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Finite element modelling of creep deformation in
fibre-reinforced ceramic composites

Y. H. PARK, J. W. HOLMES
Ceramic Composites Research Laboratory, Department of Mechanical Engineering and Applied
Mechanics, The University of Michigan, Ann Arbor, MI 48109, USA

The tensile creep and creep-recovery behaviour of a unidirectional SiC fibre-Si;N, matrix

composite was analysed using finite element techniques. The analysis, based on the elastic and
creep properties of each constituent, considered the influence of fibre-matrix bonding and

processing-related residual stresses on creep and creep-recovery behaviour. Both two- and three-
dimensional finite element models were ‘used. Although both analyses predicted similar overall
creep rates, three-dimensional stress analysis was required to obtain detailed information about
the stress state in the vicinity of the fibre-matrix interface. The results of the analysis indicate that

the tensile radial stress, which develops in the vicinity of the fibre-matrix interface after
processing, rapidly decreases during the initial stages of creep. Both the predicted and
experimental results for the composite show that 50% of the total creep strain which accumulated
after 200 h at a stress of 200 MPa and temperature of 1200 °C is recovered within 25 h of

unloading.

1. Introduction
Fibre-reinforced ceramic matrix composites (CMCs)
are under development for use in high-temperature
structural applications [1-4]. Owing to their recent
development, however, only a limited number of ex-
perimental investigations of tensile creep behaviour
have been conducted [5, 6]. Thus, very little is cur-
rently known about the influence of composite micro-
structure on creep behaviour. Because experimental
investigations of the elevated temperature creep beha-
viour of fibre-reinforced CMCs are costly and time-
consuming, there is a need first to understand and
predict the creep deformation behaviour of CMCs as
a function of the basic properties of each constituent.
Although the creep behaviour of metal matrix com-
posites reinforced with continuous fibres [7, 8] and
short fibres [9] has been modelled, the creep behavi-
our of continuous-fibre ceramic matrix composites
has not been addressed. The purpose of the present
paper is to discuss results obtained from a finite ele-
ment investigation of the tensile creep and creep-
recovery behaviour of a unidirectional SiC-fibre
Si;N4-matrix composite formed by hot-pressing (HP-
SiC/Si3Ny).

2. Modelling
2.1. Description of finite element mesh:

two- and three-dimensional analyses
2.1.1. Two-dimensional finite element

model

The fibre packing in unidirectional fibre-reinforced
ceramics can typically be idealized as either a hexa-
gonal or rectangular array. Microstructural investiga-
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tions of the unidirectional HP-SiC;/Si;N, composites
modelled in this study showed regions of both hexa-
gonal and rectangular fibre packing (Fig. 1). In the
present investigation, the fibre packing in HP-
SiC,/Si3 N, composites was approximated by a simple
rectangular array. It has been shown that the type of
fibre array has little effect on the stress—strain behavi-
our of continuous fibre-reinforced composites sub-
jected to uniaxial loading parallel to the fibre axis
[10].

Provided that the unit cell dimensions are small
compared with the dimensions of the structure, the
overall mechanical behaviour of a composite structure
can be modelled by use of a geometric unit cell. For
the two-dimensional analysis, a simplified coaxial cy-
lindrical unit cell was used to investigate the overall
creep behaviour of the composite. Fig. 2a shows the
simplified coaxial cylinder unit cell, and Fig. 2b shows
the equivalent two-dimensional axisymmetric model
which was used in the analysis. Because of symmetry,
it was only necessary to model one-half of the unit cell.
Two-dimensional, eight-node, quadrilateral axisym-
metric elements were used in the analysis. As shown in
Fig. 2b, the unit cell contains a fibre of radius a which
is surrounded by a matrix of radius b; The ratio a*/b*
corresponds to the volume fraction of the unit cell. In
reality, the structure of SCS-6 SiC fibres consists of
a graphite-coated carbon core, diameter ~ 33 um,
which is surrounded by a SiC sheath, outside diameter
142 pm. A thin ( ~ 3 um) carbon-rich layer is typically
applied to the SiC sheath. Under uniaxial tensile load-
ing, the stresses carried by the carbon core and the
carbon-rich layer are negligible because of their signi-
ficantly lower elastic modulus compared to SiC.
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Figure 1 Optical micrograph showing regions of both hexagonal
and rectangular fibre packing in HP-SiC,/Si;N, processed by hot-
pressing.
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Figure 2 (a) Simplified cylindrical unit cell representing a fibre (F)
and surrounding matrix (M) in a unidirectional fibre-reinforced
composite. (b) A two-dimensional axisymmetric model of the cylin-
drical unit cell showing the coordinate system and loading condi-
tions used in the analysis. (¢, d) Boundary conditions used in the
analysis: (¢) no lateral constraint, (d) lateral constraint (e.g. caused
by cooler non-deforming material outside the gauge section).

Hence, as a simplification, the SiC fibre was repres-
ented by a single cylinder with a diameter of 142 pm.
Fibre volume fractions of 15% and 30% were con-
sidered in the analysis.

