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Thermal shock behaviour of unidirectional silicon
carbide fibre reinforced calcium aluminosilicate
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Unidirectional silicon carbide fibre-reinforced calcium aluminosilicate (CAS) has been
subjected to a variety of thermal regimes. Microscopy has been used to assess the degree
of matrix damage. Thermal shock induced matrix cracking was first seen on the end
faces of the composite, perpendicular to the fibre direction at a temperature differential
of 400 °C. At more severe thermal shocks the next damage was observed on faces parallel
to the fibre direction in the form of cracking in the matrix perpendicular to the fibre
direction. Matrix cracking damage increased, initially, with increasing severity of thermal
shock, but then became less extensive at the highest temperature differentials (800 °C) used.
Thermal shock-induced crack densities were correlated with literature data for cracking
under quasi-static loading using a simple thermal shock analysis incorporating a stress
reduction factor. The suitability of applying a modified Aveston, Cooper and Kelly (ACK)
model [1] to predict critical temperature differentials for matrix cracking onset in the
unidirectional composite has also been tested. The method was found to be valid for the
unidirectional material providing that some key parameters were determined

independently.

1. Introduction

The efficiency of gas turbine engines is governed by
the maximum operating temperature, hence there is
a desire to increase the elevated temperature capabil-
ity of the turbine components. One class of materials
that may be suitable for use at high temperature is
continuous fibre-reinforced ceramic matrix com-
posites (CMCs). Room temperature properties and
mechanical behaviour of these composites, notably
the early model systems of silicon carbide fibre-rein-
forced lithium aluminosilicate (LAS) and calcium
aluminosilicate (CAS), have been studied extensively
[2-4] and two areas that have received particular
attention are the introduction of matrix cracks [5-9]
and the role of the interphase [10-14].

Applications in high temperature environments will
inevitably involve an element of thermal cycling where
components will be subjected to rapidly changing
stress states and thus, thermal shock damage. There
are few reports of research on ceramic matrix com-
posites in this topic area [ 15] although some work has
been undertaken on elevated temperature perfor-
mance [ 3, 16-18] and residual properties after thermal
ageing [13, 19-21]. In the present work the effect of
thermal shock on unidirectional Nicalon reinforced
CAS is assessed and the possibility of using the model
of Aveston et al. [1] to predict maximum operating
temperatures is explored.

2. Materials

The glass ceramic composite used in this study consis-
ted of a matrix of calcium aluminosilicate (CAS), iden-
tified as stoichiometric CaO-Al,0;-2Si0, containing
a fine dispersion of ZrO, (probably as a nucleating
agent) reinforced with tows of continuous SiC (Nicalon)
fibres. This material (supplied by courtesy of Rolls-
Royce plc) was prepared by hot pressing 12 plies of
unidirectionally stacked “pre-preg” to form a sheet
approximately 2.3 mm thick. The fibres were nominally
15 um in diameter and had a fibre volume fraction
of approximately 0.34, although wide local variations
were apparent. Samples of monolithic CAS were also
supplied for use in the experimental programme. Table I
summarises some of the properties of the materials.

3. Experimental procedures
Samples of both materials were cut from plates using
a high speed diamond saw and then polished carefully
on three orthogonal faces to a high quality finish. At
least 300 um of material was removed from sawn faces
to remove any damage caused by the cutting process
to give final dimensions of 10 x 2.2 x 2.2 mm for both
materials, plus larger samples (10 x 10 x 2.2 mm) of the
composite.

Thermal treatments were carried out using an elec-
tric muffle furnace. Samples were checked by reflected
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TABLE 1 Properties of constituents of the composite material

E; fibre modulus 190 GPa

o fibre thermal expansion coefficient 33x107°K™!
E,. matrix modulus 90 GPa

Ol matrix thermal expansion coefficient 46x107°K™ !
Vi fibre volume fraction 0.34

light microscopy (RLM) to ensure that the polished
faces were free from any preparation damage, and
then placed on an upturned alumina crucible and
inserted into the muffle furnace that had been allowed
to equilibrate at a pre-determined temperature (it was
found that the rate of temperature change in the
sample caused by this method had no deleterious
effect on the material properties). After a pre-deter-
mined time had elapsed either the furnace was turned
off and the samples allowed to cool in the furnace
(thermal ageing experiments) or the crucible was re-
moved from the furnace and the samples plunged
rapidly into a large quantity (> 101) of water at
a temperature of 20 °C (thermal shock experiments).

