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Abstract

Structures made of fiber reinforced composites have captured extensive attentions in the scientific
and engineering communities due to their excellent performance and applicability. When these
structures are in service, they are likely exposed to variations of ambient temperature that may have
an impact on their strength. To study this effect, a coupled thermo-mechanical model is required.
This paper develops a microscopic mechanical model to investigate failure of composite structures
subjected to a coupled thermo-mechanical condition. Stiffness degradations of composite laminates
are first investigated. A comparison between experimental data and theoretical results under the
quasi-static loadings are presented to validate the proposed method. The method provides detailed
microscopic stress distribution of the composites under the coupled thermo-mechanical loading for
failure analysis, which shows that a higher ambient temperature variation will generally cause
stiffness degradation and failure strength for both uniaxially and biaxially loaded laminates.

Keywords: Composites, failure strength, thermo-mechanical failures, micromechanics.
1. Introduction

Composite materials have been widely used in aviation and wind turbine industry over the past
decades [1-3] due to their relatively lower cost and higher performance. However, as any other
engineering materials, structural failure of composites occurs when they are subjected to mechanical
loading, especially, under varying environmental conditions, such as changes in temperature. For
instance, a wind turbine is normally subjected to repeated changes in temperature due to temperature
variations between day and night. Therefore, how to accurately predict failure of composite
materials with consideration of temperature variations has become an attractive, but challenging
subject [4].

Studies on coupled thermo-mechanical responses of materials, which play an important role in
structural health monitoring and optimal design of composites, have attracted great interests from
both engineers and academic researchers [5-7]. Discussions on the effects of thermal stresses [8-9],
thermal aging [10-12], sintering temperature [13] and thermal expansion [14] on the properties of
composite materials have been reported by many investigators. Based on the scanning electron
microscope (SEM) micrographs, Li et al. [15] studied the failure mechanisms of composite materials
at room and elevated temperatures. Yang et al. [16] investigated transverse tensile behavior of
carbon fiber-reinforced composites by experimental and theoretical methods at five different
ambient temperatures. The results shown that transversal failure modes depended closely on the
residual thermal stresses. Hu et al. [17] studied the influence of fiber contents and carbon nanotubes
coatings on the mechanical and thermal properties of composites. The experimental results indicated
that an increase of carbon fiber content will effectively enhance the tensile and flexural properties,
as well as the hardness of composites. Composite structures are normally exposed to long-term
thermo-mechanical loading environment, and likely to experience temperature-dependent failures.
However, most of the studies on thermal-mechanical properties of composite materials are limited
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to investigating mechanical responses of the materials under external loadings coupled with a
constant temperature.

Investigations on coupled thermomechanical properties of composites have been recently
reported by Benelfellah, Sun and Farzad [18-20]. Based on the micromechanical theory, Ahmadi
[21] studied failure behavior of composite materials subjected to mechanical and thermal loadings,
where the numerical results agreed well the experimental studies. Leclerc et al. [22] proposed a
discrete element method to simulate thermal-induced damages in composites. The coupled
thermomechanical properties of 3D braided composite materials under impact loading were
investigated by Liu [23]. It was revealed that plastic strain energy increased with braiding angle.
Zhang and Yang [24-26] investigated bending, stiffness degradation and crack propagation in cross-
ply laminates under thermal and mechanical loading. Bhattacharjee and Bajwa [27] measured
thermo-mechanical properties of composites, and gel permeation chromatography was performed
to investigate the changes in fiber length. Boccardi [28-29] obtained experimental results through
visualization and measurement of small temperature variations coupled with cyclic bending tests.
The results helped researchers to have insight views on the macromolecular interactions and
interfacial micromechanics of the materials.