It was assumed that the matrix was free of voids or
microcracking. It was further assumed that in the
absence of matrix cracking, no relative displacement
(sliding) occurs between the fibre and matrix. With
these assumptions, the axial stress in the fibre and
matrix is uniform (an isostrain condition exists). Inter-
action between the fibres can be simulated by appro-
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priate selection of boundary conditions on the outer
surfaces of the unit cell. The boundary conditions for
the two-dimensional model are (see Fig. 2c)

U,=0, 1=00onr=0 0<z<l (1a)
d
TU;=0, T=0,0nz=0, 0<r<b (1b)
du
— =0, =0, onr=5 0<:z<xl (1¢)
dt
U, =0, t=0,onz=1, 0<r<b (1d)

where U, and U, are the displacements in the axial
and radial directions, respectively, and 7 is the shear
stress which acts parallel to the fibre axis. A constant
average stress, o,, was remotely applied to the free end
of the unit cell in a direction parallel to the fibre axis.

In a creep test conducted with cold grips, very little
creep will occur in the cooler portions of the specimen
near the grips. Moreover, the constraint provided
from cooler portions of the specimen will tend to
restrict the lateral movement of fibres within the gauge
section. As an approximation, this constraint can be
modelled by constraining the edge of the unit cell
(which is physically located between two fibres, see
Fig. 3) to have zero lateral displacement; as shown in
Fig. 2d, the boundary condition along the edge of the
unit cell (r = b) becomes

U.=0, 1=0 on r=b, 0zl (le)

(note that the other boundary conditions given by
Equations 1a, b, and d remain unchanged). For all
analyses, a fibre length-to-diameter ratio of 4 was
used. This ratio was found to give results which were

similar to those obtained using larger length-
to-diameter ratios.

2.1.2. Three-dimensional finite

element model
In addition to the two-dimensional analysis described
above, a three-dimensional analysis was performed in
order to better understand the local stress distribution
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- see Fig. 24

Figure 3 Schematic representation of a cross-section through a uni-
directional composite. (—~-) The position of the finite element mesh
used in the analysis.



near the fibre/matrix interface, and to investigate the
effect that transverse loading has on creep behaviour.
The three-dimensional model assumed a rectangular
array of fibres. The mesh used in the three-dimen-
sional analysis is shown in Fig. 4. Three-dimensional
eight-node quadrilateral elements were used for the
majority of the mesh. To model the centre of the fibre,
three-dimensional six-node triangular elements were
used. The mesh contained a total of 800 elements. The
three-dimensional model retained the same volume
fraction and unit cell length as the two-dimensional
axisymmetric model described above. The loading
conditions and boundary conditions at the outer sur-
faces of the three-dimensional mesh were similar to
those used in the two-dimensional analysis.

2.2. Modelling interfacial behaviour

SCS-6 SiC fibres have a higher coefficient of thermal
expansion (CTE) than the Si;N, matrix [11, 12]. As
a consequence of this mismatch, radial tension devel-
ops normal to the fibre~matrix interface upon cooling
of the billets after processing. If the degree of chemical
bonding at the interface is weak, the radial tension
which develops during cooling can cause partial or
complete debonding along the fibre-matrix interface.
The initial interfacial stress state which exists in
a composite depends upon the fabrication route and
interfacial chemistry used to produce the composite.
For example, initial debonding in reaction-bonded
SiC;/Si;N, composites was observed by Laughner and
Bhatt [13]; whereas initial debonding was absent in
hot-pressed SiC¢SizN, composites investigated by
Holmes [6]. Results obtained from fibre push-out
tests show the existence of an interfacial shear stress in
SiC;/SisN,4 composites, even after complete debond-
ing along the interface has occurred [13, 14]. As noted
by Morscher et al. [14], this interfacial shear stress is
caused by surface roughness along the fibre-matrix
interface.

Interface \

Fibre Matrix
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In the present study, two idealized limiting cases of
interfacial bonding were considered: (i) perfectly
bonded fibre-matrix interfaces, and (ii) completely
debonded interfaces. In both cases, the interface was
assumed to be smooth. It was further assumed that
complete load transfer occurs outside the gauge-
section of the creep specimen. Thus, for a unit cell
located within the gauge section, the axial strain in the
fibre and matrix are the same, i.e. isostrain conditions
are present. Interface elements were used in the finite
element analysis [15]. These interface elements allow
both normal and shear stress to be transmitted along
the fibre-matrix interface (note that in the present
analysis the interfacial shear is zero because complete
load transfer is assumed to occur outside the gauge-
section).

3. Constitutive equations and
properties
As in metals, the creep rate of ceramics is a function of
applied stress, temperature, and time, i.e. £ =f(o, 7, t).
Because the creep strains in monolithic ceramics are
significantly smaller than those in metals, and are
further reduced by the presence of reinforcing fibres in
ceramic composites, the primary creep behaviour of
fibre-reinforced CMCs cannot be ignored. For many
ceramics, the steady-state creep rate can be described
by a simple power law function of the applied stress,
where the stress exponent depends upon the creep
deformation mechanism. Several experimental invest-
igations indicate that the steady-state creep behaviour
of whisker-reinforced CMCs [16, 17] and fibre-rein-
forced CMCs [5, 6, 18] can also be approximated by
a simple power law. Ceramics which do not exhibit
steady-state creep behaviour can sometimes be de-
scribed by viscoelastic or other anelastic equations.
The composite system chosen for the analytical
investigation was comprised of SCS-6 SiC fibres in
a hot-pressed Si;N, matrix. The analysis considered
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Figure 4 (a) Rectangular unit cell used in the three-dimensional finite element analysis of creep deformation. (b) Cross-sectional view through
the three-dimensional unit cell. The boundary conditions are similar to those used in the two-dimensional model.
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unidirectional reinforcement only. The creep behavi-
our of SCS-6 SiC fibres has been studied in detail by
Dicarlo [11]. For temperatures up to 1400°C, and
stress levels below 600 MPa, Dicarlo found an ap-
proximately linear dependence of creep strain on ap-
plied stress. Based upon the characteristic of anelastic
deformation, the creep deformation behaviour of SCS-
6 SiC fibres at constant temperature can be described
by the following equation

