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Thermal shock resistance of laminated ceramic

matrix composites
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The thermal shock resistance capability of laminated ceramic matrix composites is investigated
through the study of three-dimensionai transient thermal stresses and laminate failure
mechanisms. A ( — 45°/45°), SiC/borosilicate glass laminate is utilized as a reference
composite system to demonstrate the analytical results. The maximum allowable temperature
change, A Ty, has been taken as a measure of the thermal shock resistance capability of
composites. The effects of fibre orientation, volume fraction, thermal expansion coefficient,
Young’'s modulus, and thermal conductivity on the thermal shock resistance capability,
expressed in terms of the maximum allowable temperature change, A T,,x, have been assessed.
Numerical computations are also performed for six composite systems.

1. Introduction

Ceramics and ceramic matrix composites have dem-
onstrated the desirable characteristics of high-temper-
ature strength, and resistance to creep and corrosion.
But they also display an unfavourable property,
namely, brittleness or notch-sensitivity, which can
render such materials highly susceptible to cata-
strophic failure under thermal shock.

The thermal shock resistance capability of mono-
lithic ceramics has been studied since the 1950s. Cheng
[17,1in 1951, first demonstrated that the thermal shock
resistance of ceramics can be quantified by analysing
the nonsteady state thermal stresses in the material.
The thermal shock resistance parameter, R ~
(1 — v)oK/oE, for the ceramics was proposed; where o
is the tensile strength, v Poisson’s ratio, K the thermal
conductivity, o the thermal expansion coefficient, and
E Young’s modulus. Kingery [2] reported in 1955,
that the thermal shock resistance capability is not an
intrinsic material property, and it depends on the
manner in which heat is applied and the geometrical
shape of the specimen. Buessem [3] concluded from
the experimental investigations that thermal shock
tests usually do not lead to useful experimental data.
This is because the synergistic effects of all the material
properties on the thermal shock resistance, and the
influence of a single property cannot be readily quan-
tified from the test data. There is the need of standard
tests for identifying the individual material property
effects.

More recent interests in thermal shock resistance
problems of ceramics and ceramic matrix composites
have been developed since 1980. Singh et al. [4] first
employed heat transfer theory to analyse thermal
stress fracture of ceramics subjected to cooling by
quenching into fluid media. In addition to specimen
size and geometry, and thermal convectivity, the effect
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of specimen density on theérmal shock resistance was
also introduced. Lewis [5] demonstrated the appreci-
able disagreement between the water-quench thermal
shock test data, AT, and the calculated thermal shock
resistance parameter, R. Results showed that the
quenching experiments do not appear to be very
suitable for a quantitative assessment of thermal
shock resistance. Becher et al. [6] studied two general
thermal shock resistance parameters; one relates the
material properties to its resistance to crack initiation
under thermal stress and the other relates the proper-
ties to the ability of the material to retain its strength
in a thermal stress situation where crack initiation is
unavoidable. Faber et al. [7], in 1981, proposed a
novel thermal shock resistance testing and evaluation
procedure intended to alleviate the difficulties associ-
ated with the variable and very high heat transfer rates
and edge effects in testing, and to provide quantitative
predictions of thermally induced failure.

Thomas et al. and Singh et al [8, 9], in 1981,
performed theoretical investigations of thermal shock
resistance capability of ceramics induced by convect-
ive and radiative heat transfer. Oguma et al. [10], in
1986, compared the predicted and experimental beha-
viour of thermal stress resistance of circular rod speci-
mens of a soda-lime-silica glass and polycrystalline
alumina. The comparison indicates that the thermal
stress fracture of the specimens is caused by conduct-
ive heat transfer. Tiegs and Becher [11] performed the
thermal shock testing of an alumina-20 vol % SiC
whisker composite. There is no decrease in the com-
posite flexural strength with A7 < 900°C, whereas
the flexural strength of pure alumina decreases signi-
ficantly when AT > 400°C. The improvement in per-
formance is due to the increase in fracture toughness
due to fibre reinforcement. Orenstein and Green [12]
measured the thermal shock resistance of cellular
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alumina ceramics by quench tests, with AT varied
from 22-105°C. Wang and Chou [13] recently re-
ported an analytical approach for predicting the
maximum allowable temperature change when a
composite laminate is subjected to sudden heating or
cooling.