There is no doubt that traditional experimental methods can provide important information on the
macro properties of materials and failure mechanisms of composite structures. However, they are
normally costing and time consuming. In addition, failure modes of composites are complex and
closely associated to their microscopic structures. Naturally, an approach based on microscopic
mechanics can be very effective in solving these difficult problems [30-31]. In this respect, the High
Fidelity Generalized Method of Cells (HFGMC) was proposed to evaluate anisotropic damages of
composite structures [32-34]. The validated HFGMC model was further developed to solve finite
deformation problems under coupled thermomechanical conditions. Aboudi et al. [35] proposed the
coupled mechanical and energy equations to predict the responses of thermo-inelastic composite
materials. As a result, the coupling effect of the mechanical and thermal fields was considered in
the solution. Ye et al. [36] studied the effect of thermal cycling and compressive loadings on the
deformations of composite laminates. From the aforementioned investigations, it was found that a
lack of research on the biaxial failure strength and microscopic stress distributions of fiber-
reinforced composites subjected to varying thermal loadings is evident.

The main objective of this study is to investigate failure of fiber reinforced composites subjected
to uniaxial and biaxial loadings coupled with temperature variations. To this end, an appropriate
representative volume element (RVE) is selected to analyze the coupled thermo-mechanical
behavior of the composites. Moreover, failure criteria are developed to describe the failure of the
composites at microscopic scale. The outline of this paper is as follows. A brief introduction of the
coupled thermo-mechanical model based on the HFGMC is presented in Section 2. In Section 3, a
failure criterion is developed for the respective constituent failures in composites. Furthermore,
thermo-mechanical failures of laminated composites under axial and biaxial loadings are studied in
Section 4. To study the failure mechanisms, stiffness degradations of lamina, as well as microscopic
stress distributions of the RVE are both discussed in Section 5. Conclusions can be found in Section
6.

2. Coupled thermo-mechanical modelling of continuous fiber-reinforced composites

To understand thermo-mechanical failures of composites, the HFGMC is further developed in

this paper. Herein a RVE is selected from a lamina of the composite laminates shown in Fig. 1(a)
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and divided into N, x N, sub-cells as shown in Fig. 1(b), where the gray and yellow sub-cells

represent the fibers and matrix materials, respectively. The constitutive equations of the composites

subjected to coupled thermo-mechanical loading can be written as follows [37-38]:
o) =Cle) —a(T=T,)  i,j,k=1,2,3 (1)

ij ijkl

where o(” and the superscript p denote sub-cell stress components and sub-cell number,
respectively. C(7) are the sub-cell stiffness constants. &/’ and o” are the sub-cell strains and

thermal expansion coefficients, respectively. T, and 7" denote reference and ambient temperatures,

respectively.
For each sub-cell, the equilibrium equations in the local coordinate system y, -y, , as shown in
Fig. 1(b), can be expressed as:

o? =0 (2)

i

Interface between fibers and matrix

A
(b) I \ rﬁ =Ny
¥
Sub-cell
1 4
By} v
i p=1
>l j+ > le
7=1 7=N,

V3

Integration point

Fig. 1. Typical composite structures (a) Composite laminates (b) RVE

After considering the effect of thermal strains, the equation can be written in the following matrix

form, that is,

YO 70X _gPAT )

where Y contains all sub-cell stresses. X'”' is the sub-cell strains vector. AT denotes the

(r

temperature difference between the ambient and reference temperatures. a'” is the vector of all

sub-cell thermal expansion coefficients.

Based on the modeling scheme of the HFGMC, the sub-cell displacement components, W' | can

be further modified as the sub-cell displacements, that is,
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where W =[gx] is the average displacement components. € and x in the bracket are the average
macroscopic strains and the global coordinates. W((O’f))) and W(({.f)) (=1 and j >1) denote the average
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sub-cell displacements and their high-order average sub-cell displacements, respectively. %, and
1, are the sub-cell dimensions. y, and y, are the local coordinates.

During the HFGMC simulations, the sub-cell surface tractions and the average displacements are
calculated. The relationship between the macroscopic average component, Y, and the sub-cell
dimensions ( /2, and /) can be expressed as

_ 1 Ng N,
Y==>>h!lA"X (5)
hl 5255 4
where /4 and | are dimensions of the RVE. Detailed information of the modelling procedures and

the equations can be found in Ye and Aboudi [36-38].
3. Constituent failure criterion

We followed the following procedure to identify internal failures in composite materials. Once
the sub-cell stresses or strains reach a certain threshold, internal damage occurs in the constituent
materials, resulting in degradation of material stiffness and reduction in loading capacity of the
structure. In order to investigate thermo-mechanical failure, an appropriate failure criterion is
essential. In general, a failure criterion can be classified as mode-independent or mode-dependent
[39-40]. Mode-independent failure criterions include maximum stress criterion, maximum strain
criterion and Tsai-Hill criterion, etc. A typical example of mode-dependent failure criteria is the
Hashin-Rotem criterion, by which failure modes of composite materials are associated with failure
loads.

