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2.5D woven composites
Abstract As one of the new structural layout in the family of woven composites, 2.5D Woven

Composites (2.5D-WC) have recently attracted an increasing interest owing to its excellent proper-

ties, i.e. high specific strength and fatigue resistance, in the aerospace and automobile industry. In-

depth understanding of the fatigue behavior of this material at un-ambient temperatures is critical

for the engineering applications, especially in aero-engine field. Here, fatigue behavior of 2.5D-WC

at different temperatures was numerically investigated based on the unit cell approach. Firstly, the

unit cell model of 2.5D-WC was established using ANSYS software. Subsequently, the

temperature-dependent fatigue life prediction model was built up. Finally, the fatigue lives along-

side the damage evolution processes of 2.5D-WC at ambient temperature (20 �C) and un-

ambient temperature (180 �C) were analyzed. The results show that numerical results are in good

agreement with the relevant experimental results at 20 and 180 �C. Fatigue behavior of 2.5D-WC

is also sensitive to temperature, which is partially attributed to the mechanical properties of resin

and the change of inclination angle of warp yarns. We hope that the proposed fatigue life prediction

model and the findings could further promote the engineering application of 2.5D-WC, especially in

aero-engine field.
� 2017 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Textile composites are being widely applied in the field of aero-

space engineering due to their excellent mechanical properties,
i.e. high specific stiffness/strength and outstanding fatigue
resistance. 2.5D Woven Composites (2.5D-WC) not only pos-
sess a superior delamination resistance capacity in comparison

with 2D laminated composites, but also have a simpler struc-
tural configuration than 3D textile composites. Recently, many
parts in the aero-engine field, i.e. woven fan/compressor blades

and casing, have been manufactured using resin matrix

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cja.2017.12.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
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composites. Nevertheless, the characteristics of long-term ser-
vice and elevated temperature environment in aero-engine
inevitably result in difficulty of fatigue-related theoretical

research, especially for the study with respect to the fatigue life
prediction model at un-ambient temperatures.1,2

Many researches have reported about the mechanical prop-

erties and prediction models of woven composites based on
experimental and finite element methods. Montesano et al.3,4

investigated the mechanical behavior of 2D triaxially woven

composites at different temperatures by experiment, and
found that fatigue behavior was not sensitive to temperature
at 120 �C. Selezneva et al.5 experimentally investigated the fail-
ure mechanism in off-axis 2D woven laminates at ambient tem-

perature (20 �C), 105, 160 and 205 �C, and demonstrated that
the woven yarns began to straighten out and rotated towards
the loading direction just prior to failure. Vieille and Taleb6

studied the influence of temperature and matrix ductility on
the behavior of notched 2D woven composites at ambient tem-
perature (20 �C) and 120 �C, and the results revealed that the

highly ductile behavior of thermoplastic laminates was quite
effective to accommodate the overstresses near the hole at the
temperature higher than the glass transition temperature Tm.

Koumpias et al.7 predicted the strength of 3D fully woven com-
posites at ambient temperature based on a homogenized Repre-
sentative Volume Element (RVE). Zhou et al.8 studied the
damage and failure characterization of 2D woven composites

under different uniaxial and biaxial loadings at ambient tem-
perature by adopting a two-step, multi-scale progressive dam-
age analysis. Li et al.9 developed a micromechanical finite

element model to predict the effective mechanical properties
of woven fabric composites at elevated temperatures. Although
there have been several works in predicting mechanical proper-

ties of textile composites by simulation, the specific research
pertaining to 2.5D-WC is scarce as yet. Previous works in terms
of establishing and simulating the mechanical behavior of

2.5D-WC at ambient temperature have been done by us.1,10,11

The geometric model, strength prediction model and damage
behavior of 2.5D-WC under the warp and weft static loading
at ambient temperature have been systematically analyzed.

Additionally, to the best of our knowledge, very few simula-
tion models related to the fatigue life of woven composites have
been reported. Dai andMishnaevsky12 simulated the fatigue life

of hybrid fiber reinforced composites at ambient temperature
based on X-FEM and unit cell models. Hao et al.13 predicted
the fatigue behavior of 3D 4-direction braided composites at

ambient temperature based on the unit cell approach, where
the predictionmodel takes into account the variation of stiffness
and strength of components induced by cyclic loading. Qiu14

proposed modified residual stiffness and residual strength mod-

els, in which the influence of fiber volume fraction was consid-
ered. Coupled with the progression damage approach, the
fatigue life of 2.5D-WC was predicted at ambient temperature.

Surprisingly, there is almost no published literature about
predicting the fatigue behavior of woven composites at un-
ambient temperatures using numerical approach. However,

the immense popularity of woven composites in the aero-
engine generally experiences a long-term service under the
un-ambient temperatures. Therefore, it is meaningful to estab-

lish a temperature-dependent fatigue life prediction model of
woven composites, especially in the aero-engine field.