Observations of the surfaces of the samples were
performed primarily by reflected light microscopy.
After exposure to thermal regimes, some of the larger
samples were progressively ground back perpendicu-
larly to the fibre direction to investigate the sub-sur-
face crack profile. To enhance the contrast between
the material and the cracks, some samples were im-
mersed in an aqueous solution of silver nitrate for
30 min and dried prior to observation. Higher magni-
fication imaging was achieved by carbon coating the
samples and then viewing by scanning electron
microscopy (SEM).

4. Thermal ageing effects

In order to separate effects due to thermal shock from
thermal ageing alone, samples of both the monolithic
and composite material were exposed to elevated tem-
peratures for extended periods and allowed to cool
slowly in the furnace.

Samples were placed into the furnace at pre-set
temperatures and for all thermal ageing temperatures
(up to 800 °C) there was no evidence of any cracks on
the surface of the monolithic CAS. Samples of the
composite, aged between 500-800 °C and maintained
at that temperature for periods between 1-150 h also
showed no evidence of cracking on the surfaces of the
specimens. However, when viewed by RLM the most
noticeable feature on the surface of the composite was
the debonding of fibres from the matrix and for higher
temperatures and/or longer duration heat treatments
this phenomenon became more pronounced as exhib-
ited by the increased frequency of debonds primarily
in, or adjacent to, matrix-rich areas. Examination by
SEM and topographical analysis using confocal laser
scanning microscopy (CLSM) revealed that some of
these debonded fibres protruded in excess of 1 pm
above the surface of the composite.

A second effect, particularly evident after high tem-
perature heat treatment, was the covering of appar-
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ently randomly selected areas of the surface of the
cross-sectional plane of the composite by a layer of
nominally transparent material.

5. Observations of cracking damage

5.1. Monolithic CAS

Thermal shocks with a temperature differential (AT)
of 500 °C or greater applied to the samples produced
a network of cracks over the entire surface. For thermal
shocks below this value the density of cracks reduced
until at AT of 360°C only one or two cracks were
visible on the polished faces and with AT = 350 °C no
cracks were observed, hence the onset of cracking was
considered to be at a temperature differential of
360 °C.

5.2. Unidirectional Nicalon/CAS

5.2.1. Perpendicular to fibre direction

The initial experiments were conducted on the large
samples soaked at elevated temperatures for 1 h. For
temperature differentials below 300 °C there was no
discernible change in the sample; at greater temper-
ature differentials there was evidence of fibre debon-
ding and at 400 °C a single, fine crack was observed.
This crack traversed most of the polished surface,
centrally between the two large faces, and was con-
tained in a fibre-rich area. On increasing the severity
of the downward thermal shock the crack opening
displacement increased, approaching one fibre dia-
meter at 800 °C. At these elevated temperatures the
introduction of fine, random cracks perpendicular to
the major axis was also evident (Fig. 1a and b). After
material had been removed during subsequent grind-
ing stages, observations and measurements indicated
that the major crack profile was approximately
semicircular and emanated from the centre of the
polished surface. The more severe thermal shocks gen-
erated cracks which traversed the whole length of the
original surface and penctrated several millimetres
into the end of the sample, whilst the small, perpen-
dicular cracks did not extend more than 300 pm into
the bulk of the material. A reduction in the cross-
sectional area to a square profile had no discernible
effect on the crack pattern.

Extending the time for which the samples were held
at the elevated temperature appeared to lead to a re-
duction in the degree of cracking caused by the sub-
sequent thermal shock, e¢.g., the appearance of the
crack produced after thermal ageing samples for 60 h
and then thermal shocking from a temperature differ-
ential (AT') of 600°C was similar to that of samples
thermally aged for 1 h prior to shocking with a AT of
500 °C. However, from the limited number of exam-
ples investigated, it appears that the maximum effect
of the longer soak is attained within a few hours and
does not reduce the crack width to less than that
commensurate with a thermal shock produced by
a AT of 50-100 °C lower.