The maximum stress and the maximum strain criterion assume that sub-cell fails when the sub-
cell stress or strain reaches a specific constituent strength, which, Obviously, are not capable of
evaluating failures under complex loadings since they do not include the effect of shearing. A similar
shortcoming is also found in the Hashin-Rotem criterion. Tsai-Hill criterion, however, takes into
account the interactions of all the stresses. The numerical results by Lin [41] demonstrated that Tsai-
Hill criterion provided better predictions to failure in comparison with other criteria. Based on these
investigations mentioned above, Tsai-Hill criterion is employed here to investigate stiffness
degradations and failure of composites under coupled thermo-mechanical loading in this paper. In
addition, this criterion is further modified to predict failure of the microscopic sub-cells, as follows:

2 2 2
(p) (p) (p) (P) ~(p)
o n 0, 4 T | 61 0, <1
= o (6)
X(p) Y(p) S(p) X(p)2

where al(m and az(m are the sub-cell longitudinal and transversal stresses, respectively. X7 and

Y are the sub-cell longitudinal and transversal strengths, respectively. 77’ and S denote the

sub-cell shear stress and shear strength, respectively.

4. Thermo-mechanical failure of composite laminates

4.1. Properties of the constituent materials

Microscopic damages, including fiber fractures and matrix cracks, will reduce structural stiffness
and load-bearing capability. To investigate thermo-mechanical failures of composite laminates, AS4
fibers and 3501 epoxy are considered in this paper. In theory, material properties are all temperature
dependent. However, they are assumed to be constant and the same as those presented in Table 1,
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as the temperature range to be considered in this paper is not large (8°C to 38°C) and is close to the
room temperature.

Table 1. Constituent material parameters at room temperature

Material properties AS4 3501-6 epoxy
Longitudinal elastic modulus E,, (GPa) 225 4.2
Transverse elastic modulus E,, (GPa) 15 4.2
In-plane shear modulus G,, (GPa) 15 1.576
Transverse shear modulus G,, (GPa) 7 1.576
Poisson’s ratio 0.2 0.34
Longitudinal thermal coefficient ¢, (10-%/C°) -0.5 45
Transverse thermal coefficient o, (10/C”) 15 45
Longitudinal tensile strength X, (MPa) 3350 69
Longitudinal compressive strength X . (MPa) 2500 250
Shear strength S (MPa) - 50
Yield stress(MPa) - 168.5

4.2. Multi-scale modeling of composite laminates

Fig. 2 is the flow chart of failure modeling for composite laminates under coupled thermo-
mechanical loading, which has the following five main steps.
1) Define microscopic structural parameters of the composite materials, such as fiber volume,
fiber shape, etc.
2) Establish the coupled thermo-mechanical model at microscopic scale on the basis of the
continuity of sub-cell displacements, local equilibrium and thermal loadings.
3) Utilize the classic laminate theory to describe the failure modes of composite laminates
subjected to coupled thermo-mechanical loads. Moreover, the proposed microscopic model
is employed at each integration point in the UD lamina as shown in Fig. 1.
4)  Apply external mechanical loadings and the varying ambient temperature and calculate the
equivalent stiffness in each RVE.
5) Increase the external loading and repeated the above steps until failure occurs [34, 42].
During the calculations, the following equation of classic laminate theory is used along with the
microscopic RVE model at each integration point, that is,

