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ABSTRACT

A thermal shock test has been designed which permits the thermal
fracture resistance and the mechanical strength of brittle materials to
be quantitatively correlated. Thermal shock results for two materials,
A1203 and SiC, have been accurately predicted from biaxial strength
measurements and a transient thermal stress analysis (performed using a
finite element method). General implications for the prediction of

thermal shock resistance, with special reference to ceramic components,

are discussed.






1. INTRODUCTION

Thermal transients are a Qﬁiquftous source of fracture in ceramic
components; A thorough cémpreheﬂsfon of the variables that dictate
thermal fracture are thus essential if the reliable performance of cer-
amics in fracture critical applications is to be achieved. A logical
approach for evaluating the susceptibility of a ceramic component to
failure during a thermal transient. is based on a parity between thermal
shock resistance and mechanical streﬂgthe% However, this approach
has not been uniquely vaTidated;rin fact, certain.observations on

(1)

ceramics appear to be superficially inconsistent with the approach' ‘.

(2,3) that afford some con=-

Two comparative studies have been conducted
fidence in the pertinence of the mechanical strength for thermal shock
prediction. Manson and Smithiz) presented statistical relations between
mechanical strength (measured in flexure) and thermal shock resistance,
and demonStrated that the statistical shape parameters deduced from

both thermal. shock and flexural strength tests (performed on steatite)
were similar. However, they did not attempt a prediction of the absolute
thermal failure condition from their mechanical strength data. More re-
cently, the thermal failure of a precracked paiymef(s) has been predicted
from independent measurements of the crack dimensions and the critical
stress intensity factgw; by employing a numerical thermal stress analysis.
In this study, an ggérggjm§§g4choice of the heat transfer coefficient

was used to provide reasonable predictions of the failure condition.

The intent of the present paper is to provide a fully quantitative pre-
diction of thermal failure. This is achieved by developing a suitable

thermal shock test and by devising a method for the accurate calibration

o< .

The mechanical strength refers to the stress level when the stress
intensity factor at the fracture initiating flaw attains the critical
value, K..
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of the heat transfer coefficient; a method which involves the conduct of
failure tests on a model brittle material (e.g. Al,05). The thermal
failure of another ceramic material (SiC) is then predicted from mechanical
strength data by adopting the previously calibrated heat transfer coeffi-
cient,

A quantitative, but simple thermal shock test for evaluating and com-
paring ceramic materials (especially those suitable for advanced applica-
tion such as gas turbine engines, heat exchangers and solar collectors)
is not presently available. A procedure commonly adopted for thermal
shock evaluation is based upon a water quench test(4); the results of which
can be incorporated into established theories of fracture initiation and

(5).

craék propagation Under the high heat transfer conditions that prevail
during a water quench, heat transfer and size effects have, in most previous
studies, been assumed to be of negligible importance. The peak thermal
stress, g, has then been calculated by appiying the simple equation;

(; o Eo AT (1)

RS

where E 1is Young's modulus, o is the coefficient of thermal expansion,
AT 1s the temperature differential across the specimen and v 1is Poisson’s
ratio. By setting the peak tension equal to the equivalent fracture stress
of the material, an estimate of the maximum temperature differential, ATC .
that can be sustained by a material prior to severe strength degradation

is then provided. However, the water quench test has several problems

which Timit its utility as a quantitative test for evaluating the}ma? shock
resistance.

Firstly, it has recently been shown that the above relation is only



independent of sample size when the samples are extremely Iarge(S), Thus,
ATC shows a strong size dependence in many experiments, rendering material
ranking somewhat questionable. Secondly, the heat transfer rates encountered
in typical ceramic applications (cited above) are appreciably smaller than
those enforced by a water quench. The magnitudes of the thermal stresses
expected in these applications are thus smaller than anticipated by Eq.(1),

and described by the general result:

- |Eo AT]}:’(XE}@(&) | )
o [1-\) A (2)

where h 1is the heat transfer coefficient, k is the thermal conduc-

tivity, c¢ 1is the specific heat; p is the density and r 1is a speci-
men dimension; the quantityw hr/k s known as the Biot modulus,

kt/cbrz is the Fourier number and F and G are functions(j)a Hence,
many more material parameters influence typical thermal shock failures
than the elementary water quench test analysis admits, Thirdly, complex
variations in the heat transfer coefficient with test conditions present
appreciable interpretation difficulties. For examé]eg in one study per-
formed on a metal wire in water, h was found to vary by >‘IO4 between