Observations on samples that had been thermally
aged at 400°C for 1h and then thermally shocked



Figure 1 Reflected light photomicrographs and schematics of
cracks in unidirectional Nicalon/CAS produced by thermal shock
with (a) AT =450°C and (b) AT = 800 °C.

TABLE II Crack densities and matrix axial stresses of thermally
shocked unidirectional Nicalon/CAS (mechanical data taken from
reference [7])

Temp. diff. 400 450 500 600 700 800 840 880
AT (°C)

Crack spacing 500 500 0.64 0.39 029 0.26 0.33 0.40
(mm)

Crack density 020 020 1.56 2.58 340 3.92 3.06 2.50
(mm™%)

Tot stress (th)

(4 =0.5). (MPa)
Total stress*
(mech) (MPa)

167 178 188 209 229 250 258 266

146 146 195 208 215 219 212 207

? This assumes a residual matrix axial stress of 80 MPa

indicated that debonding of fibres occurred in fibre-
rich areas of the surface of the composite. Series of
single debonds appeared to be connected in an almost
“string-like” manner of varying orientation. As the
severity of the thermal treatment increased the degree
of debonding in the fibre-rich areas reduced greatly
until at high temperatures (e.g., 800 °C) these areas
were devoid of any apparent debonds. However, at
temperatures above 600 °C, debonding in matrix-rich
regions became evident. These debonds were predomi-
nantly of isolated fibres within the matrix although
fibres bordering fibre-rich regions were also affected.

5.2.2. Parallel to fibre direction

Observations of the large surfaces of a range of sam-
ples thermally aged and quenched after 1 h from tem-
perature differentials (AT) below 400 °C suggested
that such cycles did not lead to any surface cracks. For
thermal shocks with a temperature differential of
400 °C the large face exhibited a few cracks of various
orientations; some went through the matrix and were
perpendicular to the major fibre axis whilst others
appeared to follow the contours of sub-surface fibres.
As the severity of the thermal shock increased the
spacing between the perpendicular matrix cracks was
seen to vary as shown in Table IL.

6. Discussion

6.1. Thermal ageing

The lack of any cracks on the surfaces of both the
monolithic and composite materials after samples
were cooled slowly confirms that thermal shock was
the cause of cracking. Debonding of the fibres in the
composite was commensurate with a relaxation of the
residual processing stresses during the heating cycle
and the ingress of oxygen down the interphase must be
considered to be involved in promoting this debon-
ding by an oxidative process leading to a reduction in
interfacial shear strength.

The appearance of the glassy film over the cross-
sectional surface of the composite is possibly as a con-
sequence of the removal of the carbon interphase
allied with oxidation of the silicon carbide. Since the
specific volume of silica is almost twice that of carbon
then the silica is likely to exude out of the interphase
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and over the surface. It has been suggested that short,
high temperature thermal excursions may be success-
ful in providing protection against embrittlement by
sealing the surfaces of components prior to use at
elevated temperatures [21, 22].

6.2. Cracking due to thermal shock

6.2.1. Monolithic CAS

The conversion of critical temperature differential to
an applied stress generated by an infinitely fast quench
has been calculated from a simple relationship [23]:

ATEo
Oy = 1—v 1)

From the manufacturer’s figures an average value for
the Young’s modulus of the matrix, (E,), is 90 GPa,
the coefficient of thermal expansion of the matrix, (o),
is 46x107° K~! and Poisson’s ratio, (v), is 0.25
giving the stress due to thermal shock from 380 °C as
200 MPa. However, this quench rate is unrealistic
and, in a more rigorous approach [23], another

parameter, A4, was introduced. This modified
Equation 1 to:
AATEq
= 2
Oys 1—v )

The quantity, 4, termed a “non-dimensional stress
reduction factor” is a function of the Biot modulus,
B which is given by p = ah/k with the term “a” being
a characteristic dimension of the sample under consid-
eration, h is the heat transfer coefficient of the quench-
ing medium and k, the thermal conductivity of the
sample. There will be no benefit derived from using
this more complex expression unless the terms which
make up P and hence A4, can be evaluated accurately.
However, disagreements between theory and experi-
ment, and the variability in experimental results them-
selves, are often attributed to the difficulty in evaluat-
ing the Biot modulus [24, 25].