MEP, ”

where N and M are the internal force and moment vectors, respectively. A and D are the in-
plane and bending stiffness matrices, respectively. B is the coupling stiffness matrix between in-

plane and bending deformation. € denotes strain.
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Fig. 2. Flow chart of failure properties of composites under the coupled

thermo-mechanical loading

4.3. Model verification

To study the effect of mechanical properties and ambient temperature variations on the failure of
the laminate, three different temperature conditions are considered (Fig. 3), i.e., Case (1): the
laminate is subjected to constant room temperature of 23°C, Case (2): the laminate is subjected to
periodically varying temperature between 28°C and 18°C and Case (3): the laminate is subjected to
periodically varying temperature between 38°C and 8°C. The Fiber volume fraction of the laminate
is 0.6. Fig. 4 shows the stress-strain relations of the composite laminate subjected to uniaxial tensile
and varying ambient temperature. The laminate having a section profile of [0°/+45/°90°],, which

has been investigated theoretically by Mayes and Cuntze [43-44], and experimentally tested by
Hinton [45], was used to validate the proposed model, as shown in Fig. 4(a). It can be seen from the
comparisons that the proposed method provides better predictions to the mechanical properties and
the strength of the material when compared to the test results. The maximum relative error between
the test results and the current predictions is less than 5%. In addition, the newly developed model
provides more insights to the second stage of loading.

To further study the influences of layer sequence on the stiffness degradations, a different
laminate, [0° /£30° /90°], , is considered in Fig. 4(b). It can be seen that the influence of the
considered ambient temperature variations on the failure is small. It should be noted that the

[0°/£30°/90°], laminate has a much higher uniaxial tensile strength than the [0°/£45/°90°], one.

In more details, when the temperature is constant, laminates [0°/+30°/90°], and [0° /+45/° 90°],

have a uniaxial tensile strengths of 1067.95MPa and 757.91MPa, respectively, as shown in Fig. 5.
The uniaxial tensile strengths are slightly reduced when temperature variations are considered. For
instance, when the ambient temperature variation is between 8 C  and 38 ‘C, laminates

[0°/£30°/90°], and [0°/+45/°90°], have a failure strengths of 1067.71MPa and 757.79 MPa,
respectively. From Figs. 4(a)-(b), it is also shown that the effect of small temperature fluctuations
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on the stiffness of the composite laminate is negligible.
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4.4. Investigations on Biaxial failure strength

In practical engineering applications, composite structures are frequently subjected to complex
external loadings, which lead to much more complex failure phenomena. Naturally, it is more
difficult for researchers to understand biaxial failure of composites when they are subjected to a
coupled thermo-mechanical loading. In order to investigate the relations between biaxial failure

strength and temperature variation, the failure envelopes of laminate [0°/245/°90°], in the

o,-0,,0,-0, and o, —o, stress planes are investigated and shown in Fig. 6. Similar to the

xx W xx

conclusions made for the uniaxial tensile loading cases, a higher temperature variation will reduce
the failure strength under biaxial loading. These small reduction in strength can be viewed from the

zoomed-in parts shown in Figs. 6 (b)-(c).
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To study the failure mechanisms of the composites subjected to coupled thermo-mechanical
loading, it is critical to understand the failure of the RVE and accurately calculate its microscopic
stresses. It should be noted that the effectiveness of this method in predicting failure strength of
composite structures, including lamina and laminates, has been verified by comparing with the
experimental data [34, 42]. In addition, the experimental test results of the compressive responses
of AS4/3501-6 composites subjected to coupled thermo-mechanical loading [36] are also employed
to validate the proposed method. In light of the aforementioned investigations, stiffness
degradations and biaxial failure strength of the lamina are investigated in this study.

5.1. Uniaxial tensile loading

5.1.1. Stiffness degradation

Microscopic stress gradient exists in the RVE due to the mismatch between the fiber and the
matrix modulus. Sub-cell failure will occur sequentially. In order to have a better understanding of
the relation between the temperature variations and the failure of composite structures subjected to
coupled thermo-mechanical loading, unidirectional (UD) laminas with different fiber orientations
(07, 30", 45, 60", 90" ) are investigated, as shown in Fig. 7. It can be seen that the ambient
temperature variation has impact on the failure of the materials, especially when the fiber orientation
is greater. When the angle is 0" - the effect of the ambient temperature variation on the strength and
the stress-strain responses can be ignored. This may be attributed to the orthotropic properties of the
0" UD lamina that undergoes rather uniform deformation without extension and shear coupling. The
other laminas are anisotropic due to their off-axis fiber angles and experience significant and
increasing stress coupling as the angle increases, which results in notable decreases in the strength
of the composites, as shown in Figs. 7(b)-(e).

