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mechanics. The temperature dependence of thermal expansion coefficient and orthotropic property of fiber were
considered in this model, and the numerical result was agreed with finite element model. Composite thermal

stress/strain under different temperature conditions (400C . 85°C . 70C ) were calculated by different
models. The result indicated that thermal stress/strain of fiber and matrix increase almost linearly with
increasing temperature. The calculation results of random and regularly spaced multi-fiber distribution model
were shown that regularly spaced model could reduce stress range of fiber or matrix stress, reduce stress
concentration, and avoid matrix cracking and interfacial deboning.

1. Introduction

Carbon/epoxy composite materials with low density, high strength, high
modulus, thermal expansion coefficient, thermal conductivity,
electromagnetic shielding and so on a series of excellent properties, are
widely used in military and civil industrial fields, such as aircraft fuselage,
wings and other structural components. The composite material is easily
influenced by environmental factors during use or storage. When the
ambient temperature changes, the fiber/matrix coefficient of thermal
expansion mismatch and the difference of the ply angle will lead to thermal
expansion stress. The thermal mismatch stress inside the structure
weakens the fiber/Matrix interface, but also will promote the material to
produce internal cracks, expansion and convergence, and ultimately lead
to material failure, seriously affecting the service life of composite
materials. Therefore, the study of the thermal stress of composite
materials at different temperatures is beneficial to ensure the good
bearing capacity and improve the service performance of composite
materials.

The mechanical properties and thermal expansion coefficient of fiber and
matrix are different in composite materials, and the thermal residual
stress will be induced when the curing temperature drops to room
temperature. Many domestic and foreign scholars have studied the
residual thermal stress caused by the thermal expansion mismatch
between the reinforcing phase and the matrix during the curing process of
composites [1-6], theory and simulation [7-10]. Guemes [1] used fiber
Bragg grating sensors to measure the longitudinal and transverse stresses
of the composite laminates during the curing and cooling phases. Wu
Zhanjun [6] used a single fiber Bragg grating in the curing process of fiber-
reinforced composites at different stages of monitoring the different key
target parameters, including the molding phase of the resin temperature,
the pressure applied when the resin pressure inside the curing and cooling
stage laminar stress .Ding et al.[10] fully considered the influence of
thermal expansion coefficient, chemical shrinkage, stress relaxation and
other factors on thermal stress in the process of curing. The finite element
simulation was carried out by calling ABAQUS subroutine, and compared
with the traditional model. Chen Shuxian [11] established a mathematical
model of temperature and thermal stress field. The internal temperature
and thermal stress distribution of 3234/T300 laminates during curing
were obtained by finite element analysis. Simulation shows that
prolonging the pre-curing time and decreasing the heating rate can reduce

the peak temperature of the center of the laminate and reduce the
temperature gradient and thermal stress in the laminate.

Domestic research on the thermal stress caused by the change of ambient
temperature in the process of using composite materials has been less
studied [12,13], and the composite structure is the main part. The thermal
expansion stress/strain on the mesoscopic surface directly affects the
internal damage of the composite Evolution and macroscopic mechanical
properties of the composites. Therefore, in this paper, the longitudinal
thermal stress/strain of the composite material is taken as the research
object, the traditional flaky model is summarized, the improved meso-
mechanics model is established, and the two models are verified by the
finite element model. Finally, the effect of different fiber distributions on
the longitudinal stress/strain of fibers and matrix is discussed.

2. CLASSIC SHEET CALCULATION MODEL

The classical sheet model assumes that the fiber and matrix are isotropic,
and the resin and matrix expand freely without external force. The
elongation of the two is different, but the internal stress is caused by
bonding. The internal stress eliminates the elongation difference [14]
caused by the different expansion of the fiber and matrix. According to the
balance condition of force and strain coordination, the stress/strain of
fiber and resin after expansion is calculated as follows:

Longitudinal deformation coordination condition
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Longitudinal force balance condition
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Union of the above all kinds, get
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%nand %' are the thermal expansion coefficient of resin and fiber;vm and

Vi are the volume fraction of resin and fiber; %t and °m are the internal
stress caused by the thermal expansion of fiber and resin; °* and “m are the

strain of fiber and resin; AT is the temperature increment.