Davies et al. [26] performed a series of three-point
flexure tests on a monolithic CAS material and ob-
tained a mean value for the bend strength of 290 MPa
and a Weibull modulus of 5.4. Using a very simple
approach the relationship between ultimate tensile
strength (UTS) and bend strength (MOR) can be given
as:

MOR

Trs = [T G)

Assuming comparable sample volumes, the bend
strength can be converted into a tensile strength value
of 128 MPa leading to a value for the stress reduction
factor (A4) for monolithic CAS of 0.64.

6.2.2. Unidirectional Nicalon/CAS

6.2.2.1. Perpendicular to fibre direction. The observed
pattern of cracks is different from the arrangement
that would be expected in a monolithic ceramic in
which cracks tend to grow inwards from the surfaces
[27]. Possible reasons for this difference in behaviour
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have been considered. On the macroscopic level the
material can be described as a layered structure of
alternate fibre and matrix rich planes. These have
different elastic and thermal properties and hence re-
spond differently to thermal shock, which may give
rise to either a peeling or sliding effect. On a micro-
scopic scale tensile matrix hoop stresses exist around
the fibres at the surface of the material as a result of
the mismatch in coefficients of thermal expansion.
These are greater than the axial or radial stresses and
increase in magnitude with increasing fibre volume
fraction [28]. These microscopic stresses are superim-
posed onto the macroscopic stresses giving rise to
a through-thickness stress which is greater than stres-
ses in other directions.

For a thermal shock with a temperature differential
of 400 °C the magnitude of the thermally generated
stress in the matrix can be estimated, using Equation
2, to be 110 MPa; assuming a value for the stress
reduction factor for the matrix in the composite to be
0.5 (see below for determination of stress reduction
factor in Nicalon/CAS composite). The residual stress
within the composite is more difficult to determine,
however, since it comprises matrix hoop and radial
stresses. From the model of Powell et al. [28], which
assumes that the composite is stress free at the pro-
cessing temperature of 1200 °C, the maximum tensile
hoop stress in the bulk of the material at room temper-
ature for a fibre volume fraction of 0.34 will be
130 MPa, and the compressive radial stress will be
65 MPa. If a representative value of residual tensile
stress across the path taken by the crack is 100 MPa at
room temperature, then this will be reduced to
65 MPa at a furnace temperature of 420°C, giving
a total stress of 175 MPa at the initiation of cracking.

The maintenance of a similar crack pattern after the
reduction in size to cuboids suggests that differential
heat loss between large and small faces is not a con-
trolling factor. The results indicated that a change in
crack path geometry was observed with increasing
severity of thermal shock. This effect may arise as
a consequence of changing interfacial shear strength
and dynamic crack growth. At low temperature
(400°C) there will be a relatively small driving force
for crack growth and little change to the interface. The
crack is likely, therefore, to follow the weak interface
between the fibre and matrix until the magnitude of
the residual hoop stresses, due to the close proximity
of an adjacent fibre, provides a favourable path for the
crack to proceed. As the severity of the thermal treat-
ment increases the interface will become weakened
(due to the oxidation of carbon), the envisaged peel-
ing/sliding stresses will increase and crack propaga-
tion will be more energetically favourable. Since the
increase in applied stress will be greater than the
reduction in interfacial shear strength the overall com-
bined effect of these changes will be to promote linear
crack growth. The formation of silica bridging at the
highest temperatures used in this study would be ex-
pected to strengthen the interface and to enhance,
further, the straightening of the crack path. Hence at
more severe thermal shocks the crack path is notice-
ably less interfacial.



Debonding of the fibres from the matrix was a fea-
ture common to all thermal regimes to a lesser or
greater extent. Debonding during the thermal ageing
process will be associated with changes to the struc-
ture of the interface, resulting from the oxidation of
carbon. Additionally, during the thermal shock pro-
cess, there may be a partial release of the clamping
residual radial matrix stresses associated with minor
cracking events in the vicinity of the fibre.

