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Treating fibrous composites with multilayered interfaces as a cylindrical assemblage
consisting of multiple coaxial circular cylinders, a model has been developed with which
the thermal stresses in such composites reinforced with axisymmetrically orthotropic
fibers, can be analytically calculated. The developed model is employed to examine the
influences of the volume fractions of the constituents as well as mechanical and physical
properties of the interfacial layers on the thermal stresses in the composites. For the
composites reinforced with different types of axisymmetrically orthotropic fibers, the
effects of the volume fractions of the constituents on the stresses in the composites are
different. The variety of mechanical and physical properties of the interfacial layers can
greatly change the stress distributions in the composites. Therefore, reasonable design
of the volume fractions of the constituents as well as mechanical and physical properties of
the interfacial layers can help reduce the thermal stresses in the composites and improve
the thermal mismatch of the composites under the thermal loading. C© 2003 Kluwer
Academic Publishers

1. Introduction
Fibrous composites, due to their potentially superior
properties at elevated temperatures, are viable candi-
dates for developing a new generation of propulsion
engines and structural components used in high-speed
civil transport. However, because of different mechani-
cal and physical properties of the constituents of fibrous
composites, different deformations will occur in these
constituents under a uniform temperature load, which
result in different stresses. The stresses from this ther-
mal mismatch may cause fiber breaks, debonds and
cracks at interface, and plastic deformations of interfa-
cial layers and matrix [1–3]. Plastic deformation may
produce some potentially undesirable outcomes such
as severely accelerated creep [2, 4], low cycle fatigue
of one phase or the entire composite [5], dimensional
instability [6, 7], or progressive sliding of one phase
past the other [8]. It can also alter the initial yield sur-
faces and subsequent hardening response [9, 10]. Radial
cracking at the fiber-matrix interface from circumferen-
tial thermal stresses during fabrication cool-down has
been found in certain types of material systems such
as silicon carbide-titanium aluminide composites [11].
Longitudinal and circumferential cracks at the fiber-
matrix interface are also a source of concern [12].

Due to the above reasons, the research on thermal
response of fibrous composites subjected to thermome-
chanical loading has become an active topic in compos-
ite mechanics, and some micromechanical models have

been developed to understand the influence of the con-
stituent properties on the evolution of thermal stresses.
Roughly, there are three types of models: simple mod-
els, composite cylinder models and periodic fiber array
models. The simple models utilized combinations of
the Reuss and Voigt hypotheses for the state of stress
and strain in the fiber and matrix phases. The periodic
fiber array models, simplifying the circular cross sec-
tion of the fibers as a rectangular cross section, modeled
the fiber distribution in the matrix with a regular rect-
angular array of parallel fibers [9].

Among the three modeling approaches, composite
cylinder models are most popular. Pagano and Tandon
[13, 14] developed a model to approximate the elas-
tic response of a composite body reinforced by coated
fibers oriented in various directions. Using a four con-
centric cylinder model consisting of innermost trans-
versely isotropic fiber, isotropic coating between the
fiber and matrix, isotropic matrix, and outermost trans-
versely isotropic composite, Mikata and Taya [15]
obtained the elastic stress field in coated continuous
fiber-reinforced composites under thermomechanical
loading. Later, this model and two concentric cylinder
model were employed to calculate the thermal resid-
ual stresses during the fabrication of Ni-coated carbon
fiber composites [16]. These research studies treated
the interfacial layer and matrix as fully elastic. In or-
der to investigate the deformations and stresses when
matrix becomes elastic-plastic, Zhang et al. [17] used
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a two concentric cylinder model together with the in-
crement theory of plasticity and obtained two partial
differential equations governing the deformation be-
havior of composites. However, these two partial dif-
ferential equations can only be solved numerically. In
order to tackle this problem, Tresca’s yield condition
was introduced to develop the governing equation of
a linear strain-hardening plastic coating [18] based on
the four concentric cylinder model proposed by Mikata
and Taya [15]. This approach was further extended to
consider the effect of the linear strain-hardening elastic-
plastic matrix on the deformations and stresses of the
composite [19].