The above derivation process does not involve the specific shape and
arrangement of the fiber cross-section, so it has a relatively universal
meaning. Many experiments and other accurate analysis methods show
that this method is simple and easy to implement and has good practical
value. The thermal stress and deformation in the direction perpendicular
to the fiber are much more complex than in the longitudinal direction. This
model is too simple, so errors in prediction of transverse mechanical
properties are larger and the accuracy is much worse than in the
longitudinal direction [15].

3. IMPROVED MICROMECHANICS MODEL
3.1 Basic principle

When the elastic constants of composite materials are solved by
micromechanics, the series model or the parallel model and the material
mechanics are often combined [15] The improved micromechanics model
assumes that the fibers of unidirectional composites are square, taking
1/4 of the square cell, and the fiber is simplified as a rectangular cross
section, and the matrix is simplified as an equal thickness slice [16].In the
actual transverse deformation of the composite, the fiber and the matrix
both have the stress consistent (Series) part, and also have the strain

consistent (parallel) part. If the strain is uniform and the matrix is A of the

total matrix, the stress consistent part is 1- A , as shown in figure 1.The
subscripts 11 and 22 in the figure indicate the longitudinal and transverse
directions of the fiber, and the superscripts 1 and 2 respectively indicate
the portions where the matrix and the fiber are transversely deformed and
the strain and the stress are uniform.

Figure 1: Modified micro-mechanical model

Stress balance equation along fiber direction
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Transverse stress balance equation
Stress consistent part:
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Strain consistent part:
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Longitudinal deformation conditions
Stress consistent part:
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Lateral deformation condition
Stress consistent part:

U12011 Ot

O AT ————+——=
f11 Eiz
=(1) =(1)
U O, O,
amAT+ mOmi1 _ Om22 (12)
Emll EmZZ

Strain consistent part:

5 )
U;1,0 o
afZZAT— f12 f11+ f22 —
E E
f11 f22
52 =2
L, O, O
(ZmAT+ m~mil _ ~'m22 (13)
mil Em22

Assuming that the carbon fibers are orthorhombic, then

19 1y
fiz _ Yt (14)
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The resin is isotropic, then
Emll = Emzz = Em (15)

The relationship between the coefficient of thermal expansion and the
temperature of the resin is [17]
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The longitudinal strain solution equation is
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3.2 Examples and results

Taking carbon fiber / epoxy matrix composites as an example, the
longitudinal and transverse stresses/strains produced by thermal

expansion of fiber and matrix during T=70C (i.e. AT =50°C ) are
calculated. The mechanical properties and physical parameters of fibers
and resins are shown in table 1.

The parameters of Table 1 are substituted into the above-mentioned ones,
and the ratio of the matrix and the transverse strain of the fiber in the

reference [18] is taken as A=0435 . The stress of the fiber and the
matrix in different directions of heating up 50 degrees is listed in Table 2,

=133.92¢

and the longitudinal strain “t is calculated.

Table 1: Properties of carbon fiber composite
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stress/strain distribution of the fiber uniform distribution model is similar
to that of the single fiber, that is, the longitudinal strain is consistent, and

Vi Va Em/GPa  Eiz/GPa vy @l € azl'C  E,/GPa the stress distribution of the fiber and the matrix is uniform.
Unit: x«m
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Table 2: Longitudinal and transverse thermal stress of fiber and matrix

1) () (2)
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43 19.35 19.35 18.46 16.59 18.46 16.59

4. FINITE ELEMENT SIMULATION MODEL
4.1 Single fiber thermal stress/strain simulation model

In order to verify the two models of thermal stress/strain theory, a finite
element model of fiber and matrix is established, as shown in figure 2. The
total number of units in the model is 124000, and the fiber volume fraction
is 30%. The symmetric boundary conditions and the predefined field [19]
are applied.

