is required to trip the transformation of the

total
domain at a given sub-transition temperature. For a given O therefore,

more domains will be tripped, the greater the AT The transformation

shock;
is associated with &~ 7% contraction on heating and consequent interfacial
separation of the domains and the matrix. The tensile stresses in the

matrix are thus relieved and the matrix contracts somewhat into the space
left around the now-tetragonal domain, An overall lowering of the stress
level in the body results and the tetragonal-monoclinic reversion will then
occur at sub-transition temperatures. The accompanying volume increase
punches cracks into the matrix around each monoclinic domain, Now

batch #2 m;ferial also exhibits superior thermal shock resistance, and
therefore a stress relieving mechanism must also be operating. The non-
observation of cracks negates the applicaffon of Hasselman's analysis

in +his case, However, an équivalenf model to explain the behaviour of

batch #2 material could follow steps | to 3 of the Garvie-Nicholson model but
instead of producing cracks in passing from step 3 to step 4, the cubic

matrix could plastically deform and the consequent back-stresses cause

the monoclinic domains to twin,



TLTm:t

Matrix crack
produced

STRESS MODEL

Figure 39

L8
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Further evidence in favour of both these models wil] now be
presented. Evidence for the triggering of the monoclinic-tetragonal
+rénsforma+ion at sub-transformation temperatures in batch #| was obtained
by studying the phenomenon of rafche?flng(4). Data obtained at
sub-transformation temperatures (see Figure 14) indicates that a steady
state ratchetting condition is realised above 2 or 3 cycles and no further
elongation occurs, That ratchetting takes place at sub-transition
temperatures is evidence for the occurrence of the phase transformation
at these temperatures, as only cracking can give rise fo such an expansion,

If the volume expansion associated with the Téfragonal-monoclinic
transformation causes development of microcracking within the material
and the observed ratchetting, then the density cf the bulk material should
change., Density measurements were made on thermally shocked samples of
batch #1, and plots of the reciprocai density versus the number of thermal
shock cycles at different temperatures are shown in Figures 40 - 42,

It can be seen that the reciprocal-density data agree well with the
ratchetting data (Figure 14),

Batch #2 material, on the other hand, showed an~increase in
density to a constant value on thermal shock from 900°C/(Figure 43),

This could result from the filling up of residual fabrication porosity by
stress-induced sintering accompanying the t + m phase transformation.

The high level of cubic phase in this material and its possible ductility
could iead to an internal "hot-pressing" process in which the compression

(86)

is supplied by the T + m transformation. Chaklader et al, have

demonstrated that pure ZrO2 can be hot pressed to theoretical density at these
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Temperafﬁres provided the temperature of the billet is fluctuated sufficiently
to induce the phase Transformafion.‘ An analogous mechanism is being suggested
here for the increase of density of batch #2 on thermal cycling.

Twins were observed to form in this material at all tempera-
tures used for thermal shock, and it has been suggested that the
appearance of these twins at Tempérafures below those normal ly associated
with the t + m transformation is evidence for the stress-induction of
the transformation in this material., The process of twinning the monoclinic
material and the plastic flow of the cubic matrix as evidenced by the
density increase, could lower the level of internal stress in the material.
This lowering could again result in cessation of the stress induction of the
transformation folloﬁing a given number of shock cycles, |f this were the
case, the number of twins on the replicas. should increase to a constant value
and then maintain this value for subsequent thermal shock cycles. A
linear-intercept technique was used to determine the density of twins on
the replicas as a function of the number of thermal shock cycles for samples
at temperatures above and below the normal transformation temperature range.
The data gathered are shown in Figures 44 - 46, |t is evident that at
700°C and 1000°C the density of twins on the replicas reached a constant
value after the first few thermal shock cycles, At temperatures above the
normal transformation temperature the Transformafion will occur with every
thermal shock as it is thermodynamically induced and therefore one can
expect the density of twins to progressively increase with increasing
number of thermal cycles, The data for the 1300°C shock samples agree with

this observation as can be seen in Figure 31,



TWIN DENSITY in cm®

n

—
o

o
>

o . (BATCH 2)