Fig. 7 shows that the influence of the temperature variations on the stiffness of the composites
depends on the off-axis angle. From Fig. 7(a)-(b), it can be seen that both the 0" and the 30" UD
laminas exhibit linear stiffness with and without considering temperature variations. The effect of
temperature fluctuations on the failure strength and the stiffness can be ignored when 0" UD lamina
is considered. This may be attributed to the fact that the stiffness and the strength of the lamina are
mainly determined by the properties of the fibers, and the axially orientated fibres sustain most of
external loadings. When the 45,60 and 90" UD laminas are considered as shown in Figs. 7(c)-(e),
it is interesting to notice that their stiffness exhibits bilinear features, as marked by points “A” in
the figures, where a small change of material stiffness is observed. A higher temperature variation
tends to decrease the stiffness, and appears to have a greater effect on composites having a larger
off-axis angle. In details, the maximum difference between the stress of the 45° UD lamina
subjected to contant room temperature and the temperature fluctuation of 8~38°C is 3.42MPa, as
shown in Fig. 7(c). However, this maximum difference increases to 6.49MPa when the fibers are of
90", as shown in Fig. 7(e).
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5.1.2. Microscopic stress distributions

To understand the failure mechanisms of the composite constituents (including fiber fracture,
matrix crack, etc.) of under coupled thermo-mechanical loading, it is essential to have a good
understanding of the microscopic stress distributions in the RVE. However, most of the classic

models cannot accurately calculate the stress field at microscopic scale when ambient temperature
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variation is coupled with the external loadings. Fig. 8 shows the stress distributions of o,, in the

RVE at r =250s when it is subjected to longitudinal tension. From the figure it is clear to see that
stress concentrations occur mostly around the interface. The maximum stress occurs in the vicinity
of the interface, as shown in Figs. 8(a)-(c). It is interesting to mention that an increase of temperature
variation tends to slightly decrease the maximum stress. In details, the sub-cell elements of the
matrix have a maximum stress of 27.342MPa when there is no ambient temperature variation.
However, as shown in Figs. 8 (b)-(c), the numerical results show that the maximum stresses in the
matrix are 26.776 MPa and 23.718MPa, respectively, for the two cases with temperature variations.

Similar conclusions for the locations of stress concentrations and maximum stresses can be made

when the microscopic stress fields of o,, is calculated at # =125s, as shown Fig. 9. In addition, it

can be found that the transversal stress o,, is symmetrical about both the horizontal and vertical

)|

axes under the uniaxial loading o, .

Stress concentrations at the interface

Fig. 8. Microscopic stress fields ¢,, (MPa) at # =250s of the RVE under axial loading o, (a) No temperature variation (b)

i
r K

Fig. 9. Microscopic stress fields o ,, (MPa) at t =125s of the RVE under axial loading o, (a) No temperature variation

Temperature variation between 18°C and 28°C (c) Temperature variation between 8 'C and 38°C

(b) Temperature variation between 18°C and 28°C (c) Temperature variation between 8 'C and 38°C

Figs. 10-11 present the shear stress o,; distribution of the RVE at /=250s and =125s. Similarly,

shear stress concentrations occur also at the interface. However, higher level of shear stresses can
be found in both the matrix and the fiber, as shown in Fig. 10(a). Due to a lower failure strength of
the matrix material compared with the fibers, it can be concluded that initial failure of the
composites under uniaxial tension will occur in the matrix near the interface. Similar to the stress
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distribution of o,, in the RVE, the maximum shear stress under axial loading o, tends to slightly
decrease with a higher temperature fluctuation. Moreover, the shear stresses o,, are symmetric
about the two diagonals of the RVE under the uniaxial loading o, .

Stress concentrations at the interface

Fig. 10. Microscopic stress fields o,; (MPa) at # =250s of the RVE under uniaxial loading o, (a) No temperature

variation (b) Temperature variation between 18°C and 28°C (c) Temperature variation between 8°C and 38°C
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Fig. 11. Microscopic stress fields o,; (MPa) at # =125s of the RVE under uniaxial loading o, (a) No temperature

variation (b) Temperature variation between 18°C and 28°C (c¢) Temperature variation between 8°C and 38°C
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In order to further verify the conclusions made above, numerical results of the microscopic stress

fields of the RVE at # =250s under the transverse loading o, are also obtained and shown in Figs.