¢ = Ao ©)

where A is a stress-independent constant, and n and
m are constants ( — 1 < m < 0). Using Dicarlo’s data
[11], at 1200°C the constants in Equation 2 were
estimated as follows: n=1 m= —0.667, and
A=72x10"1*% (for o (Pa) and ¢ (s)). The non-zero
value of m suggests a continuously decreasing creep
rate with time (i.e. steady-state creep is absent). Notice
that Equation 2 can also be used to describe the
primary creep behaviour of the fibre.

For monolithic ceramics which exhibit steady-state
creep, the total creep rate, &., can be expressed as the
sum of the primary creep rate, &,, and the steady-state
creep rate, &, i.e.

g, = £, + & (3)

where £, = 0 in the steady-state region. Primary and
steady-state tensile creep data were not available for
the hot-pressed Si;N, matrix of the HP-SiCy/Si;Ny
composite which was experimentally investigated (the
matrix contained 5 wt % Y,0, and 1.25 wt % MgO
as sintering aids). For the temperature of interest, the
only available data for the primary creep of hot-
pressed Si;Ny is that given by Fett et al. [19] for
a 3 wt% MgO-HPSN. Fett et al’s [19] data were
obtained from four-point bending tests, and may
therefore underestimate the tensile creep rate of the
matrix. However, as discussed later, because the creep
rate of the fibre is much lower than that of the matrix,
the long-term creep rate of the composite is relatively
insensitive to the precise primary creep rate used in the
analysis.

As an approximation, the primary creep of the
Si;N, matrix was modelled using the following em-
pirical relationship which was proposed by Fett et al.

[19]

sz

Ci0"e, P (C,0" ~ &) (4)

To model the steady-state creep rate of the matrix,
temperature-compensated data given by Kossowsky
et al. [20] for HS-130 Si3N, (which does not contain
Y,03) at 1200°C was used. The steady-state creep

rate was modelled using a simple power law
4 = Bo" 3

From analysis of Kossowsky et al’s data [20], the
constants in Equation 5 were estimated as n = 2 and
B =2.833x1072% (for o (Pa) and ¢t (s)). The steady-
state creep data are valid for stresses between 70 and
110 MPa. In the analysis, it was assumed that the
same constants (n and B) hold for stresses below 70
MPa. Equations 2, 4 and 5 were implemented in the
commercial finite element code (ABAQUS) [15].
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Throughout the analysis, the hot-pressing temper-
ature was taken as 1700 °C (note that the hot-pressing
temperature influences the initial residual stress-state
of the composite).

Data for Young’s modulus, Poisson’s ratio, and the
coefficient of thermal expansion of SCS-6 SiC fibres
and hot-pressed SizN, were obtained from the experi-
mental results of other investigators [11, 12, 20]. At
1200°C, the data used in the analysis were E; = 367
GPa, E, =274 GPa, V; =03, V,=0.7, v, =017,
V=027 0, =55%x1079°C™}, o, = 3.2x1076°C,
where E is Young’s modulus, V'is volume fraction, v is
Poisson’s ratio, and o is the coefficient of thermal
expansion (the suffices f and m denote fibre and matrix,
respectively). To determine the validity of the finite
element model and the creep equations used for the
fibre and matrix, the finite-element model was as-
sumed to be homogeneous (either SiC fibre or mono-
lithic Si;N,) and the predicted creep behaviour was
compared with the known creep behaviour of each
constituent. In both cases, agreement was found be-
tween the finite element resuits and the experimental
results.

4. Experimental procedure

For comparison with the finite element results, a lim-
ited number of tensile creep and creep-recovery tests
were conducted using unidirectional HP-SiC/SizN,.
The composites were processed by two different tech-
niques: (1) dry-powder lay-up, and (2) tape casting.
For both fabrication routes, the composite was pro-
cessed with 30 vol% SCS-6 SiC fibres. The SizN,
matrix contained 5 wt % Y,05 and 1.25wt % MgO as
sintering aids. The dry-powder lay-up composite,
which was hot-pressed at 1700 °C, had a density close
to 99 % theoretical density for this system. The tape-
cast composite had a density of approximately 97 %.
All experiments were conducted on a servohydraulic
load frame fitted with self-aligning grips to minimize
the bending strains imposed on the specimen through
misalignment of the load train. Details of the testing
procedure and edge-loaded specimen geometry used
in the experiments can be found elsewhere [6, 18, 21].
The 1200 °C creep experiments were conducted in air
at an applied stress of 200 MPa, which is approxim-
ately 20 MPa above the proportional limit of the
dry-powder lay-up composite [18], but below that of
the tape-cast composite (see Fig. 5). (The proportional
limit is defined as the initial departure from linearity in
the monotonic tensile stress-strain curve. Physically,
the proportional limit corresponds to a detectable
amount of matrix cracking). After 200 h of creep, the
tape-cast specimens were unloaded to investigate the
creep-recovery behaviour of the composite (the speci-
mens were unloaded at a rate of 100 MPas™?).