In this work, our principal objective is to establish the fati-
gue life prediction model that can evaluate the temperature-
dependent fatigue behavior of woven composites. Taking
2.5D-WC as a specific research object, three stress levels of
warp fatigue loading at 20 and 180 �C were employed to verify

the rationality of fatigue life prediction model. Afterwards, the
damage evolution histories at 20 and 180 �C were quantita-
tively observed based on the simulation model. Finally, the

fracture morphologies at 20 and 180 �C obtained by simula-
tion and testing were compared. This work could provide an
available approach in predicting fatigue behavior at different

temperatures, which will further facilitate the engineering
application of 2.5D-WC.

2. Fatigue life prediction model

The temperature-dependent fatigue life prediction model of
woven composites subjected to uniaxial tension-tension load-

ing mainly includes: fatigue damage criteria, damage propaga-
tion model, geometry/finite element model and periodic
boundary conditions.

2.1. Fatigue damage criteria

Several damage criteria in terms of composite materials, such
as Misses, Tsai-Wu and Hashin criteria, have been proposed

to solve different engineering issues. As the 3D Hashin crite-
rion has been successfully applied in estimating the strength
of woven composites at ambient temperature previously15–17,

a modified 3D Hashin criterion taking into account tempera-
ture and cycle number will be proposed in this work. Further-
more, based on the previous studies,1 failure mechanisms of
woven composites can be hypothetically related to two failure

modes (two directions) for anisotropic fiber yarns: yarn break-
ing and matrix cracking. Nevertheless, in addition to tempera-
ture, the mechanical properties of fiber yarns are generally

sensitive to the volume fraction of fiber in fiber yarns (or called
fiber aggregation density).14 Therefore, the corresponding fail-
ure criteria can be given as follows:

Yarn longitudinal damage (breakage in axial direction, or
1-axis direction):

r11

X11ðn;Vf;TÞ
� �2

þ b
r12

S12ðn;Vf;TÞ
� �2

þ b
r13

S13ðn;Vf;TÞ
� �2

P 1 ð1Þ
where rij (i, j = 1, 2, 3) are the stress components; X11 is the

longitudinal tensile strength of fiber yarn; S12 and S13 are the
shear strength of fiber yarn; b is the shear contribution factor;
n is the cycle number; Vf is the fiber aggregation density; T is
the temperature.

Yarn transversal damage (Interior matrix cracking or fiber-
matrix shear-out failure in in-plane direction, or 2/3-axis
direction):

r22 þ r33

Y22ðn;Vf;TÞ
� �2

þ b
r2
23 � r22r33

ðS23ðn;Vf;TÞÞ2
þ b

r12

S12ðn;Vf;TÞ
� �2

þ b
r13

S13ðn;Vf;TÞ
� �2

P 1 ð2Þ
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where Y22 is the transversal tensile strength of fiber yarn; S23 is

the shear strength of fiber yarn.
Pure resin matrix failure:

ðr11 � r22Þ2 þ ðr22 � r33Þ2 þ ðr11 � r33Þ2

þ 6ðr2
12 þ r2

13 þ r2
23Þ

2

P 2XmðTÞ ð3Þ

where Xm is the strength of pure polymer.
In order to obtain the corresponding strengths mentioned

in Eqs. (1)–(3), the relevant models were proposed in our pre-

vious work,18 and listed in Tables 1 and 2, in which Ef1 and Ef2

are the longitudinal modulus and transversal modulus of car-
bon fiber; Em is the modulus of matrix; Vm is the volume frac-

tion of matrix; lf12 and lm are the Poisson ratio of carbon fiber
and matrix; E11ðT;VfÞ, E22ðT;VfÞ and E45ðT;VfÞ are the longi-
tudinal modulus, transversal modulus and 45� direction mod-

ulus of yarns, related to longitudinal direction of carbon fiber
at a given temperature T and fiber volume fraction Vf; l12 and
l21 are the Poisson ratio of yarns; G12ðT;VfÞ is the shear mod-
ulus of yarns; axðVf;DTÞ and ayðVf;DTÞ are the coefficient of

thermal expansion of yarns in longitudinal and transversal

directions; amðDTÞ is the coefficient of thermal expansion of
matrix; Tm and DT are the glass transition temperature of
matrix and temperature difference; T0 is the ambient

temperature.

2.2. Damage propagation model

Owing to the effect of cyclic loading, localized damages inside
different constituents will inevitably take place. Here, the
related damage theory will be firstly established and damage
Table 1 Mechanical models of fiber yarns and pure resin with vari

Mechanical property Model

Longitudinal tensile modulus E11ðVf;TÞ ¼ 0:999

Transverse tensile modulus
E22ðVf;TÞ ¼ Ef2Em

EmV
Loading directional modulus

E45ðVf;TÞ ¼ 0:93

�
�ð1�

Longitudinal tensile strength X11ðVf;TÞ ¼ 0:736

Transverse tensile strength Y22ðVf;TÞ ¼ �673
�ð1�

In-plane shear strength S12ðVf;TÞ ¼ ð1þ V

Resin matrix modulus EmðTÞ=Em ¼ 1� 0

Resin matrix strength XmðTÞ=Xm ¼ 1� 0

Poisson ratio l12 ¼ Vflf12 þ Vml
Shear modulus

G12ðVf;TÞ ¼ 1=
E

�
Longitudinal thermal expansion coefficient of fiber

yarns axðVf;DTÞ ¼ �6:3

Transversal thermal expansion coefficient of fiber

yarns ayðVf;DTÞ ¼ 44:37

Thermal expansion coefficient of matrix
amðDTÞ ¼ 51:501

�

propagation models based on different constituents will be
proposed in the following sections.