From a literature review, we find that the area of
thermal shock resistance of ceramics and ceramic
matrix composites is often one of conflicting results in
terms of agreement between the experimental observa-
tions and theoretical predictions based upon material
parameters. Agreement or disagreement between ana-
lytical calculations and experiments may be fortuitous
depending upon the particular values estimated for
the various properties.

The thermal response of composites is an important
consideration not only in their fabrication and pro-
cessing but also for their durability and long-term
performance. However, there is a lack of basic under-
standing of thermal shock resistance characteristics of
anisotropic materials or fibre-reinforced composites in
general. This paper is intended to provide some basic
understandings of thermal shock resistance capability
of fibre-reinforced composite laminates based upon
both thermal stress and failure analyses. The thermal
shock resistance capability of high-temperature ce-
ramic composites is quantified in terms of the fibre
and matrix thermo-clastic and strength properties,
fibre volume fraction and fibre orientation. The influ-
ence of the fibre orientation angle, thermal expansion
coefficient, Young’s modulus, and thermal conductiv-
ity on the maximum allowable temperature change,
AT,.., has also been investigated.

2. Thermal shock resistance

2.1. Thermal shock resistance of isotropic
materials

The term “thermal shock” on a material implies that it

is subjected to a sudden temperature change. Such a

temperature change may result in severe thermal stres-

ses and hence cracks in the material. But the rise or fall

of temperature in an elastic body does not necessarily

result in thermal stresses. If a homogeneous, isotropic
and unrestrained elastic body is changed from an
initial temperature to a new uniform temperature,
there will be no induced thermal stress. On the other
hand, if this elastic body is completely restrained from
deforming, temperature changes will result in uniform
thermal stresses.

An isotropic solid sphere at the initial temperature
T = 0 and subjected to a thermal environment T = T,
is taken as an example for demonstrating the defini-
tion of thermal shock resistance parameter of a mater-
ial. The thermal stresses induced in the sphere by such
a thermal environment are easily obtained as [14]

20E (1 (" 1 {r
o, = L(TJ Trzdr——3j Tr"dr)
L—-vi\ry o r’ Jo

E 2 (" 1 {r
o, * <f3j Trzdr+7f Tr*dr — T)
I —v\ryJo r e

(1)

Il
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where E is Young’s modulus, o the coefficient of
thermal expansion, v Poisson’s ratio, r, the radius of
the sphere, T the temperature field, o, the radial stress
and o, the circumferential stress. The equations
governing the temperature field for finite heat convec-
tion coefficient, h, between the sphere and its
environment are [15]

ar = 19T (2)

(oT
ot ) oo

where K is the coefficient of heat conduction, g the
thermal diffusivity, and t the time.

For a high rate of heat convection between the
surface of the sphere and its environment, i.e. & tends
to infinity (T(r,,t) = T,), the thermal stress field in-
duced on the surface of the sphere (r =ry) at the
moment of application of the temperature T, (t = 0%)
is [14]

h{T(ro,t) — Tol  (2b)

o = 0

EaT
o= —i— ()

Kingery [2] introduged the following dimensionless
stress parameter

o* = E
G
S — v)
EaT, @)

where S is the tensile strength of the sphere. Then, let
o* =1 (%)

Kingery defined the thermal shock resistance para-
meter, R, of high rate of heat convection as

R:.To

S(1 —v)
= = ©)
a .
R reflects the range of rapid temperature change
which the material can withstand.

For low rate of heat convection between the surface
of the sphere and its environment, i.e. h is finite, due to
the complexity of the solution of Equations 2a and b,
Cheng [1] proposed an approximate relation between
o* and K

« = Toh 7

N 3K @)

Substituting Equation 4 into Equation 7, the thermal

shock resistance parameter R for low rate of heat
convection is defined as

rohT,
3

KS(1 —v)

R ®

R =

R is proportional to the applied temperature range
and is a function of material intrinsic properties.



The above approaches demonstrate that two basic
types of information are necessary to assess the mater-
ial thermal shock resistance capability. The first is the
thermal stress analysis, such as Equation 3; the second
is the material failure criterion with reliable strength
values. The introduction of the dimensionless stress
parameter, o*, in Equation 4 indicates that the max-
imum tensile stress failure criterion has been adopted.
Thus, the strength as well as thermo-elastic properties
of a material are necessary for thermal shock resist-
ance predictions.