6.2.2.2. Parallel to fibre direction. The results in-
dicated a minimal effect on samples shocked below
400°C, a steep increase in matrix crack density be-
tween 500-800 °C, then a decrease above this temper-
ature. The low temperature results can probably be
explained by noting that the severity of the thermal
shock was not sufficient to cause multiple cracks. The
occurrence of cracks associated with the sub-surface
fibres was probably due to tensile matrix hoop stresses
generated around fibres when the composite cooled.
Powell et al. [28] calculated these stresses to be in
excess of 100 MPa at room temperature; these will
decrease with distance into the matrix from the fibre
but any fibres sufficiently close to the free surface will
render the matrix susceptible to cracking. Matrix
cracks have also been observed in thermally shocked
unidirectional reinforced Nicalon/LAS composites
[15] but, since the matrix hoop stresses will be com-
pressive for this system, they concluded that the crack-
ing was due to thermal expansion anisotropy of a
crystalline phase formed in the matrix at elevated
temperatures.

The large increase in crack density at intermediate
temperatures is partially due to greater thermal stres-
ses induced by the thermal shock. The effect of in-
creased temperature also causes oxidation of the
exposed interfacial carbon and this reduces the inter-
facial sliding resistance [13], thus negating benefits
that may have been derived from the reinforcing
fibres. This effect is shown in Fig. 2 where the inter-
facial bonding between fibres and matrix is too weak
to prevent the matrix from cracking around the fibres.

20 um

Figure 2 Reflected light photomicrograph showing fibre debonding
and matrix cracking in unidirectional Nicalon/CAS after thermal
shock with AT = 500°C.

Figure 3 Reflected light photomicrograph showing fibre fracture
and matrix cracking in unidirectional Nicalon/CAS after thermal
shock with AT = 800°C.

The observed reduction in the effect of the shock at the
highest temperatures is commensurate with the forma-
tion of strong, silica bridging between the matrix and
the fibres. This strong, but brittle interphase increases
the sliding resistance sufficiently to render the com-
posite notch-sensitive so that when matrix cracking
does occur the fibres are also fractured (Fig. 3).

The onset of matrix cracking is apparent at a AT of
approximately 400 °C. An important feature, which is
absent in the monolithic material, is the residual stress
introduced into the composite during the fabrication
process. Calculations have been performed to deter-
mine the values of the residual matrix stresses parallel
to the fibres using the model of Powell et al. [28] and
these values are added to the values of the applied
thermal stresses due to the thermal shock process,
calculated from Equation 1, to give a total matrix
stress. For a temperature differential of 400 °C the
residual tensile stress is calculated to be 57 MPa
(this assumes a stress-free processing temperature
of 1200°C) and the applied stress for an infinitely
fast quench is 222 MPa giving a total stress of
279 MPa.

From reports [6, 7, 28] an average value for residual
matrix axial stress may be taken as 80 MPa. A value
for the applied stress to initiate matrix cracks at room
temperature can also be determined from representa-
tive literature values for mechanically applied com-
posite stresses. A typical value quoted for composite
stress is 120 MPa [6, 7]. By using the constant strain
relationship (o,, = o.E,/E.), where o is applied stress,
E is Young’s modulus and m and ¢ refer to matrix and
composite respectively, the applied matrix axial stress
required to initiate matrix cracking becomes 87 MPa;
giving a total matrix stress of 167 MPa. The calculated
value of 279 MPa for the total matrix stress is high but
of course this calculation assumes an infinitely fast
quench. The total stress to initiate a crack in the
matrix should be the same whether applied thermally
or mechanically. Residual stresses will obviously re-
main in the material but at 420 °C these are reduced to
57 MPa and, if Equation 2 is used, the applied thermal
stress in the matrix can be reduced to approximately
110 MPa by giving “A” the value 0.5, and the total
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Figure 4 Comparison of crack densities as a function of matrix
axial stresses generated, (A) mechanically or (O) thermally in un-
idirectional Nicalon/CAS.