5. Results and discussion

Fig. 6 shows the creep behaviour predicted for a HP-
SiC;/Si3;N, composite containing 30 vol % fibres. The
analysis was performed assuming a temperature of
1200°C and an applied stress of 180 MPa. There was
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Figure 5 Monotonic tensile behaviour of 0° HP-SiCy/SisNy
(30 vol %) tested in air at 1200 °C. To avoid creep deformation, the
tensile tests were conducted at a loading rate of 100 MPas ™ L.
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Figure 6 Comparison of the tensile creep behaviour of 0° HP-
SiC,;/SisN, (30 vol %) predicted using (—) two- and (- - -) three-
dimensional finite element models (the curves shown assumed per-
fect bonding along the interface). The deviation between the two
models was less than 1% for all strains.

typically less than a 1 % difference in the e~ curves
predicted using the two- and three-dimensional
models. Although the two- and three-dimensional
models provided similar results for overall creep beha-
viour, it was necessary to use a three-dimensional
analysis when accurate information concerning the
stress distribution in the composite was required. It
was also necessary to use a three-dimensional analysis
when considering biaxial loading histories. Compared
to the results obtained from an analysis where it was
assumed that only the fibres undergo primary creep,
when the primary creep of the matrix is included in the
model, the total creep strain of the composite increases
and the duration of primary creep is reduced (sec
Fig. 7). However, including the primary creep behavi-
our of the matrix does not significantly influence the
predicted quasi steady-state creep rate of the com-
posite. (The predicted creep behaviour of the com-
posite did not exhibit steady-state creep, but rather
a continuously decreasing creep rate. This result is
a consequence of the constitutive equation which was
used in the analysis for fibre behaviour, which exhib-
ited a continuously decreasing creep rate, i.e. exponent

0.4 — T T

0.3 T

Strain (%)

o 1 ! 1

100
Time (h)

150 200

Figure 7 Importance of including the primary creep behaviour of
both constituents. (—) Primary creep for both the fibre and matrix,
(-~ — -) primary creep for the fibre only. The analysis assumed
30vol % fibres.

m # 0 in Equation 2. For purposes of discussion, the
region over which the creep rate slowly decreases will
be referred to as the quasi steady-state regime.) In the
present analysis, all predictions include primary creep
for both the fibre and matrix. Unless otherwise noted,
the results presented were obtained from a two-dimen-
sional analysis with the boundary condition of no
lateral constraint along the sides of the mesh.

5.1. Influence of interface condition

Fig. 8 compares the difference in creep behaviour pre-
dicted for perfectly bonded and completely debonded
interfaces. In both cases, the applied stress was
180 MPa. For the case of perfect bonding, the residual
stresses developed upon cooling from the hot-pressing
temperature of 1700°C, to the creep temperature of
1200 °C, were included in the analysis (note that these
residual stresses are absent in the case of complete
debonding). For the case of perfect bonding, the con-
sideration of residual thermal stresses caused a large
decrease in the primary creep rate of the composite,
which significantly reduced the total creep strain at-
tained in 200 h (Fig. 8). This reduction in primary
creep rate is a consequence of the initial residual axial

0.4 T T T

0.3 F .

Strain (%)

100
Time (h)

150 200

Figure 8 Comparison of the tensile creep behaviour of HP-SiCy/
SizNy, (30 vol %) predicted for (- — -) perfectly bonded and (—)
debonded interfaces.
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compressive stress which develops in the matrix upon
cooling from the processing temperature. Although
the overall creep strain was larger for the debonded
case, the creep rates in the quasi steady-state region
were similar for perfectly bonded and debonded inter-
faces. This similarity in quasi steady-state creep rate is
attributed to the rapid relaxation of matrix stress,
which in both cases approaches nearly the same limit-
ing value within 50 h. The time-dependent change in
axial matrix stress near the interface is illustrated in
Fig. 9 for both the bonded and debonded interfaces.

5.2. Effect of fibre-reinforcement and
volume fraction

Fig. 10 compares the creep behaviour of monolithic
SiaN, with that predicted for unidirectional HP-
SiC; /SizN4 composites containing 15 and 30 vol %
SCS-6 SiC fibres (hereafter, a debonded interface was
assumed in the analysis). The comparison was made at
1200°C and an applied tensile stress of 180 MPa,
which is below the matrix cracking stress typically
found for both the tape-cast and dry-powder lay-up

200

initial stress
0 7 (debonded interface)
Initial compressive stress .
-50 upon cooling from 1700°C to 1200° C
(bonded interface)

Axial matrix stress (MPa)