2.2. Thermal shock resistance of composite
materials

Just as in the case of homogeneous and isotropic
materials, the evaluation of thermal shock resistance
of composite materials requires the accurate thermal
stress analysis. Considerable effort has been made to
investigate the steady state and transient thermal
stresses of unidirectional and laminated composites
[16-19]. It is clear that due to the mathematical
complexities, thermal stresses in fibre composites in-
duced by temperature gradients can be expressed in
explicit forms only in very limited cases.

The second requirement for determining the ther-
mal shock resistance of composites is the failure ana-
lysis. It has been found that the failure of ceramic
matrix composites is much more complicated than
that of monolithic ceramics [20]. The failure of lamin-
ated composites could be classified as intralaminar
and interlaminar. A commonly observed failure mode
in composites is delamination initiated at geometric
boundaries such as voids, microcracks, {ree edges, ply
drop-off, co-cured joints or bolted joints. Delamina-
tion by itself cannot lead to final failure, in-plane
fracture must occur for the specimen to lose its load-
carrying capability.

In order to simplify the analysis of thermal shock
resistance of laminated composites, this paper focuses
on the failure initiation (first-ply failure) predicted by
the failure criteria. The failure development and ulti-
mate fracture are not considered.

The relationship between thermal shock resistance
capability and the structural and material character-
istics of high-temperature composites cannot be ex-
pressed explicitly in a simple form as Equations 6 and
8 for isotropic materials. Therefore, for the purpose of
quantitative studies, the maximum allowable temper-
ature change, AT,,,,, without causing failure, has been
taken as a measure of thermal shock resistance of fibre
composites. The transient thermal stress analysis
given previousty [19] for laminated composites is
utilized. '

Two initial failure mechanisms for high-temper-
ature composites are considered in the present ana-
lysis: (1) delamination within the boundary layer
region due to the concentration of boundary layer
stresses, and (2) matrix micro-cracking induced by
in-plane tensile stress. The consideration of the first
failure mechanism is consistent with findings in
[19]. The second failure mechanism is motivated by
the low-toughness/high-strength characteristics of

ceramic matrix composites; matrix micro-cracking has

been extensively documented in the literature [21-24].
The mathematical forms of the criteria for initial

failure corresponding to the above mechanisms are

(1) o, = interlaminar tensile strength 9)
and
(2) o, = matrix micro-cracking yield stress

(10)

where o, is the laminate boundary layer normal stress
in the thickness direction, and o, is matrix tensile
stress. Thus in the present analysis, the term “failure”
is defined by the state of local stress which attends a
strength value of the composites.

The stresses close to the laminate boundary display
a high concentration, and they may be 5-30 times
larger than those away from the boundary (but still
within the boundary layer region) as demonstrated in
[19]. Thus, for applying the failure criteria, both the
average stresses and peak stresses within the boundary
layer region are compared with the strength data. This
will be explained further later. The matrix micro-
cracking strength, o, is either obtained from the
literature or estimated from the following relationship.

ey = Eme, (11)

where €, is the matrix micro-cracking yield strain
and E is the composite Young’s modulus. The matrix
micro-cracking yield strain of ceramic matrix com-
posites usually ranges from 0.1%-0.2% [25]. The
other necessary strength data are calculated from the
fibre and matrix strength properties by rule-of-
mixtures [26].

3. Numerical examples

A four layer ( — 6/0), SiC/borosilicate glass (BG) lam-
inate is used as a baseline composite system for para-
metric studies, Fig. 1. The laminate is of thickness 2A
(20 mm) and width 25 (400 mm); it is infinite in extent
along the x-direction. The laminate is uniformly
heated at time t = 0" along the surfaces y = + b. The
numerical computations of thermal shock resistance
capability are also performed for five other composite
systems (Table 1). The constituent fibre and matrix
thermoelastic properties can be easily found in the
literature [19, 25, 26], and the strength data of these
fibres and matrices are given in Table 1.