20 and 400?6, due to boiling at the metal-water interface(g)e Although
the heat transfer Variabiiity can be eSsentia??y eliminated by quenching
into o0il, edge and corner effects cause futher difficu]ties,(g)

A thermal shock resistance testing and evaluation procedure which

alleviates the difficulties associated with variable and very high heat
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transfer rates and edge effects is proposed in this paper. The rationale
and the experimental procedure are firstly presented and discussed. A
numerical stress analysis, essential to the detailed interpretation of
the experimental results, 1s then described. Finally, some important

implications for fracture prediction under thermal transients are dis-

cussed,



2. EXPERIMENTAL

2.1 Rationale A

The mechanical fracture of a ceramic exhibits appreciable statis-
tical variability. The statistical nature of the fracture also results
in a fracture criticality that depends upon the stressed volume and the
stress state. These statistically derived effects pose considerable
lTimitations upon the direct comparison of mechanical fracture and ther-
mal shock. This difFicuTty is alleviated if the comparisons are con-
ducted on samples with controlled pre-cracks, which extend to failure
with minimal statistical variability., The principal experimental
results are those obtained on pre-cracked specimens. The pre-cracks
are introduced at the locations of peak tension, to provide a basis for
subsequent comparisons of normally prepared surfaces at the Tocation of
maximum fracture probability.

The experiments are designed to provide a comparison of the mech-
anical strength and the critical temperature for thermal fracture ini-
tiation, at a prescribed location and under equivalent stress states
(equi-biaxial tension). This is achieved by employing disc samples,
in which the edge stresses (and hence, undesirable edge initiated
failure) can be essentially eliminated, The mechanical tests are con-
ducted in a biaxial flexure mode; while the thermal tests utilize a
disc at uniform initial temperature, cooied by a fluid jet impinging

upon the disc center.



2.2 Procedures

Two materials were selected for the thermal shock study: a 99%
dense sintered a-SiC (~ 7 um grain size) and a fully dense slip cast
ATZO3 (~ 15 um grain size). The samples, 5 cm diameter discs, 0.25 cm
thick, were ground and polished on one surface. Subsequently, the cen-
ters of the polished faces were precraé%ed using a Knoop indenter with
loads of 15 to 33N, Residual stresses caused by the indentation pro-
cess were removed by fine grindinge<qo)

Each sample (both precracked and non-precracked) was individually
tested in the thermal stress apparatus shown in Fig. 1. The sample was
mounted horizontally on fibrous insulation (with two thermocouples
placed against the surface of the specimeh) and heated in a MoSiZ resis-
tance tube furnace. The sample was allowed to equilibrate, at which
time is was subjected to a rapidvtemperatufe change, through the use of
high velocity air., The air was channeled onto the disc center, using a

0.32 cm diameter silica tube, at a velocity of ~ 100 ms“]°

After the
quench, the sample was examined for crack extension. If the crack did
not extend, the temperature differential between the sample and the air
jet was incrementally enhanced until crack extension was detected.
This critical temperature differential, ATC, was recorded.
Fractographic analysis was performed to insure that fracture originated
at the precracks in the indented samples. Typical specimens failed by
thermal shock are shown in Fig. 2.

Identical samples were tested in biaxial flexure at room temperature

an.

using-the apparatus designed by Wachtman et al. A5 cm disc was
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supported on three equally spaced balls (concentric with the load) and

loaded with a flat piston at the rate of ~2MPas™ .



3. RESULTS

The variations in the critical imposed temperature differential
with indent Toad obtained for ATZO3 are shown in Fig. 3. The results
were obtained by employing successive 10°C temperature increments, prior
to failure. Fracture in the precracked specimens occurred within a
relatively narrow AT range for each precrack size. The critical tem-
perature differential increased as the precrack size diminished, ranging
between 480° and 580°C. The specimens with as-machined surfaces Fai1ed
over a wider range of temperature: a phenomenon related to the flaw
size distribution. The approximate failure times (obtained from the
time when the temperature at the lower thermocouple registered a rapid
decrease) were ~ 5 s,

Results for sintered o-SiC were more difficult to obtain, because
this material is subject to time dependent strengthening (by oxidation
or by surface diffusion) within the temperature range required to induce
thermal fracture, '>~{'f‘HOD“”CA° It was elected, therefore, to obtain upper
and lower bound values for ATC by performing only a single thermal
shock test on each precracked specimen (in contrast to the sequential
testing employed with A1203). Firstly, a breliminary upper bound ATC
was established for each specific precrack size, by inducing thermal
failure. Subsequent tests on specimens with the same precrack size
were then performed at sequentially lower temperatures. The Towest tem-
perature at which failure occurred was designated the upper bound,
while the highest survival temperature was denoted thevTower bound. The

results obtained using this procedure are plotted in Fig. 3. It is
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noted that samples without precracks could not be thermally shocked
within the temperature limitations of the present system (&1500§C)e