7

-+
Fiber

Matrix
11.32

Unit: 4m

Figure 2: Single fiber finite element model

Enter the material and physical parameters of the fiber and matrix in Table
1, and calculate the longitudinal stress/strain cloud as shown in Figure 3
and Figure 4. The free-end stress-strain cloud of the model is more
complicated because of the free end of the cloud. To eliminate the
difference between the elongation of the fiber and the resin, complicated
internal stresses are required. The distribution of stress/strain in the
inner region of the model is more uniform. From the cross-section cloud
in the middle part of the model, it can be seen that the longitudinal strain

of the fiber and the matrix is about 130ps

, the fiber longitudinal stress
distribution is relatively uniform, the thermal stress is 35MPa and the

longitudinal thermal stress is 16MPa_

A
Figure 3: Longitudinal strain
Contour

Figure 4: Longitudinal stress contour

4.2 Uniform distribution of multi-fiber thermal stress/strain
simulation model

The multi-fiber thermal expansion stress/strain was studied by taking the
fiber volume fraction 30% (see Figure 5) and the number of fibers 20 as
an example. Simulation results shown in Figure 6,7. According to 6,7, the

45.28
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Figure 5: Regularly spaced multi-fiber distribution model
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Figure 6: Longitudinal strain contour of regularly spaced multi-fiber
distribution model

Figure 7: Longitudinal stress contour of regularly spaced multi-fiber
distribution model

4.3 Random distribution of multi-fiber thermal stress / strain
simulation model

The fiber volume fraction and number of the fiber random distribution
model are consistent with the uniform distribution model, but the fiber
spatial distribution is random irregular distribution, and the longitudinal
stress/strain calculation results are shown in Figs. 8 and 9.From the
longitudinal strain cloud, it can be seen that the longitudinal strain of the
fiber is basically the same as that of the substrate, while the longitudinal
stress distribution of fiber and resin is no longer uniform, the local stress
of a number of fibers is obviously higher than that of other fibers, and the
stress concentration phenomenon appears in the matrix of fiber dense
area.
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Figure 8: Longitudinal strain contour of random spaced multi-fiber
distribution model

Figure 9: Longitudinal stress contour of random spaced multi-fiber
distribution model

5 RESULTS ANALYSIS AND DISCUSSION

5.1 Comparison of three thermal stress/strain calculation models
at different temperatures

When the ambient temperature is 40°C ) 55'C apq 70°C (reference

temperature is 20°C ), the results of three models of thermal expansion of
fiber and matrix are compared with those shown in figure 10. It can be
found that the sheet model and the modified micromechanical model
agree well with the finite element results, but the improved
micromechanical model has smaller error and higher accuracy. In
addition, with the increase of temperature, the longitudinal stress/strain
of fiber and matrix increase gradually, and approximately obey the linear
relationship. The stress and strain of the fiber or resin calculated by the
improved micromechanical model are slightly higher than that of the finite
element model, which shows that the model is conservative and suitable
for predicting damage and damage safely.
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Figure 10: Comparison of three models under different temperature
conditions

5.2 Effect of different A values on the fine mechanics model

An important parameter in the improved micromechanical model is that
the strain agrees with the matrix and accounts for A of the total matrix.
When the A changes, the longitudinal and transverse thermal stress/strain
curves of the fiber / matrix are shown in figure 11.It can be seen from
Fig.11 that the longitudinal strain and fiber longitudinal stress have little

change, the strain is about 133#5, and the stress is about 43MPa ,
because the longitudinal stress balance equation and the deformation
coordination condition are determined by the content of each component
of the composite material while the fiber volume fraction is constant
(30%), so the two have little change, which is consistent with the principle
of flaky model. However, the lateral stress of fiber and matrix is greatly

influenced by A . With the increase of the uniform strain ratio, the stress
of the consistent part of the matrix increases. As the proportion increases,
the part of the matrix will bear more and more loads Increase; fiber
transverse stress showed obvious inverse proportion characteristics, at
0.5, both equal, because the model has a symmetrical character.
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Figure 11: Changes of stress/strain with
5.3 Single fiber transverse thermal stress/strain analysis