stress then becomes 167 MPa, matching the mechan-
ical stress value. This assumed value for A is not
unreasonable since the thermal conductivity of the
silicon carbide fibres is expected to be higher than for
the monolithic CAS. The same procedures can be
followed to obtain the stresses associated with the
crack density measurements of Table II. These matrix
axial stress values are compared with the matrix stress
values calculated from the data of Pryce and Smith
[7] for crack densities as a function of composite stress
on the same material when subjected to mechanical
tensile stresses at room temperature. Comparison of
the two complete sets of results (Fig. 4) indicate quite
good correlation between crack densities and total
matrix axial stresses below 210 MPa. At higher levels
of stress the crack density continues to increase up to
a plateau of 7mm™"' for the mechanically applied
loads whereas, cracks due to thermal stresses reach
a peak of 4 mm ™! at 250 MPa before reducing beyond
this level of matrix stress.

This effect is consistent with the changing interfacial
properties of the composite with temperature. Crack
density measurements of between 1.5-2.5mm ™! are
associated with thermal shock temperature differences
of 500-600 °C. At these temperatures it is conjectured
that the interface is likely to be weakened by the
oxidation of carbon leading to reduced load transfer
from the matrix to the fibres.

The plateau for the high mechanically applied stres-
ses is set by the saturation matrix crack spacing, which
is a function of the transfer length for shedding the
load back from the fibres to the matrix. For the same
thermally applied stress levels the temperatures are
greater than 800 °C and silica bridges are expected to
form between the fibre and matrix. It is suggested that
this observed effect may be attributed to the increased
strength of the interphase requiring an increase in
applied stress to initiate cracks; these cracks occur,
therefore, where the fibres are weakest and crack spac-
ing is more dependent on the fibre properties.

In addition to possible interfacial effects discussed
above there may be an effect due to a variation in “A4”,
as a result of a change in the heat transfer rate between
the hot sample and the quenching medium, which may
contribute to the apparent different response of the
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Figure 5 Variations in stress reduction factor with severity of ther-
mal shock in water quench test.

material to mechanically or thermally applied stresses.
As shown by the data in Fig. 4 the crack density
produced by a total matrix axial stress of 210 MPa
was the same whether produced by mechanical means
[7] or generated thermally, as in this study, by shock-
ing the samples with a temperature differential (AT ') of
600°C and taking 4 to be 0.5. By comparing other
crack densities produced in these investigations the
apparent variation in the stress reduction factor can
be calculated to enable the total matrix stress applied
thermally (thermal shock + residual thermal stress) to
be equated with the mechanically applied plus resid-
ual stress. There is a clear trend in the variation of
values for “4” with thermal shock temperature differ-
ential as shown in Fig. 5. Comparison with the work
of Singh et al. [25] reveals a possible trend from
a nucleate boiling regime at low temperatures to one
in which a film of steam envelopes the sample, pro-
gressively reducing the heat transfer rate, at higher
temperatures. It is proposed, therefore, that a complex
relationship exists between crack density and thermal-
ly induced modifications to interfacial properties
and/or a change in the heat transfer rate with severity
of thermal shock.

6.2.2.3. Prediction of cracking damage perpendicular to
the fibre direction. (i) Determination of maximum
temperature differential. The model of Aveston et al.
[1] for determining the initiation of matrix cracking in
a fibre-reinforced brittle matrix composite is used in
an attempt to predict the maximum permissible oper-
ating temperature before matrix cracking of the un-
idirectional Nicalon reinforced CAS material would
occur under thermal shock conditions. The relation-
ship between matrix cracking strain (g,,,) and material
properties was given as:

120y, EVE R
ow = | | @

where E is Young’s modulus, V is the volume fraction,
r 1s the fibre radius, 1 is the interfacial shear stress and



v is the fracture surface energy; m, f and c refer to the
matrix, fibres and composite respectively.

Downward thermal shocks apply tensile stresses to
the surface of the material and Equation 4 can be
converted to matrix stress values simply by using the

relationship o, = E&m, to give:
271/3
o _ [&rmEfEme } / )

ExV,

where I',,( = 2v,,) is the matrix fracture energy.