The b?akiai flexure data for both materials are plotted as a func-
tion of the indentation Tload in Fig; 4; The theoretical siope(TZ) of
-1/3 is superimposed to emphasize the trend; It is noted that SiC
exhibits lower indentation strengths than A?ZOB; a trend that probably

reflects the fracture toughness characteristics of the two materia?s(12)e
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4, STRESS ANALYSIS

The thermal stresses that develop within the disc following impinge-
ment of the air jet were determined using axisymmetric finite element
schemes. The temperature distributions were established by direct

application of the program DOT(13)Q

The temperatures were then used to
ascertain the thermal stress, by an adap%ation of the program SOLSAPe(TQ)
The calculations were conducted by allowing heat transfer through
the upper surface of the disc, to the air stream. Radiation from the
lower surface of the disc into the cooled regions was also permitted.

The heat transfer coefficient was assumed to be uniform over the diam-

eter of the air jet, with a magnitude proportional to that expected for

a fluid stream flowing againstia thin p1ate;(15)
ne o f Xfi07P“3 (3)
d Ng

where kf and ng are the thermal conductivity and kinematic viscosity
of the fluid at the film temperature, d is the jet diameter, v, is
the fluid velocity and P is the Prandtl number; A is a proportion-
ality conStant, to be determined by a calibration procedure, described
below.

Heat transfer was also considered to occur as a consequence of the
jetting of the fluid over the surface. The heat transfer coefficient

)

for boundary layer flow over a flat surface was sesiecteds(?5 and
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allowed to diminish inversely with distance from the jet, to account for
flow attenuation. However, preliminary calculations indicated that rea-
sonable choices for this heat flow exerted a re1a£ive1y miﬁor influence
on the thermal stress developed at the disc center (the location of
present interest).

Four axisymmetric element groups were employed in the study: an
interior two dimensional element (group 1), a surface convection element
with constant heat transfer (group 2), a surface convection element with
h inversely proportional to radial distance (group 3) and a uniform
radiation element (group 4). The assignment of these elements is i1lus-
trated in Fig. 5. Four different meshes were selected (Fig. 6) in order
to ascertain the influence of the mesh definition and to estabiish_conm
vergence conditions. It was firstly established that consistent results

emerged prcyided that the mesh distribution was relatively uniform both

in the central region (of high heat transfer) and across the adjacent
discontinuity in h. Thereafter, it was determined that a grid with

216 elements (grid (c) in Fig. 6) was the preferred choice for subsequent
analysis, . This-grid yielded temperature distributions within 1% and
stresses within .6% of those calculated with the. finest-grid (559 elements):
an accuracy deemed sufficient for present purposes.

Temperature and stress calculations were conducted by admitting
temperature dependent material properties: thermal conductivity, speci-
fic heat, thermal expansion coefficient (Fig. 7) and elastic modulus
6~400’6Pa for both materials). Typical temperature distributions within

the test specimen, determined both across the surface and through the



~12-

thickness, are plotted in Fig. 8. It is noted that there 1s an appre-
ciable axial temperature gradient. Results for a thin disc can not,

therefore, fie expected to appiya

The time dependence of the maximum stress, at the center surface
location, typically exhibits the form depicted in Fig. 9. It is
observed that the peak stress develops at a time approximately coinci-
dent with the instant when the temperature at the disc periphery begins
to diminish.

The procedure adopted for the calibration of the heat transfer
coefficient involved calculations of the influence of h on the peak
stress for A1203 at a specific temperature differential 575°C, pertinent
to a 15N indentation precrack. . The value of thé heat transfer coeffi-
cient, h*, that proyided a peak tensile stress coincident with the
biaxial fracturé‘strengths for precracks of equivalent size (290 MPa);
was then -considered to be the correct value of h for that film
temperature. A unique A value for the test system was then.deduced
by inserting h* into Eq. (3). The calibrated value of A was employed
for all subsequent stress calculations, yielding values of h that vary with
temperature, through the temperature dependence of kf and Mg (for
the fluid medium). '

Preliminary credence in the deduced value of h* was established
by comparing the measured failure times with estimates derived by

analysis. For this purpose, it is noted that, since 10°C temperature
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increments were used to determine the incidence of fracture, the experi-
mental estimate of ATC could exceed the actual value by < 10°C.