0 10 20 30 40 50
Time (h}

Figure 9 Relaxation of axial stress in the matrix near the interface at
1200°C and 180 MPa: ((J) bonded, (O) debonded.
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Figure 10 Finite element results showing the effect of fibre-rein-
forcement and volume fraction on the creep deformation of
unidirectional HP-SiC,/Si; N, composites at 1200 °C and 180 MPa.
The creep behaviour of monolithic HP-Si3N, is shown for compari-
son. The creep of monolithic HPSN was modelled using Fett et al.’s
data [19] for primary creep and Kossowsky’s data [20] for steady-
state creep behaviour.
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systems (see Fig. 5). The analysis showed that the
creep rate of the composite was approximately one
order of magnitude lower than that of the monolithic
Si3N, used for comparison. For example, at 200 h, the
creep rates are 9.3x107°s™! for monolithic HP-
SisNy, 1.74 x 107° s7! for SiC,/Si;N, with ¥; = 0.15
and 8.3 x 1071%s 7 for SiC;/SisN, with ¥; = 0.3. The
significantly lower creep rate of the composite can be
attributed to load sharing between the fibre and the
matrix due to mismatch in their elastic moduli and
creep rates. An increase in the fibre volume fraction
from 15% to 30% resulted in a large decrease in creep
rate (approximately 50% at 200 h) and in total creep
strain (approximately 40% at 200 h).

Fig. 11 compares the predicted creep behaviour of
the composite with experimental results obtained at
1200°C and an applied stress of 200 MPa. The pre-
dicted quasi steady-state creep behaviour was in excel-
lent agreement with that found for the tape-cast com-
posite. The high level of agreement is attributed to the
uniform fibre distribution found in the tape-cast com-
posite, which provides a microstructure close to the
ideal fibre spacing which was assumed in the analysis.
In contrast, very poor agreement was found for the
dry-powder lay-up composite which exhibited a much
higher creep rate and failure within 150 h. This lack of
agreement is attributed to the non-uniform fibre dis-
tribution found in the dry-powder lay-up system
which can cause stress concentrations in the matrix
and early matrix cracking. For both systems the ana-
lysis underestimated the primary creep rate of the
composite. The apparent steady-state creep rate for
the dry-powder lay up composite (4.9 x 107° s!) was
approximately one order of magnitude higher than
that found for the tape-cast system (8.3 x 10719s71),

Owing to the absence of steady-state creep pre-
dicted from the analytical results, the creep rate at
a particular time and creep strain was evaluated to
determine the predicted stress dependence of creep
rate. Fig. 12 shows that the logarithmic stress depend-
ence of creep rate was 6.4 at a constant strain of
0.15%, and 1.1 at a constant time of 20 h, respect-
ively. The choice of a particular time did not alter the
stress exponent significantly, for example, n = 0.85 at
50h and n = 0.74 at 100 h.

0.6
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Strain (%)
o
w

0.1§ debonded  bonded
0 4 i 1 1
0 50 100 150 200
Time (h)
Figure 11 (- — -) Predicted creep behaviour of unidirectional HP-

SiCy/SizN, (30 vol%) compared with experimental results:
(O) tape-cast, ({1) dry-powder lay-up.
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Figure 12 Stress dependence of creep rate at 1200°C and (©) 0.15%
strain and () 20 h.

5.3. Influence of matrix creep rate

Fig. 13 shows the effect of changing the primary and
steady-state creep behaviour of the matrix on the
predicted creep behaviour of the composite. Decreas-
ing the primary creep rate of the matrix, while main-
taining the same steady-state creep behaviour, had
little effect on the quasi steady-state behaviour of the
composite. Decreasing the steady-state creep rate of
the matrix by 50%, while maintaining the same pri-
mary creep behaviour, decreased the quasi steady-
state creep rate of the composite by only 20% at 200 h
(see Fig. 13). This result illustrates the dominant effect
that the fibre properties can have on the creep rate of
fibre-reinforced CMCs. Moreover, these results sug-

7\,2

gest that significant reductions in the creep rate of the
matrix will have only a moderate effect on the quasi
steady-state creep rate of the composite (note in this
example that a 50% reduction in the steady-state
creep rate of the matrix decreased the creep rate of the
composite by only 20%). Assuming other variables
remain constant, larger reductions in creep rate can be
obtained by simply increasing the volume fraction of
fibres. For example, as noted in Séction 5.2, a 15%
increase in fibre content reduces the creep rate at 200 h
by more than 50% (see Fig. 10).

5.4. Stress distribution

Using a three-dimensional analysis, changes in the
axial and radial stress distributions in the fibre and
matrix which occur during creep deformation were
examined. The analysis assumed perfect bonding
along the fibre/matrix interface. As illustrated in
Fig. 14, the radial stress distribution along the inter-
face is very non-uniform. To understand the overall
changes in radial stress that occur during creep,
a simpler two-dimensional analysis was used. Upon

0.3 T T T

Strain (%)

0 1 { J
0 50 100 150
Time (h)

200

Figure 13 The effect of changing the primary and steady-state creep
rates of the matrix on the overall creep behaviour of HP-SiC,/Si; N,
(30 vol %). Between 100 and 200 h, decreasing the steady-state creep
rate of the matrix by 50 % reduces the quasi steady-state creep rate
of the composite by approximately 20 %. The analysis assumed
a temperature of 1200°C and stress of 180 MPa.

initial cooling from the processing temperature of
1700°C to the analysis temperature of 1200°C, an
axial residual compressive stress of 90 MPa (Fig. 9)
develops in the matrix; a corresponding axial tensile
stress of 210 MPa develops in the fibre. As a conse-
quence of the larger coefficient of thermal expansion of
the fibre, a radial tensile stress of 95 MPa develops at
the interface. This radial stress is of the same order of
magnitude as the stress (82 MPa) calculated from the
following analytical equation for the thermal residual
stress that develops normal to the fibre-matrix inter-
face, (The equation was derived assuming a simplified
coaxial composite cylinder [22])