The level of stress to cause matrix cracking should
be the same whether applied mechanically or thermal-
ly, hence its value can be equated with a temperature
differential via Equation 2. However, residual stresses
within the composite must also be included. At the
onset of matrix cracking o, = 6, + o, hence, by
combining and rearranging Equations 2 and 5 an
expression for the maximum temperature differential
(AT) can be obtained:

1 —v [[6tTEE, V2 \3
AT = _
AE, o, [( EsV, or| ©

where A4 is 0.5 and o, is the residual matrix axial stress
at the thermal shock temperature. The remaining
terms that have not been determined experimentally
are the interfacial shear stress (t) and the matrix frac-
ture energy (I',). Therefore, if values for A4,t and
I, can be determined independently, it may be pos-
sible to predict the maximum operating temperature
from Equation 6.

(i) Determination of interfacial shear stress. A variety
of techniques have been employed in attempting to
determine the interfacial shear stress (t) in the
Nicalon/CAS composite. From a recent report [29] it
is clear that there is a large spread of values
(3.5-19 MPa) but the majority fall within the range
10-15 MPa. The experimental method used to deter-
mine 1 in this project was to measure the saturation
crack spacing after the composite had been subjected
to axial tensile stresses generated during flexure test-
ing. The procedure for crack measurement and calcu-
lation of interfacial shear stress was similar to that
reported previously [7]. An estimation of the value of
interfacial shear stress, 7, can then be made using the
relationship:

Vi Omul
- ()

Ve 1.58;

where r is the fibre radius, S; is the saturation crack
spacing and o, is the total matrix cracking stress
(obtained from the onset of non-linear behaviour
in flexure tests [30]). The results were in agreement
with the suggestion that moderate increases in the
severity of thermal treatments leads to lower values
of t, although the calculated value of 24 MPa for
the as-received material appears high. However,
since G, values obtained from flexure tests are
higher than from tensile tests, t values are also
expected to be higher, although the rankings should
be correct.

(iii) Determination of matrix fracture energy. An in-
dentation approach to determining the fracture en-
ergy of the CAS was chosen for this project since there
was only a small amount of material available. Fol-
lowing the approach of Chantikul et al. [31] the stress
intensity factor (K) is given by:

1/8
K = n<> (o3pP1 %)Y ®)

where 1 is a geometric constant ( = 0.59 £+ 0.12), E is
Young’s modulus, H is the hardness, 63, is the applied
stress and P; is the indenter load. The hardness of the
monolithic CAS can be obtained from the relation-
ship:

P;

H =
0 ©)

where o, is a geometric constant ( = 2 for Vickers
indenters) and a; = half the length of the indentation
impression diagonal. An expression for the critical
stress intensity factor (K.) could then be obtained by
combining Equations § and 9 to give:

Eona? \1/8
n< °‘°“‘> (GsPIRP% (10)

K. =
P;

Values obtained from tests using an indentation load
of 19.6 N are shown in Table III. The mean value for
the hardness of the monolithic material (8.2 GPa) is in
close agreement with a value of 8.4 GPa obtained by
Anstis et al. [32] for a glass-ceramic, although values
for the critical stress intensity factor were, generally,
a little lower than the quoted value of 2.5 MPam?!/?
[32] for a glass-ceramic tested using the double canti-
lever beam method.

The fracture energy (I',) may then be determined
from the relationship:

K21 —v?)

I = —F— (11)

A fracture energy value of approximately 46 Jm™?

was calculated by using a mean value of 2.1 MPam'/?
for the stress intensity factor and this is above the top
end of the range of 15-40 J m ™ that is usually cited in
the literature as being representative of fracture ener-
gies for glass-ceramics [6, 26].