Stress levels developed at a 10°C temperature separation were thus cal-
culated, and a Tower bound on the failure time established from the time
when the stress at the upper temperature attained the median failure
stress (Fig. 9). The time of 12 s determined using this procedure is

of the same order as the measured failure times.

A series of calculations were conducted for AT values within the
vicinity of the values measured for each of the two materials. These
calculations permitted relationships between AT and the peak stress
3 to be deduced for each material within the pertinent AT range, as
plotted in Fig. 10. Imposing the median biaxial failure stress for each
precrack size (Fig°_4) then allowed the critical AT for each thermal
shock test to be predicted,

The trends in thermal fracture predicted in this manner (Fig. 3)
are remarkably consistent with the measured behavior. Of particular
merit are the accurate predictions obtained for SiC, which fractures in
a very different AT range than the calibration material (A]ZOB)S by
virtue both of appreciable differeﬁces in k and o and of significant
variations in KC and h., It is also noted that superior predictions are

obtained by excluding radiation from the lower surface of the specimen.
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5. IMPLICATIONS

The close prediction of thermal shock failure from (surface crack
dominated) biaxial strength measurements strongly supports the notion
that thermal fracture can be uniquely related to the stress field pro-
duced by the temperature transient. Many thermal shock failures origi-
‘nate from surface cracks (because the thermal stress gradient encourages
failure from near-surface located defects). The present validation of
the thermal failure process for this important defect type should thus
be of substantial merit for the prediction of thermal shock failure in
ceramic components.

The calibration of the heat transfer conditions for the present
tesf arrangement permits the apparatus to be used for the quantitative
determination of thermal shock resistance for a range of ceramics.

The comparison can be conddcted on surfaces prepared in a manner analo-
gous to that used for actual components, thereby averting the extraneous
influence of specimen edges. (Also, the relative temperature invariance
of the heat transfer coefficient permits a direct ranking of thermal
shock resistance.) Such guantitative thermal shock tests would allow
both the elucidation of the statistical character of fracture and would
permit the magnitude of thermal (e.g., interrupted heat flow) sources

of stress intensification pertinent to fracture from fabrication defects
(voids, inclusions, etc.) to be evaluated.

For intrinsically thermal shock resistant materials (SiC, Si3N4)9
more severe: heat transfer conditions than those presently employed

would need to be devised, in order to induce fracture within the temperature
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capabilities of the test system. This might be achieved by increasing
the specimen dimensions or, more expediently, by Tncreasing the conductivity
and decreasing the viscosity of the fluid (see Eq. (3)). An appropriate
choice of fluid might be helium. |

Finally, it is observed that the heat transfer calibration pro-
cedure adopted in the éresenﬁ study could provide an unequivocal method
for heat transfer calibration in actual systems. Specifically, a small
precrack could be placed at the location of maximum stress. Then, the
time at which fracture initiates from the precrack could be measured,
during a test run. Thereafter, a combination of the failure time with
the magnitude of the failure stress at the crack would permit the heat
transfer coefficient to be‘detevmined by comparison with a series of

thermal stress calculations.
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FIGURE CAPTIONS

A schematic of the thermal stress test apparatus.

Thermally shocked discs

(a) a substantially supercritical thermal shock that
activates many surface cracks

(b) a slightly supercritical thermal shock activating
a central precrack.

To enhance the cracks the samples were immersed in a dye
penetrant and illuminated under ultra-violet Tight.

The influence of indentation load upon the critical tempera-
ture for thermal fracture of A1203 and SiC. Also shown are
the critical temperatures predicted by the stress analysis
from the biaxial strength results.

The influence of indentation load on the biaxial flexure
strength of A1203 and SiC.

The assignment of the four types of element used in the
finite element analysis.

The four meshes employed in the finite element calculations.
Mesh ¢ was employed for the majority of calculations.

Temperature dependent material properties of Al1203 and SiC
(a) thermal conductivity

(b) specific heat

(c) thermal expansion

The axial and radial temperature distributions in an Aln03

sample subject to a temperature differential of 575°C,
obtained at two times, 8s and 32s.

The variation of the maximum tensile stress with time for
Al203 subject to several values of AT. Also shown is the
construction for estimating the lower bound failure time.

The variation of the peak tensile stress with AT for

(a) A1203, (b) SiC. Essentially identical results obtain
for Al203 both with and without radiation; but a significant
disparity exists for SiC, as illustrated.
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