_ Em Vm(af - 0(m)AT
o T TN — )

(6)

[2 _ <1 - %) (1= Vi) + Vi (Vs — Vi) — 2%(3 - 1)1/20 B ()

P = 0wt Vet

Ec = VfEf + VmEm (9)

where o, is the radial thermal stress at the interface,
and AT is the temperature difference upon cooling
from the processing temperature. For a creep stress of
180 MPa, the average radial stress at the interface
decreased from approximately 95 MPa to 85 MPa
upon initial loading, and relaxed to approximately
5 MPa after 20 h of creep {see Fig. 14). The tensile
radial stress at the bonded interface became compres-
sive after about 70 h of creep.

As noted earlier, for the limiting case of a perfectly
bonded interface, the two-dimensional model accu-
rately predicted the axial stresses in the fibre and
matrix (within 1% of the three-dimensional analysis),
but could not predict the radial and tangential stress
concentrations near the fibre/matrix interface (see
Fig. 14, also note that the two-dimensional axisym-
metric model assumes a uniform radial stress distribu-
tion). Knowledge of these stress concentrations
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Figure 14 Change in radial stress distribution in the fibre and matrix during tensile creep at a temperature of 1200 °C and an applied stress of
180 MPa. The analysis assumed a perfectly bonded interface. (a) ¢ = Oh (on cooling), (b) ¢ = Oh (on loading), () t = 20 h, (d) r = 50 h.
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Figure 15 Relaxation of radial stress at the interface at 1200 °C and
180 MPa: (O) bonded, (O) debonded, assuming no initial interface
separation.

is important for the development of models used to
predict the local interfacial fracture behaviour of
composites.

In the debonded two-dimensional model, the fibre
stress for an applied stress of 180 MPa and 30 vol%
fibres increased from 215 MPa upon initial loading, to
over 500 MPa after 200 h of creep. It should be noted
that the initial fibre stress of 215 MPa is below the
stress range for which Dicarlo’s data was experi-
mentally determined (278 < oy < 612 MPa). How-
ever, for the analysis discussed here, the fibre stress
increased to 280 MPa within 30 min of applying the
creep stress and remained, thereafter, within the stress
range for which Dicarlo’s data were valid.
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5.5. Influence of creep deformation on
interfacial separation

If weak bonding along the fibre/matrix interface exists,
the relatively large radial tension which develops at
the interface upon cooling from the processing tem-
perature could promote interfacial debonding. For
this situation, it is of interest to know how the initial
interfacial separation changes during creep. A simpli-
fied two-dimensional axisymmetric model was used to
investigate the radial separation of the interface. It was
assumed that complete debonding between the fibre
and matrix was initially present, and that thermoelas-
tic recovery of each constituent occurred upon
cooling.

The initial separation which exists at the interface in
the debonded model, is directly affected by the pro-
cessing and creep temperatures. Upon cooling of the
billets from 1700°C to 25°C, an interfacial gap of
0.28 um would exist; upon reheating to 1200 °C, the
gap would decrease to 0.063 um. For a boundary
condition where the side of the unit cell remains paral-
lel, but is permitted to move freely in the transverse
direction (see Fig. 2¢) the initial separation of 0.063 pm
would decrease to 0.058 pm immediately after applica-
tion of a 180 MPa tensile creep stress. The interfacial
gap would decrease to 0.03 pm after 200 h of creep (see
Fig. 16). However, upon unloading and cooling to
room temperature, the gap would increase to 0.27 pm.
If lateral constraint is applied to the sides of the unit
cell (e.g. from cold grips, see Fig. 2d), the initial separ-
ation of 0.063 um would increase to 0.078 pm upon
initial loading. The gap would increase to 0.23 pm
after 200 h of creep. Upon unloading and cooling to
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Figure 16 Interface separation normal to the fibre/matrix interface.
Two cases were considered: (1) no lateral constraint (the edge of the
unit cell remains plane, but is free to undergo lateral displacement)
and (2) constraint from cold grips (the edge of the unit cell is
constrained from lateral displacement). The analysis assumed an
initially debonded interface.

room temperature, the separation would increase to
0.9 um (see Fig. 16). This result (an increase in inter-
facial separation) is consistent with experimental re-
sults obtained by Holmes [6] for the creep testing of
HP-SiC;/Si3Ny at 1350°C.

For the case where the fibre and matrix are initially
in contact, and assuming boundary conditions where
the sides of the unit cell remain parallel but are permit-
ted to move freely in the transverse direction (this
would correspond to a hot-grip arrangement), the
debonded interface behaves like a bonded interface
under the same boundary condition. The reason for
this behaviour is due to the larger Poisson’s contrac-
tion and creep deformation of the matrix which keeps
the interface in contact with the fibre from the onset of
loading. In this case, the radial stress that develops at
the interface upon loading is always compressive due
to the larger Poisson’s ratio contraction of the matrix.
The magnitude of the radial compressive stress ini-
tially increases, and then gradually relaxes as creep
continues. The initial increase in compressive radial
stress is caused by the rapid primary creep rate of the
matrix. An investigation that considered a composite
system with a smaller Poisson’s ratio for the matrix
showed that the initial interfacial separation which
develops upon loading would decrease as creep con-
tinued. In this case, after contact, the debonded inter-
face would behave like an interface with frictional
sliding. The decrease in the interface gap can be at-
tributed to the rapid primary creep which occurs in
the matrix even at low stress levels. The rate at which
the interfacial gap decreases depends upon the differ-
ence in Poisson’s ratio and the primary creep rates of
the fibre and matrix.