In the above composite cylinder models, only
isotropic and transversely isotropic fibers were taken
into account and the interfacial layer was treated as
an isotropic or orthotropic coating. However, different
types of axisymmetrically orthotropic fibers and mul-
tilayered interfaces have been reported. In the work of
Avery and Herakovich [20], three types of axisymmetri-
cally orthotropic fibers were discussed and their effects
on the stresses in composites reinforced with such fibers
were examined. Their work simplified the composites
as a two concentric cylinder model and the interfacial
layer was not considered. Multilayered interfaces nor-
mally arise in two situations: One is due to the chem-
ical reaction at the fiber-matrix interface, the other is
to introduce deliberately multiple coatings to improve
the properties of the composites. DiCarlo [21], Wawner
[22] and Lerch et al. [23] indicated that certain types of
silicon carbide fibers used in SiC-Ti composites, such
as the SCS6 fiber, consist of at least five concentric
isotropic and orthotropic interfacial layers. Such com-
posites with multilayered interfaces can be simplified
as a multiple concentric cylinder model. By modifying
the model of Mikata and Taya [15], Warwick and Clyne
[24] proposed a system composed of a set of coax-
ial cylinders and applied it to SiC monofilament sys-
tems. Different types of axisymmetrically orthotropic
fibers were not discussed and all the constituents of
the composites were treated as fully elastic in their
paper. Adopting the basic assumptions of Avery and
Herakovich [20] and introducing the increment theory
of plasticity, Pindera et al. [25] developed an iterative
resolution method to determine the deformations and
stresses in the composites. The matrix and interfacial
layers of the composites have the property of a strain-
hardening, elastic-plastic, von Mises solid and the core
of the fibers is elastic and isotropic.

Using a different approach from that given in [20],
in this paper, we will introduce a new analytical solu-
tion of deformations and stresses of continuous fiber-
reinforced composites subjected to a uniform temper-
ature change and employ it in the composites with
multilayered interfaces. Although the plasticity of the
interfacial layers and matrix has an obvious influence
on the size of the deformations and stresses of the com-
posites, our previous investigation indicates that the
stress distribution in the composites with an elastic in-
terfacial layer and matrix is similar in nature to that
with an elastic-plastic interfacial layer and matrix [18].
Therefore, for the sake of simplicity, we can use a fully

Figure 1 Composite model of multiple coaxial circular cylinders.

elastic model consisting of multiple concentric cylin-
ders to investigate the thermal response of composites
with axisymmetrically orthotropic fibers and multilay-
ered interfaces. In the following, we firstly introduce
such a model and its theory development.

2. Model and theory development
As shown in Fig. 1, the composites, consisting of an
inner fiber, N middle interfacial layers, and an outer
matrix subjected to a uniform temperature change, can
be simplified as a concentric cylinder model where r0
stands for the outer radius of the inner fiber, r1 for the
first interfacial layer, ri for the i th interfacial layer, rN

for the last interfacial layer, and rN+1 for the outermost
matrix.

Subject to a uniform temperature change, the defor-
mations and stresses of the composites, consisting of
an innermost axisymmetrically orthotropic fiber, mid-
dle multilayered interfaces and an outermost isotropic
matrix, are axisymmetric. Without considering shear
stresses, and denoting the radial displacement with u,
the strain-displacement relationship can be written as

εr = du

dr

εθ = u

r

(1)

Using ci j (i, j = θ, r, z) to represent the stiffness co-
efficients, the elastic stress-strain relation for the ax-
isymmetrically orthotropic fiber and interfacial layers
has the form of

σr =
∑

j=r,θ,z

cr j (ε j − α j�T )

σθ =
∑

j=r,θ,z

cθ j (ε j − α j�T )

σz =
∑

j=r,θ,z

cz j (ε j − α j�T )

(2)

where αr , αθ and αz are the thermal expansion coef-
ficients of the fiber and interfacial layers along radial,
circumferential and axial directions, respectively, and
�T is the temperature change.

For the isotropic elastic matrix, the stiffness coef-
ficients of the composites in the above equations can
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be determined with two constants: Young’s modulus E
and Poisson’s ratio ν.