The thermally induced inplane stresses (o, and G,)
and interlaminar normal stress (G,) of a ( — 45°/45°),
SiC/BG laminate with 30% fibre volume fraction are
depicted in Fig. 2. These stresses are within the lam-
inate boundary layer region and calculated from [19].
The shear stresses are much smaller than the normal
stresses. Fig. 2 shows the highly localized stress con-
centrations of o, and o,. The peak values (at ¥ = 1.0)
of o, and o, are 4.5 and 1.5 MPa, respectively. o,
tends to zero when approaching the boundary as the
stress boundary condition requires, and the maximum
value (at Y = 0.97) is 0.34 MPa. Because the variation
of o, within the boundary layer region is mild, and it is
much smaller than o,, o, is neglected in the failure
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TABLE I Identification of composite systems

T300 [26]
(6 = 2156, T = 392)

Alumino-borosilicate [28]
(o = 1725, T = 300)

Matrix Fibre
SiC [27]
(o = 3430, T = 588)
BG [27]
(c =98, 1=78) (11)*
LAS [28]
(0 =32,1=29) (21

(12) {13)

(22) (23)

G, tensile strength or microcracking stress (MPa).
1, shear strength (MPa).
BG, borosilicate glass; LAS lithium aluminosilicate.

* Numbers in parentheses indicate composite systems to be used in Fig. 6.

analysis in the x—y plane. The “average” values of o,
and o, near the free-edge are also used in the failure
analysis in addition to the maximum stresses at
Y =1.0.

Because the stresses o, and o, demonstrate such
significant increases within the laminate boundary

y
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o y »x
b (
9

N

Figure 1 Geometric and thermal boundary ‘conditions of the
analytical model.

Stress {MPa)

—1 L L 1 | 1 1 1
0.90 092 094 0.96 098 1.00
Y=ylb

Figure 2 Stress distribution within the boundary layer region,
SiC/BG ( — 45°/45°), laminate, ¥; = 30% and ¢t = 2 min.
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layer region, it is meaningful to obtain also the “aver-
age” values of these stresses near the laminate free-
edge. A parabolic curve which satisfies the stress
boundary conditions is utilized to represent the highly
concentrated stress distribution in the region
0.97 < Y < 1.0. The “average” is defined by equating
the areas under the parabolic curve and average stress
line. Finally, the average values of stresses o, and
o, within the laminate boundary layer region are
obtained as

5, = L5MPa
5, = 0.5MPa (12)

z

Il

For the ( — 45°/45°), laminate, the in-plane stresses in

the fibre (o) and transverse to the fibre (o,) directions
are

Gy

o = 0 = &

=~ 0.75MPa (13)

The transverse Young’s modulus, E,, of the SiC/BG
composite can be obtained from the fibre and matrix
elastic properties for a given fibre volume fraction [26]

E
E, = E /| 1—vi2[1 "=
= w2

= 1188 GPa (14)

where V¢ = 0.3. The matrix microcracking yield stress
O mey is Obtained from Equation 11.

Gmcy = E28mcy
118.8-237.6 MPa (15)

where €., = 0.1%-0.2% [25]. The stresses demon-
strated in Fig. 2 and calculated in Equation 12 are for
unit temperature heating (7 = 1°C). From [19], the
maximum allowable temperature change, AT,,,, is
inversely proportional to the thermal stress, and it can
be predicted based upon the matrix micro-cracking
failure criterion of Equation 10.

il

(3

mey

G,

= 158t0 ~316°C (16)

AT,

max

The AT,,, range in Equation 16 corresponds to £,
=0.1% to ~ 0.2%. In the following calculations and

figures, &40, = 0.1% is used when applying the matrix



micro-cracking failure criterion. Similarly, the inter-
laminar strength, o,,,, is calculated to be 78 MPa from
the literature [19, 26]. Thus, the maximum allowable
temperature change, AT,,,,, based upon the inter-
laminar failure criterion is

AT,

max

156°C (17)

Furthermore, AT,,, is around 55°C if ¢, at the most
severe point (Y = 1.0) is used in the failure analysis.

The variation of the predicted maximum allowable
temperature change, A T.,,,, with fibre volume fraction
is demonstrated in Fig. 3. The upper line is obtained
by using the average stresses within the laminate
boundary layer region for the failure analysis, and
the lower line is from the peak stresses at ¥ = 1.0. As
the fibre volume fraction increases, the stiffness of the
composite is enhanced and thus, the stresses within
the laminate boundary layer region increase signifi-
cantly due to the linear elasticity assumption. Although
the ultimate failure strength along the fibre direction is
improved with fibre volume fraction [26], the matrix
microcracking and interlaminar strengths do not
show appreciable changes. Therefore, AT, is re-
duced as the fibre volume fraction increases.