Twin density as a function of number ofofhermal shock
cycles for PSZ samples shocked from 700°C into a blast
of cold air (batch #2).

| ] 1 1

N -

4 6 8 10
NUMBER OF THERMAL CYCLES
FIG. 4 4

v6




TWIN DENSITY in cm’

5
10

T *
| / ) 1000 C

(BATCH 2)

Twin density as a function of number of fhermal shock
cycles for PSZ samples shocked from 1000°C into a blast
of cold air (batch #2),

I | | | |

2 4 5 8 10
NUMBER OF THERMAL CYCLES
FG.45

G6




-2

W cm

TWIN DENSITY

8
{0

1300 C
( BATCH 2)

Twin density as a function of numgek‘ of thermal shock cycles
- for PSZ samples shocked from 1300 C into a blast of cold
air (batch #2), o=
I 1 l L :
2 4 6 8 10 i
(o))

NUMBER OF THERMAL CYCLES
FIG.46



CHAPTER V

SUMMARY AND CONCLUSIONS

The objective of this work was to investigate the stress
relieving mechanisms in two different batches of thermal-shock resistance
Ca0-PSZ, |t was found that the materials have a complex subgrain
structure, These subgrains are probably composed of a mixture of cubic
and ﬁonoclinic domains., The nature of the stress relief in the two
materials appears to result from the fransformafiqn of the pure ZrO2
component of the microsiructure at temperatures below, within and above

the normal transformation temperature region,
Batch #I

(i) Production of extensive mfcrocracking on the surface has been observed
for larger AT-shocked samples of this batch. This material contains a
larger volumé fraction of monoclinic ZrO2 fhan the second batch, Therefore
the cubic matrix material contains more Ca0 and is "harder", |t therefore
béhaves in a "brittle" fashion resulting in the production of the ob-
served microcracks on shocking, The mechanism of production of #Hese
microcracks has been discussed based on a previously developed model .

It is suggested that due to their large numbers, the cracks only propagate

quasistatical ly and the body maintains a large portion of its strength

97
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even after continuous thermal cycling.,
Batch #2

The batch #2 material contains considerably less monoclinic
ZrO2 than batch #1, and the evidence suggests that the cubic matrix

behaves in a ductile fashion in this material,

(i) |+ was found that bumps were formed on the surfaces of the samples
thermally shocked from all temperatures. |t is suggested that this
"blistering" phenomenon is possibly due to sub-surface deformation

which could throw-up the surface in this fashion.

(ii) Large platelets with an internal bump structure were observed on
replicas taken from samples thermally shocked from 1300°C into a blast of
cold air for 3 cycies, |t was found that during subsequent cycles these
platelets coalesce. |t would appear that the production of these features
is associated with a macroscopic shear fransformation resulting from the
levels of internal stress in the material combined with the applied
thermal shock. It is possible that the first few cycles "texture" the
pure Zrb2 in such a way as to allow gross platelet development on

further application of the stress,

(iii) Structural twinning was observed to occur at both sub- and super-
transition temperatures, The nature of the twin production was investi-

gated and it appears that stress plays a major role in the development
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of fhese twins, suggesting that they are deformation twins, As twinning
is known to accompany the transformation of t Smzro , the observation
of such twins at sub-transformation temperatures suggests that the trans-
formation has occurred at such Temperéfures. This is considered as e?i-‘
dence in support of the stress induced transformation concept.

(iv) Density measurements were made on thermal |y shocked samples of
batch #1, and it was found that the reciprocal density data obtained
correlated well with ratchetting phenomena studied on the same material.
However, batch #2 material showed an increase in density to a constant
value on thermal shock from 900°C, It is suggested that the high level
of cubic phase in this material and its possible ductility could lead to
an internal hot-pressing process in which the compression is supplied by
the + + m transformation, and this could lead to filling up of residual

fabrication porosity which led to increasing the density in this material,
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