According to the theory of axisymmetric problems,
the stress equilibrium of the composites can be de-
scribed with the following equations

dσr

dr
+ σr − σθ

r
= 0

dσz

dz
= 0

(3)

The second of Equation 3 gives a constant axial
stress. For the i th constituent, this constant stress is
assumed to be ai . Substituting it into the third of
Equation 2 and solving for the axial strain εz , the re-
lation among the axial strain εz and the radial and cir-
cumferential strains is determined. Then substituting εz

into the first two of Equation 2, making use of Equation
1 to remove radial and circumferential strains, and sub-
stituting the radial and circumferential stresses into the
first of Equation 3, we obtain an ordinary differential
equation whose resolution gives the following radial
displacement u

ui = ai Dir + bir
λi1 + cir

λi2 + Fir (4)

where

λi1,i2 = ±
√

czzi cθθ i − czθ i cθ zi

czzi crri − czri crzi

Di = crzi − cθ zi

Gi

Fi = (Hiαθ i + Liαri )�T

Gi
(5)

Gi = czzi cθθ i + czri crzi − czzi crri − czθ i cθ zi

Hi = czzi cθθ i + czθ i crzi − czzi crθ i − czθ i cθ zi

Li = czzi cθri + czri crzi − czzi crri − cθ zi czri

and ai , bi and ci are the unknown constants, the sub-
script i = 0 stands for the fiber, and i = 1, 2, . . . , N
for the i th interfacial layer.

The radial and circumferential strains can be deter-
mined from Equation 1 according to the known radial
displacement u. The axial strain can be determined as
follows by substituting the radial and circumferential
strains into the third of Equation 2

εzi = Ai1ai + Ai2bir
λi1−1 + Ai3cir

λi2−1 + Ai4 (6)

where

Ai1 = 1 − Di (czθ i + czri )

czzi

Ai2 = −czθ i + λi1czri

czzi

Ai3 = −czθ i + λi2czri

czzi
(7)

Ai4 = 1

czzi
(czθ iαθ i + czriαri + czziαzi )�T

− Fi (czθ i + czri )

czzi

All the stresses can be obtained by substituting the
radial, circumferential and axial strains into Equation 2
which can be written as

σri = Ai5ai + Ai6bir
λi1−1 + Ai7cir

λi2−1 + Ai8

σθ i = Ai9ai + Ai10bir
λi1−1 + Ai11cir

λi2−1 + Ai12 (8)

σzi = ai

where

Ai5 = crzi

czzi
+ Di

[
crθ i + crri − crzi

czzi
(czθ i + czri )

]

Ai6 = crθ i + λi1crri − crzi

czzi
(czθ i + λi1czri )

Ai7 = crθ i + λi2crri − crzi

czzi
(czθ i + λi2czri )

Ai8 = Fi

[
crθ i + crri − crzi

czzi
(czθ i + czri )

]

+
[

crzi

czzi
(czθ iαθ i + czriαri )

− (crθ iαθ i + crriαri )

]
�T

Ai9 = cθ zi

czzi
+ Di

[
cθθ i + cθri − czθ i

czzi
(cθ zi + czri )

]

Ai10 = cθθ i + λi1cθri − czθ i

czzi
(cθ zi + λi1czri )

Ai11 =
[

cθθ i + λi2cθri − czθ i

czzi
(cθ zi + λi2czri )

Ai12 = Fi

[
cθθ i + cθri − czθ i

czzi
(cθ zi + czri )

]

+
[

cθ zi

czzi
(czθ iαθ i + czriαri )

− (cθθ iαθ i + cθriαri )

]
�T (9)

Similarly, with the Young’s modulus Em and Pois-
son’s ratio vm where the subscript m represents the ma-
trix, we can determine the concrete forms of stiffness
coefficients of the matrix. Then following the above
treatment, the radial displacement, and strain and stress
components of the matrix can be obtained. Some of
them are given below.

uN+1 = bN+1r + cN+1r−1 (10)

εzN+1 = 1 − vm − 2v2
m

(1 − vm)Em
aN+1

− 2vm

1 − vm
bN+1 + 1 + vm

1 − vm
αm�T (11)

2965



σrN+1 = vm

1 − vm
aN+1 + Em

1 − vm
bN+1

− Em

1 + vm
cN+1r−2 − Em

1 − vm
αm�T

σθN+1 = vm

1 − vm
aN+1 + Em

1 − vm
bN+1 (12)

+ Em

1 + vm
cN+1r−2 − Em

1 − vm
αm�T

σzN+1 = aN+1

For the composites consisting of an inner fiber, N
middle interfacial layers, and an outer matrix, there are
3(N + 2) unknown constants in Equations 4, 6, 8, 10,
11 and 12. The conditions determining these unknown
constants are:

1. at the center of the cross section of fibers, the radial
displacement cannot be an infinitely big value, i.e.,

u0 is a bounded value at r = 0 (13)

2. at the interface between the i th interfacial layer
and (i + 1)th interfacial layer including the innermost
fiber and outermost matrix, the radial displacement, ax-
ial strain and radial stress should have the same values,
i.e.,

ui = ui+1, εzi = εzi+1, σri = σri+1 at r = ri

(i = 0, 1, 2, . . . , N ) (14)

3. at the outer radius of the outermost matrix, the
radial stress is zero, i.e.

σr N+1 = 0 at r = rN+1 (15)

4. along the axial direction of the fiber, there is no
externally applied axial force, i.e.,

∫ r0

0
σz0rdr +

N−1∑
i=0

∫ ri+1

ri

σzi+1rdr

+
∫ rN+1

rN

σzN+1rdr = 0 (16)

T ABL E I Mechanical and physical properties of fiber and matrix

NOM Ez (GPa) Eθ (GPa) Er (GPa) vzθ vzr vθr αz (10−6/◦C) αθ (10−6/◦C) αr (10−6/◦C)

FTF 220 220 27.5 0.2 0.25 0.25 0.28 0.28 5.56
STF 220 27.5 220 0.2 0.25 0.025 0.28 5.56 0.28
TTF 220 27.5 27.5 0.2 0.2 0.25 0.28 5.56 5.56
Matrix 34.5 34.5 34.5 0.12 0.12 0.12 1.11 1.11 1.11

T ABL E I I Mechanical and physical properties of interfacial layers

NOIL Ez (GPa) Eθ (GPa) Er (GPa) vzθ vzr vθr αz (10−6/◦C) αθ (10−6/◦C) αr (10−6/◦C)

1st 170 7 170 0.08 0.19 0.04 1.8 28 1.8
2nd 410 410 180 0.2 0.25 0.25 2.5 2.5 6
3rd 310 60 60 0.15 0.15 0.2 1.5 7.5 7.5
4th 80 80 80 0.3 0.3 0.3 8 8 8

Substituting the radial displacements, axial strains,
radial stresses and axial stresses of the fiber, interfacial
layers and matrix into the above Equations 13 to 16, we
obtain 3(N +2) linear algebra equations whose resolu-
tion determines 3(N +2) unknown constants ai , bi and
ci (i = 0, 1, 2, . . . , N +1). The substitution of these un-
known constants into Equations 4, 8, 10 and 12 gives
the radial displacement, and radial, circumferential and
axial stresses.

3. Numerical applications
With the above-developed method, in this section, we
investigate the stresses in composites consisting of an
axisymmetrically orthotropic fiber, 4 interfacial lay-
ers and a matrix. Three types of axisymmetrically or-
thotropic fibers were considered. For the first type of
fibers (FTF), the Young’s moduli and thermal expan-
sion coefficients in the circumferential and axial direc-
tions are the same. For the second type of fibers (STF),
these material properties in the radial and axial direc-
tions are the same. For the third type of fibers (TTF),
the material properties in radial and circumferential di-
rections are the same. The outermost matrix was treated
as isotropic. The mechanical and physical properties of
the fiber and matrix were given in Table I where NOM
represents the number of the constituent materials. The
innermost three interfacial layers were also taken to be
axisymmetrically orthotropic and the outermost inter-
facial layer was taken to be isotropic. Their mechanical
and physical properties were given in Table II where
NOIL stands for the number of the interfacial layers.
The externally applied load is a uniform temperature
increase �T = 500◦C.

The effect of the different volume fractions of the
constituents on the thermal stresses in the composites
is first examined. For doing this, three cases of different
volume fractions were taken into account. The corre-
sponding outer radii of the fiber, interfacial layers and
matrix were listed in Table III, and their volume frac-
tions were given in the parentheses of the table. It can
be seen that the interfacial layers have the same volume
fractions for Case I and Case II. However, the volume
fraction of the fiber was increased and the volume frac-
tion of the matrix was decreased from Case I to Case II.
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T ABL E I I I Outer radii and volume fractions of the constituents of composites

Case r0 (µm) r1 (µm) r2 (µm) r3 (µm) r4 (µm) r5 (µm)

I 20 (0.16) 23 (0.0516) 26 (0.0588) 29 (0.066) 32 (0.0732) 50 (0.5904)
II 26 (0.2704) 28.37 (0.0516) 30.85 (0.0588) 33.42 (0.066) 36.05 (0.0732) 50 (0.4802)
III 26 (0.2704) 30.56 (0.1032) 35.04 (0.1176) 39.47 (0.132) 43.86 (0.1464) 50 (0.2305)

For Case II and Case III, the volume fraction of the fiber
was kept unchanged, but the volume fractions of the in-
terfacial layers were doubled and the volume fraction
of the matrix was further reduced.