For ( — 8/0), laminates, the interlaminar normal
stress o, decreases as the fibre orientation angle 9
deviates from 45° toward 0° or 90° [19]. On the other
hand, the in-plane thermal stress perpendicular to the
fibre (o,) increases as the fibre orientation angle in-
creases. Thus, the probability of interlaminar failure is
reduced and the matrix micro-cracking gradualily
dominate the laminate failure as 6 deviates from 45°.
Therefore, the thermal shock resistance capability is
reduced with the fibre orientation angle, Fig. 4. The
“average” value of stress is utilized in the failure
analysis.

The effect of Young’s modulus (AE;/E;), thermal
expansion coefficient (Aay/a5) and thermal conductiv-
ity (AK3/K3) on the variation of AT, ,, (A(AT,,) i3
evaluated by using a ( — 45°/45°), SiC/BG laminate
(Fig. 5y as the reference material. The subscript “3”
denotes the through-the-thickness properties. Fig. 5 is

250

0 1 1 1
01 0.2 0.3 0.4 05
Vs

Figure 3 The variation of maximum allowable temperature change,
AT, with fibre volume fraction for SiC/BG ( — 45°/45%),
laminates.
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Figure 4 Fibre orientation effect on AT, ,, for SiC/BG ( — 0/9),
laminates, V; = 30%.

calculated by changing one of the properties and
keeping other properties constant. The induced ther-
mal stresses vary due to such thermal or elastic prop-
erty changes. Then, the AT,,, predicted by the above
technique also changes due to the variation of thermal
stresses. The 40%, 170% and 500% variations in o, E
and K, respectively, lead to the same (100%) rise/fall of
AT,,... The trend of the influence of a, E and K on the
increase/decrease of AT,,,, is similar to that of isotro-
pic material (Equation 8), i.e. R is proportional to K,
and inversely proportional to F and a. Fig. 5 is only
intended to understand the sensitivity of AT,,, to
these material properties and it is understood that the
thermo-elastic properties of the SiC/BG system
cannot be changed in this manner.

Fig. 6 presents the maximum allowable temperature
changes of six composite systems (Table I) with their
elastic moduli. The data are generated for ( — 45°/45°),
laminates with fibre volume fraction V; = 30%, and
the average stresses are used in the failure analysis. It
is found that both delamination and matrix micro-
cracking have significant effects. Again, the results
presented in this figure are based upon the initial
failure only. The composites can still sustain further
thermal and mechanical loadings after the initial crack
and delamination have formed.

100

A€ bay

50+ A

8 {A7max)

i

wi

(=]
T

_100 i | a I " 1 " L L
-500 -00 -100 100 300 500
Change of thermal and elastic properties (%)

Figure 5 The influence of the per cent changes of AE;/E;, Aus/a,
and AK;/K; on AT, ., SiC/BG ( — 45°/45°), laminates, V; = 30%.
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Figure 6 Thermal shock resistance capability, AT, of

( — 45°/45°), laminates and composite axial Young’s moduli of the
six composite systems given in Table I, V; = 30%.

4. Conclusions

1. The thermal shock resistance parameter of com-
posites cannot be expressed explicitly in a simple form
as that for isotropic materials. Therefore, the max-
imum allowable temperature change, AT,,,, of fibre
composites under thermal transient condition without
causing failure is adopted as a measure of thermal
shock resistance capability.

2. The influence of thermal expansion coefficient, o,
Young’s modulus, E, and thermal conductivity, K, on
thermal shock resistance has been investigated. It is
found that change in o has the most effect, while K has
the least influence.

3..The initial failure mechanism of ( — 6/0), ceramic
matrix composite laminates studied in this paper
changes from delamination to matrix microcracking
as the fibre orientation angle @ deviates from 6 = 45°
toward 0° or 90°.

4. Unlike isotropic miaterials, fibre composites still
maintain their load-carrying capability after the initial
failure. Thus, the ultimate failure of the composites
does not necessarily occur at temperature changes
greater than AT,,,.
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