An alternative method requiring the measurement

of the depth of crack produced by the indentation [33]
led to a value of 36 Jm~? for the fracture energy of
monolithic CAS.
(iv) Validation of ACK model. By inserting values of
interfacial shear stress (t) and matrix fracture energy
(I,) into Equation 6 the validity of using the ACK
relationship for calculating the cracking threshold and
hence the most severe thermal shock to which the
unidirectional Nicalon reinforced CAS may be sub-
jected without cracking the matrix can be tested. The
relationship between the different parameters is shown
in Fig. 6, where the relative values of I, for a range of
values of t is given for temperature differentials be-
tween 250-500 °C. The box represents limits obtained
from the majority of values of interfacial shear stress
given in reference [29] and a range of possible matrix
fracture energies.
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TABLE III Fracture energy of monolithic CAS obtained using a 19.6 N Vickers indenter

Load Flexure Indenter Hardness Stress Fracture
w strength diagonal H intensity K, energy I’
(N) G5y (MPa) 2a (um) (GPa) (MPa m'/?) Im~?)
56 155 66 9.0 2.3 56.5

72 126 72 7.6 2.0 41.2

78 135 74 7.2 2.1 459

72 131 66 9.0 2.1 43.8

77 141 70 8.0 2.2 49.0

Experimental value

Matrix fracture energy, (J m?)

o
500D+

0 | T | | |
5 10 15 20 25 30 35

Interfacial shear stress, (MPa)

Figure 6 The relationship between interfacial shear stress and
fracture energy for matrix cracking in Nicalon/CAS over a range
of temperature differentials of (a) 250°C (b) 300°C, (c) 350°C,
(d) 400°C (e) 450°C and (f) 500°C. Note: The experimental
value refers to a combination of the interfacial shear stress
(15 MPa) and the experimentally observed matrix cracking
temperature.

The values of IT',,, however, are not the values often
quoted for glass-ceramics and are lower than those
measured for the bulk matrix material used in this
work. The upper limit of 25Jm™?2 is set by values
reported by other research groups for monolithic CAS
material and the lower limit of 9.5 Jm ™2 is that re-
ported by Curtin [34] in which the experimental data
on multiple matrix cracking obtained by Beyerle et al.
[6] was used to calculate the interfacial shear stress, T,
thus enabling a value for I, to be inferred from the
ACK model.

Matrix cracking was observed at a temperature
differential of 400°C and a value for the interfacial
shear stress at this temperature is assumed to be about
15 MPa (this is an average value for as-received ma-
terial from reference [29]). These values, also shown in
Fig. 6, indicate that for the modified ACK model to
predict an accurate severity of thermal shock for the
onset of matrix cracking in the unidirectional
Nicalon/CAS a matrix fracture energy of approxim-
ately 16 Jm ™2 would be required. A reduction in the
fracture energy from 25 Jm~ 2 for the monolithic CAS
material to 16 Jm ™2 for the matrix material may not
be unreasonable since it should be noted that the
fracture energies cited above were determined for
monolithic CAS.
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There are two possible reasons for the apparent
lower energy required to fracture the matrix of the
composite. Firstly, residual stress fields generated in
the matrix of the composite become increasingly
tensile as fibres are approached and secondly, micro-
structural changes occur. An even distribution of
nucleating agent in the monolithic material is
replaced by dispersion to grain boundaries in the
composite which may result in a change to the fracture
toughness.

Although more accurate determinations of inter-
facial shear stress and the fracture energy of the matrix
material would be necessary to make a detailed com-
parison between ACK and experimental values for
matrix cracking in the unidirectional reinforced com-
posite, Fig. 6 indicates clearly the interaction between
interfacial shear stress, fracture energy and the ther-
mal shock temperature differential.

7. Conclusions

Two types of matrix cracking occur in the unidirec-
tional composite when subjected to thermal shock,
a single crack on the cross-sectional faces and multiple
cracking perpendicular to the fibre direction. The fre-
quency of cracks in the perpendicular direction was
seen to be related to temperature, with the greatest
crack density being observed at intermediate temper-
ature differentials (AT = 550-750°C) and fibre frac-
ture occurring only at temperatures above this level.
Crack density data from thermal shock tests were
correlated with similar crack patterns seen under
mechanically applied tensile loading and appear con-
sistent with changes to the interphase expected to
occur in this type of composite at elevated temper-
atures.

A modified version of the ACK model is applicable
to the determination of the critical temperature differ-
ential for the onset of matrix cracking providing
values of some key parameters can be determined
independently.
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