For the composite reinforced with the first type of
fibers (FTF), the obtained circumferential and axial
stresses were given in Figs 2a and b, respectively where,
I, II and III stand for Case I, Case II and Case III
in Table III respectively, and FTF indicates that the
composite is reinforced with the first type of axisym-
metrically orthotropic fibers. Since the radial stress is
very small compared to the circumferential and axial
stresses, it is not given here for saving space. Clearly,
different volume fractions result in different circumfer-
ential and axial stresses. Increasing the volume fraction
of the fiber and keeping the volume fractions of the in-
terfacial layers unchanged, the maximum circumferen-
tial and axial stresses in the fiber decrease, but those
(their absolute values) in the interfacial layers increase
slightly. Oppositely, raising the volume fractions of the
interfacial layers increases the maximum circumferen-
tial and axial stresses in the fiber, but reduces those in
the interfacial layers. Due to the highest axial Young’s
modulus of the 2nd interfacial layer among all the inter-
facial layers and lower axial thermal expansion coeffi-
cients of its neighboring interfacial layers, the absolute
value of its axial stress is larger than those of its neigh-
boring interfacial layers. Due to the very big differences
of the axial Young’s moduli and axial thermal expan-
sion coefficients between the 3rd and 4th interfacial

(a)

(b)

Figure 2 (a) Circumferential stresses in composites with FTF (The prop-
erties of the interfacial layers are from Table 2) and (b) Axial stresses in
composites with FTF (The properties of the interfacial layers are from
Table 2).

layers, a very big jump of axial stresses occurs between
these two interfacial layers. In contrast, the differences
of circumferential Young’s moduli and circumferential
thermal expansion coefficients between these two in-
terfacial layers are small. Consequently, a small jump
of the circumferential stresses occurs between these
two interfacial layers. Because of the big differences of
the thermal expansion coefficient and Young’s modulus
between the 4th interfacial layer and matrix, very big
jumps of the axial and circumferential stresses occur
between them.

For the composite reinforced with the second type
of fibers (STF), the calculated radial, circumferential
and axial stresses were depicted in Fig. 3a, b and c,
respectively where STF means that the composite is
reinforced with the second type of axisymmetrically
orthotropic fibers. Same as above, the volume fractions
have an obvious effect on the stresses in the compos-
ite. When the volume fraction of the fiber is increased,

(a)

(b)

(c)

Figure 3 (a) Radial stresses in composites with STF (The properties of
the interfacial layers are from Table 2), (b) Circumferential stresses in
composites with STF (The properties of the interfacial layers are from
Table 2) and (c) Axial stresses in composities with STF (The properties
of the interfacial layers are from Table 2).
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(a)

(b)

Figure 4 (a) Circumferential stresses in composites with TTF (The prop-
erties of the interfacial layers are from Table 2) and (b) Axial stresses in
composites with TTF (The properties of the interfacial layers are from
Table 2).

the axial stress in the fiber is decreased, but the max-
imum radial and circumferential stresses in the fiber
are obviously increased. The maximum circumferen-
tial and axial stresses in the interfacial layers also have
a small increase. When the volume fractions of the in-
terfacial layers go up, all the stresses in the fiber rise
noticeably, but the maximum circumferential and ax-
ial stresses in the interfacial layers drop. Unlike the
composite reinforced with the first type of axisymmet-
rically orthotropic fibers, the maximum radial stress
in the fiber for the composite reinforced with the sec-
ond type of axisymmetrically orthotropic fibers is the
largest among all the stresses in the composite. There-
fore, for the composite reinforced with the second type
of axisymmetrically orthotropic fibers, small volume
fractions of the interfacial layers and thin fibers can ef-
fectively lower the maximum radial stress in the fiber
and improve the loading capacity of the composite.