The transverse thermal stress/strain nephogram of a single fiber is shown
in figure 12. Single fiber transverse thermal stress / strain cloud shown in
Figure 12. From the finite element simulation results, it can be seen that
the distribution of the stress S22 at the top and the right of the substrate
is consistent, that is, the stress of the substrate near the interface is larger
and the stress of the external substrate is smaller. The strain E22 at the top
increases gradually from the inside to the outside, while the strain at the
right end decreases gradually. This is due to the symmetry of the resin at
the right end along the Z axis and the free expansion of the Y direction. The
strain has a certain counteracting effect, and the closer to the central line,
the more obvious the offset is, i.e., the minimum strain.

The stress and strain distributions at the top and right ends of the fiber are

relatively uniform, basically in the order of magnitude (Y'SMPaBOOM),
with little fluctuation. From the stress cloud image, the stress value at the
top of the resin is consistent with the stress value in the fiber direction,
while the sign at the right end is opposite, that is, the top is consistent with
the stress of the fiber. Strain moiré patterns can be observed with the color
of the right moiré pattern (light blue) The right-hand moire patterns are
similar in color (blue) and the tops differ greatly in color (red and blue),
ie, the right-hand end corresponds to the fiber strain. The above
conclusions verify the rationality and effectiveness of improving the meso-
mechanics model.
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T

(a) Transverse stress

(b) Transverse strain

Figure 12: Transverse stress/strain contour of single fiber
5.4 Effect of fiber distribution on longitudinal stress/strain

The stress/strain results of the multi-fiber uniform distribution model are
similar to those of the single fiber, that is, the longitudinal strain is
consistent, and the stress distribution of the fiber and the matrix is
uniform. However, the random distribution of the fibers makes the
longitudinal stress distribution of the fiber and resin no longer uniform,
the obvious stress concentration phenomenon, such as the number of root
fiberslocal stress was significantly higher than other fibers, random model

fiber longitudinal stress range (22—46MPa) wider than the uniform

model (34.9—36.3MPa) .When the fiber is randomly distributed, the
fiber is dense and the matrix is rich and poor, and the fibers with small
spacing produce high stress, resulting in matrix cracking or interface
debonding, which leads to strength damage and failure of composites
[20,21]. Therefore, improving the uniformity of fiber distribution during
the manufacturing of composites can effectively reduce thermal stress.

6 CONCLUSION

In this paper, the thermal expansions of composites with varying ambient
temperature are investigated. The thermal expansion stress/strain of
composites at different temperatures are calculated by using three
models. The traditional flaky model is introduced. An improved meso-
mechanics model is established and validated by the finite element model.
Through the comparison between different models, we can get the
following conclusions:

(1) Both the sheet model and improved micromechanics model can
predict the composite good longitudinal stress/strain well, the chip model
is simple and easy to use as the classical theory, but the error is slightly
larger. With the increase of temperature, fiber and matrix of longitudinal
stress/strain increases gradually, which approximately obey the linear
relationship. The comparison of the three models shows that the
calculation results of the improved meso mechanical model are close to
those of the finite element method.

(2) The single fiber transverse thermal stress/strain finite element results
demonstrate the correctness of the improved micromechanics model, that
is, some of the matrix stress / strain is consistent with the fiber strain or
stress. The model derived from micromechanics, considering the
relationship between thermal expansion coefficient and temperature, and
fiber orthotropic properties, can effectively predict the thermal stress and

strain of composites, such as T=70C i
& =133.92u¢

the longitudinal strain

, close to the finite element results[130'ug).

(3) The uniform arrangement of fibers makes the distribution of thermal
stress/strain more uniform, and the longitudinal thermal stress range (

34.9—36.3MPa) is obviously less than that of stochastic distribution

model ( 22—-46MPa )- It can effectively reduce the concentration of
thermal stress and prevent failure such as matrix cracking or interface
debonding.
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