5.6. Creep behaviour under biaxial loading

The influence of biaxial loading on the axial creep rate
of HP-SiC¢/Si;N, composites was numerically
studied. In the analysis, the axial stress was held con-
stant, and a transverse stress of different magnitudes
was applied to the composite. The analysis, conducted

at 1200°C, assumed perfect fibre-matrix bonding.
Fig. 17 shows the predicted effect of biaxial loading on
the tensile creep deformation of the composite. Main-
taining the stress parallel to the fibre axis constant, the
creep rate decreases as the transverse stress is in-
creased. For example, increasing the ratio of trans-
verse stress to axial stress from 0.67 to 1.0 decreases
the 200 h quasi steady-state creep rate of the com-
posite by approximately 11% and 20% of the rate for
uniaxial loading alone, respectively.

The axial creep rate of the composite is related to
the deviatoric stress (defined as oj; = o;; — 0y
8;; where oy, =1%o, (i, j= 1, 2, 3) is a hydrostatic
component of the stress); a decrease in deviatoric
stress reduces the overall tensile creep rate. Thus the
predicted reduction in creep rate as transverse loading
is applied is a consequence of the increase in hydros-
tatic tensile stress in the fibre and matrix. Compared
to its influence on quasi steady-state creep rate, biaxial
loading has a more significant influence on the pri-
mary creep rate of the composite. This difference can
be attributed to the fact that the stress redistribution
which takes place during creep will depend upon the
magnitude of the deviatoric stress in the matrix; dur-
ing primary creep the deviatoric stress changes rap-
idly. It should be noted that the presence of high
hydrostatic stresses can accelerate microstructural
damage such as the nucleation and growth of matrix
cavities [23]. Thus, although the creep rate is pre-
dicted to decrease under biaxial loading, it must be
kept in mind that the present analysis does not ac-
count for the influence of microstructural damage on
creep rate.

5.7. Recovery behaviour

Experimental results indicate that HP-SiC¢/Si3Ny
composites can undergo significant viscous or non-
clastic strain recovery upon removal of the creep

0.3 T T T

Strain (%)

0 ! 1 1

100
Time (h)

150 200

Figure 17 Effect of simultaneous transverse loading on the tensile
creep behaviour of unidirectional HP-SiCy/Si;N, (30vol %) at
1200°C. The three-dimensional analysis assumed a bonded inter-
face. Increasing the ratio of transverse stress to axial stress from 0.67
to 1.0 decreases the 200 h quasi steady-state creep rate of the
composite by approximately 11 % and 20% compared to uniaxial
loading alone. (—) Uniaxial, 180 MPa; (- — -} biaxial, G, = 180
MPa, Oyans = 120 MPa; (- --) biaxial, o, = 180 MPa,
Grans = 180 MPa.
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stress. For example, approximately 50% of the total
strain which exists after 200 h of creep at 1200 °C and
a stress of 200 MPa, was recovered within 25h of
unloading (see Fig. 18). This strain recovery is much
higher than the 5%-10% recovery observed by Arons
and Tien [24] for monolithic HPSN.

In the finite element analysis of recovery behaviour,
the external load was assumed to be instantaneously
removed. Immediately after unloading, the fibre and
matrix experience significant tensile and compressive
residual stresses, respectively (see Fig. 19). In the ana-
lysis, the compressive creep behaviour of the matrix
was modelled using the same constitutive equations
which were used to describe the tensile creep behavi-
our of the matrix prior to unloading. This assumption
is not strictly valid for HPSN, because creep rates in
tension are generally higher than those measured in
compression, e.g. by a factor of three for HS 130
HPSN [25]. Fig. 18 compares the predicted recovery
behaviour of HP-SiC,/Siz;N, with the recovery beha-
viour which was experimentally measured at a stress
of 200 MPa. Fair agreement is obtained between the
predicted and experimental recovery curves.

Fig. 19 shows the evolution of axial stresses in the
fibre and matrix before and after unloading for both
bonded and debonded interfaces. The large difference
in the stress state of the fibre and matrix found during
primary creep for the two interface conditions dimin-
ishes as the creep rate approaches the quasi steady-
state regime. Prior to unloading after 200 h of creep;,
the axial stresses in the fibre and matrix are indepen-
dent of the interfacial condition. Hence, similar elastic
and creep-recovery behaviour is predicted for both
cases. The magnitude of the elastic-recovery in the
fibre and matrix which occurs immediately after un-
loading was the same as that which occurs upon initial
loading. The reason for this is that the elastic moduli
of the fibre and matrix were assumed to be constant
during creep — in actual creep experiments the moduli
may decrease as a consequence of microstructural
damage accumulation.