For the composite reinforced with the third type of
fibers (TTF), the obtained circumferential and axial
stresses were shown in Fig. 4a and b where TTF denotes
that the composite is reinforced with the third type of
axisymmetrically orthotropic fibers. Due to the same
reason, the radial stress in not provided here. Raising
the volume fraction of the fiber reduces the axial stress,
affects little the circumferential stress in the fiber. In
addition, it slightly increases the maximum circumfer-
ential and axial stresses in the interfacial layers. Except
for obvious influences on the axial stress in the fiber,
the volume fractions of the interfacial layers have a

T ABL E IV Modified mechanical and physical properties of interfacial layers

NOIL Ez (GPa) Eθ (GPa) Er (GPa) vzθ vzr vθr αz (10−6/◦C) αθ (10−6/◦C) αr (10−6/◦C)

1st 70 7 70 0.08 0.19 0.04 1.8 6 1.8
2nd 130 130 100 0.2 0.25 0.25 2.5 2.5 6
3rd 120 60 60 0.15 0.15 0.2 1.5 7.5 7.5
4th 50 50 50 0.3 0.3 0.3 2 2 2

very small effect on the circumferential stress in the
fiber. Doubling the volume fractions of the interfacial
layers, the axial stress in the fiber and the maximum
circumferential stress in the interfacial layers increase,
but the maximum axial stress in the interfacial layers
decreases. Since the circumferential thermal expansion
coefficients of the 1st and 3rd interfacial layers are far
higher than that of the 2nd interfacial layer, larger cir-
cumferential thermal deformations occur in the 1st and
3rd interfacial layers which pull the 2nd interfacial layer
along the circumferential direction leading to the very
large tensile circumferential stresses in the 2nd inter-
facial layer. The high axial stress in the 4th interfacial
layer is mainly due to the big differences of Young’s
moduli and thermal expansion coefficients between the
4th interfacial layer and the matrix.

Due to the very low Young’s modulus of the matrix,
the varieties of the volume fractions of the constituents
basically have no influences on all the stresses in the ma-
trix for the composites reinforced with the three types
of axisymmetrically orthotropic fibers. For all the com-
posites discussed above, all the stresses in the interfa-
cial layers differ from each other greatly because of the
different mechanical and physical properties of these
interfacial layers.

The differences of mechanical and physical prop-
erties between the fiber, interfacial layers and matrix
given by Tables I and II are noticeable. As a result,
high thermal mismatch stresses appear in the compos-
ites. In the following, we will indicate how different
mechanical and physical properties of the interfacial
layers affect the stress distributions of the composites.
For doing this, we made four changes for the mechan-
ical and physical properties of interfacial layers given
in Table II. Firstly, the thermal expansion coefficients
in the interfacial layers adjacent to the fiber and matrix
were taken to be close to those of the fiber and matrix.
Secondly, axial and radial Young’s moduli of the 1st in-
terfacial layer were greatly decreased to make it deform
more easily. Thirdly, the differences of Young’s mod-
uli between the 4th interfacial layer and matrix were
dropped. Fourthly, the large Young’s moduli in the 2nd
and 3rd interfacial layers were lowered to reduce the
differences of Young’s moduli between the interfacial
layers. The modified mechanical and physical proper-
ties of the interfacial layers were given in Table IV. The
obtained stresses were depicted in Figs 5 to 7 for the
composites reinforced with the first, second and third
types of axisymmetrically orthotropic fibers, respec-
tively. Same as above, the radial stress in the compos-
ites reinforced with the first and third types of axisym-
metrically orthotropic fiber, respectively, is very small
compared with the circumferential and axial stresses;
it is not given here.
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(a)

(b)

Figure 5 (a) Circumferential stresses in composites with FTF (The pro-
perties of the interfacial layers are from Table 4) and (b) Axial stresses
in composites with FTF (The properties of the interfacial layers are from
Table 4).

(a)

(b)

(c)

Figure 6 (a) Radial stresses in composites with STF (The properties of
the interfacial layers are from Table 4), (b) Circumferential stresses in
composites with STF (The properties of the interfacial layers are from
Table 4) and (c) Axial stresses in composites with STF (The properties
of the interfacial layers are from Table 4).