12-14. Clearly, the microscopic stress distributions depend closely on the ambient temperature, and
stress concentrations are also located at the interface. It can be concluded that the initial failure will
occur in the matrix due to its lower failure strength.

Maximum stress sub-cells

Fig. 12. Microscopic stress fields ¢, (MPa) at t =250s of the RVE under transversal loading o, (a) No temperature

variation (b) Temperature variation between 18°C and 28°C (c) Temperature variation between 8°C and 38°C
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Stress concentrations at the interface
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Fig. 13. Microscopic stress fields o;; (MPa) at t =250s of the RVE under transversal loading o, (a) No temperature
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Fig. 14. Microscopic stress fields o,; (MPa) at t =250s of the RVE under transversal loading o, (a) No temperature

.

5.2. Biaxial loading
5.2.1. Failure envelopes of the UD lamina

Figures 15(a)-(c) present the biaxial failure envelopes in the stress plane, 0, -0, when the
laminas are subjected to ambient temperature variations. Due to the symmetry, only the UD laminas

with 0°,30° and 45° off-axis angles under the coupled thermo-mechanical loadings are considered.

It can be seen that all of the predicted failure envelopes are elliptical, and that the ambient
temperature variations have affected the biaxial failure strength of the UD laminas, though the

differences are small due to the fact that only small temperature alternations to room temperature

are considered. Fig.15(d) is the zoomed-in view of Fig15(c) to show the differences for the 45° UD

lamina. In principal, a higher temperature variation tends to decrease the biaxial failure strength.
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Fig. 15. Biaxial failure envelopes of the composite laminas with consideration of coupled thermo-mechanical

loadings in the stress plane o,,-o,, (a) 0" (b)30° (c) 45" (d) Local enlargement of the 45° lamina

5.2.2. Microscopic stress distributions

To study the biaxial failure mechanisms, the microscopic stress distributions in the RVE at

t =250s are obtained when it is under a biaxial loading ratio of o, 10, =2:1. The transverse

stresses, 0,, and O;;, as well as the shear stress, 0,;, are shown in Figs. 16-18. The numerical
results demonstrate that the microscopic stress distributions are temperature dependent, and a higher

temperature variation tends to increase the transversal maximum stresses 0,, and O; as shown in

Figs. 16-17. However, when the shear stress 0,; are considered as shown in Figs. 18(a)-(c), a higher

temperature variation tends to decrease the maximum shear stress. Similar to the uniaxial loading

cases, for the composites under biaxial loading, stress concentrations are also near the interface.
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6. Conclusions

A multi-scale framework for investigating uniaxial and biaxial failure properties of composite

structures subjected to coupled thermo-mechanical loading has been presented. Stiffness

degradation and failure of laminas were studied by employing a micro scale representative volume

element. At macro scale, the classic laminate theory was introduced to describe the thermo-

mechanical failures of the composite laminates. By comparisons with the results from other

researchers, it was found that the multiscale modelling framework was better placed for
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investigating failure of composite laminates. Moreover, the numerical results indicated that the
multi-scale model provided more insights to the second stage of loading. The effect of small
temperature fluctuations on the stiffness of the composite laminates can be ignored.

The effect of temperature variations on the stress-strain relations was studied. The results shown
that the 45", 60" and 90" UD laminas exhibited a bilinear relation. For the temperature variations
that were not too far from the room temperature, it appeared that its effect on the stiffness was more
prominent than on the strength. The maximum stresses in the composites under both uniaxial tensile
and biaxial loadings are always located in the vicinity of the interface, regardless of whether
temperature variations were considered or not.

The studies reported in this paper provide some critical information for designing new composite
structures subjected to small temperature variations. Evidently, interfacial design plays an important
role to ensure better composite performance. In addition, it should be pointed out that this study is
restricted to the failure analysis for both uniaxially and biaxially loaded laminates. In practical
applications, a structural component may be restrained one way or another, which may generate
significant shear and triaxial stresses.
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