According to Dicarlo [11], the creep and creep-
recovery behaviour of SCS-6 SiC fibres is entirely
anelastic for the stress and temperature ranges invest-
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Figure 18 Comparison of (- — -} predicted and (O} experimental
recovery behaviour of HP-SiC/Si3N, (30 vol %) at 1200°C and 200
MPa. Approximately S0 % of the total strain was recovered within
25 h of unloading.
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Figure 19 Change in axial stresses in the fibre and matrix during
tensile creep and creep-recdvery of HP-SiC;/Si;N, (30vol %)
bonded interface (@, fibre stress; 8, matrix stress) and debonded
interface (O, fibre stress; (1, matrix stress). The analysis assumed
a temperature of 1200°C and creep stress of 200 MPa.

igated. The controlling mechanism of creep in SCS-6
SiC fibres is grain-boundary sliding between B-SiC
grains which is limited in motion due to the build-up
of internal stresses in free silicon located at grain-
boundary intersections {11]. Internal stresses are de-
veloped either by B-SiC grain growth during the
chemical vapour deposition process or by the thermal
expansion mismatch between free silicon and B-SiC.
Upon unloading, the internal stresses force the grains
to slide back to their original positions resulting in
recovery of the fibres. According to Arons and Tien
[24], the recovery of monolithic HPSN, is controlled
by relaxation of intragranular elastic stresses which
are resisted by capillary adhesion of a glassy liquid-
phase at grain-boundary intersections. This recovery
behaviour can be modelled by a linear-viscoelastic
model with a spectrum of retardation times [24].

In addition to the intrinsic recovery of the constitu-
ent phases mentioned above, the present analysis
shows that recovery in fibre-reinforced CMCs is also
driven by changes in the residual stresses in the fibre
and matrix. The tensile residual stress which develops
in the fibres upon unloading would cause in situ tensile
creep of the fibres, whereas the compressive residual
stress which develops in the matrix upon unloading
leads to in situ compressive creep of the matrix. If the
compressive creep rate of the matrix is greater than
the tensile creep rate of the fibres, the composite will
tend to contract back toward its original position.
This contraction is accompanied by a redistribution of
stress between the fibres and matrix based upon
internal force equilibrium.

5.7.1. Implications of creep recovery on
post-creep tensile behaviour

The magnitude of the compressive residual stress in
the matrix will influence the monotonic tensile behavi-
our of the composite, For example, a high compressive
stress in the matrix will suppress matrix cracking,
causing an apparent increase in the proportional limit
of the composite. Moreover, for equilibrium, an in-
crease in compressive matrix stress must be balanced



by higher tensile stresses in the fibres. If the composite
strength is dominated by fibre strength, the higher
residual tensile stress in the fibres will lead to a de-
crease in the ultimate strength of the composite. After
creep deformation, the axial compressive stress which
exists in the matrix immediately after unloading is
higher (more compressive) than the compressive stress
present in a virgin specimen. Moreover, the tensile
stress in the fibres immediately after unloading is
higher than the tensile residual stress present in
virgin specimens (see Fig. 19). These predictions, based
upon the finite element results, are consistent with
recent experimental results which show that the pro-
portional limit increases, and the ultimate strength
decreases, after long-duration fatigue testing of uni-
directional HP-SiC;/Si, N, composites under a tensile
mean stress [18]. The present analysis also suggests
that after tensile creep (or fatigue loading under a ten-
sile mean stress), the proportional limit of HP-
SiCy/Siz N, will be lower than that for virgin material
if significant recovery has occurred prior to reloading
in monotonic tension (note that after unloading the
compressive residual stress in the matrix rapidly re-
laxes, see Fig. 19).

6. Conclusions

The tensile creep behaviour of a unidirectional HP-
SiC;/SisN, ceramic matrix composite was analysed
using finite element techniques. The following con-
clusions can be drawn regarding the tensile creep and
creep-recovery behaviour at 1200 °C.

1. For stress levels below the matrix cracking stress,
finite element techniques which utilize primary creep,
together with the elastic and steady-state creep prop-
erties of both constituents, can provide reasonable
predictions of tensile creep and creep-recovery behavi-
our.

2. Assuming perfect bonding in a three-dimen-
sional rectangular unit cell, local concentrations in the
radial and tangential stresses near the fibre/matrix
interface develop during long-term creep. Upon cool-
ing of the composite billets after processing, a tensile
radial stress develops in the vicinity of the interface.
This tensile residual stress rapidly relaxes during
creep.

3. During long term creep, the matrix sheds load to
the more creep resistant fibres. For hot-pressed SCS-6
SiC¢/Si;N, composites, reductions in overall creep
rate can be most readily accomplished by increasing
the volume fraction of fibres. The change in stress state
caused by load shedding can have a significant influ-
ence on post-creep tensile behaviour.

4. The simultaneous addition of a transverse load,
while maintaining the axial load constant, decreases
the overall axial creep rate of the composite. For
example, for equal biaxial stresses of 180 MPa, the
quasi steady-state creep rate ot the composite at 200 h
decreases by approximately 20% compared to
uniaxial loading alone.

5. Both the predicted and experimental results
showed that 50% of the total creep strain which accu-
mulated after 200 h at a stress of 200 MPa is recovered
within 25 h of unloading. This recovery is significantly
higher than the recovery which has been reported in
the literature for monolithic HPSN (NC 132). The
mechanism of creep-recovery in the composite is re-
lated to relaxation of the residual stresses which de-
velop in the fibre and matrix upon unloading.
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