Comparing Fig. 2 with 5, 3 with 6, and 4 with 7,
three conclusions can be drawn. Firstly, the maximum
stresses in the fiber for the three types of the composites
have been obviously decreased after using the modified
mechanical and physical properties. The reasons for this

(a)

(b)

Figure 7 (a) Circumferential stresses in composites with TTF (The pro-
perties of the interfacial layers are from Table 4) and (b) Axial stresses
in composites with TTF (The properties of the interfacial layers are from
Table 4).

are obvious. The circumferential thermal expansion co-
efficient of the 1st interfacial layer was reduced from
28×10−6/◦C to 6×10−6/◦C which is closer to that of
the fiber. The small discrepancy of the thermal expan-
sion coefficients between the fiber and the 1st interfacial
layer caused small deformation differences. Moreover,
the axial and radial Young’s moduli of the 1st interfacial
layer were decreased from 170 GPa to 70 GPa. They
applied a smaller restraint force to the fiber leading to
smaller stresses in the fiber. Secondly, the differences of
the circumferential and axial stresses between the 4th
interfacial layer and matrix become much smaller after
the application of the modified mechanical and phys-
ical properties of the interfacial layers. The decrease
of the thermal expansion coefficients of the 4th inter-
facial layer from 8 × 10−6/◦C to 2 × 10−6/◦C lowers
the thermal deformation discrepancy between the 4th
interfacial layer and matrix, and Young’s modulus of
the 4th interfacial layer approaching that of the matrix
makes them have a closer deformation resistance re-
sulting in the small stress differences. Finally, the stress
variety between different interfacial layers was reduced
greatly and the maximum stresses in the interfacial lay-
ers were lowered dramatically since the discrepancies
of Young’s moduli between the interfacial layers be-
come much smaller and the maximum difference of the
thermal expansion coefficients between them is notice-
ably decreased.

It should be pointed out that the influences of me-
chanical and physical properties of the interfacial lay-
ers on the stresses in the composites are complicated.
How to properly combine them with those of the fiber
and matrix is an important issue for the design of such
composites. Optimization techniques can be employed
to obtain a more reasonable design of the mechanical
and physical properties of interfacial layers, fiber and
matrix for reducing the thermal mismatch of different
constituents and improving the stress distributions in
the composites.
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4. Conclusions
In this paper, we have presented a micromechanics
model to carry thermal analysis of composites rein-
forced with axisymmetrically orthotropic fibers. Mul-
tilayered interfaces can be analytically dealt with using
the proposed model.

Applying the developed model, we examined how
different volume fractions of the constituents affect the
thermal stresses in the composites. For the composites
reinforced with different types of axisymmetrically or-
thotropic fibers, the effects of different volume fractions
of the constituents on the stresses in the composites are
different. For the composite reinforced with the first
type of axisymmetrically orthotropic fibers, large vol-
ume fraction of the fiber and low volume fractions of the
interfacial layers can reduce the maximum circumfer-
ential and axial stresses in the fiber. However, they will
increase circumferential and axial stresses in the inter-
facial layers. For the composite reinforced with the sec-
ond type of axisymmetrically orthotropic fibers, the ra-
dial stress in the fiber is the largest among all the stresses
in the composite. Small volume fractions of the fiber
and interfacial layers can greatly lower the maximum
value of the radial stress. For the composite reinforced
with the third type of axisymmetrically orthotropic
fibers, small volume fraction of the fiber can raise the
axial stress in the fiber, but reduced the circumferential
and axial stresses in the interfacial layers. Increasing
the volume fractions of the interfacial layers, the axial
stresses in the fiber and the maximum circumferential
stress in the interfacial layers will increase, but the max-
imum axial stress in the interfacial layers will decrease.

We have also discussed how mechanical and physi-
cal properties of the interfacial layers affect the stress
distributions in the composites reinforced with differ-
ent types of axisymmetrically orthotropic fibers. It is
found that different mechanical and physical proper-
ties of interfacial layers can greatly change the stresses
in the composites. In order to reduce the stresses in the
fiber and interfacial layers, and the stress differences be-
tween the constituents, the interfacial layers with low
Young’s moduli should be employed and the thermal
expansion coefficients of the interfacial layers adjacent
to the fiber and matrix should not be far higher or lower
than those of the fiber and matrix, respectively.
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