2.2.1. Basic theory

Based on Murakami’s damage theory, the damage model is
attributed to the reduction of effective bearing area. The dam-
age tensor x was adopted as19

x ¼
X3
i¼1

ximi �mi i ¼ 1; 2; 3 ð4Þ

where xi and mi are the principal value and principle unit vec-
tor of damage tensor; � is the Cartesian product operation.

In addition, the constitutive equation for the damaged com-
posites can be derived by the effective stress vector r�, which
can be defined by the actual stress vector r as

r� ¼ 1

2
ðI� xÞ�1

rþ rðI� xÞ�1
h i

¼ MðxÞr ð5Þ

where I is the unit matrix; MðxÞ is the Murakami’s damage
tensor.

Based on the hypothesis of equivalent strain energy, the
damage variable can be introduced into the constitutive equa-
tion with respect to temperature in each cycle, namely

Cðx; n;TÞ ¼ M�1ðxÞ : Cðn;Vf;TÞ : ðM�1ðxÞÞT ð6Þ

where Cðx; n;TÞ is the damaged stiffness tensor of fiber yarn;
Cðn;Vf;TÞ is the undamaged stiffness tensor.

Hence, Cðx; n;TÞ can be expressed as1
ous temperatures and fiber volume fractions.

ðVfEf1 þ VmEmÞð1� 0:00158 sinhððT� T0Þ=ð71:389� T0ÞÞÞ
ðVf þ 0:661VmÞ
f þ 0:661Ef2Vm

ð1� 0:406 sinhððT� T0Þ=ð183:263� T0ÞÞÞ

8
Ef2Em

EmVf þ Ef2Vm
þ ð1� 0:938ÞðEf1Vf þ EmVmÞ

�
0:143 sinhððT� T0Þ=ð100:851� T0ÞÞÞ

ðVfXf1 þ VmXmÞð1� 0:000846 sinhððT� T0Þ=ð57:308� T0ÞÞÞ
:820ð1� ð3:050 ffiffiffiffiffi

Vf

p � 2:322VfÞÞð1� Em=Ef2ÞXm

0:0533 sinhððT� T0Þ=ð90:122� T0ÞÞÞ
fð1=0:515� 1ÞÞ � 107:483 � ð1� 0:627 sinhððT� T0Þ=ð299:998� T0ÞÞÞ
:115 sinhððT� T0Þ=ð101:906� T0ÞÞ
:230 sinhððT� T0Þ=ð121:423� T0ÞÞ
m, l21ðVf;TÞ ¼ E22ðVf;TÞ � l12=E11ðVf;TÞ

4

45ðVf;TÞ �
1

E11ðVf;TÞ �
1

E22ðVf;TÞ þ
2l21ðVf;TÞ
E11ðVf;TÞ

�
01

DT
Tm

� �2

þ 8:325
DT
Tm

� �
� 58:631Vf þ 21:701

9
DT
Tm

� �2

� 45:089
DT
Tm

� �
þ 79:146Vf þ 23:172

DT
Tm

�2

� 30:103
DT
Tm

� �
þ 60:997



Cðx; n;TÞ ¼

d 2
1C11ðn;Vf;TÞ d1d2C12ðn;Vf;TÞ d1d3C13ðn;Vf;TÞ 0 0 0

d 2
2C22ðn;Vf;TÞ d2d3C23ðn;Vf;TÞ 0 0 0

d 2
3C33ðn;Vf;TÞ 0 0 0

d23C44ðn;Vf;TÞ 0 0

Symmetry d31C55ðn;Vf;TÞ 0

d12C66ðn;Vf;TÞ

2666666664

3777777775
ð7Þ

Table 2 Mechanical properties of component materials at ambient temperature.

Material Ef1 (GPa) Ef2 (GPa) Gf12 (GPa) Gf23 (GPa) lf12

T300-3K 230 40 17 4.8 0.3

Material Em (GPa) lm

QY8911-IV 4.16 0.34
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where Cijðn;Vf;TÞ ði; j ¼ 1; 2; . . . ; 6Þ are the undamaged stiff-

ness values of fiber yarn at a given conditions n, Vf and T;

d1 ¼ 1�x1;d2 ¼ 1�x2;d3 ¼ 1�x3, d23 ¼ 2d2d3=ðd2 þ d3Þð Þ2,
d31 ¼ 2d1d3=ðd1 þ d3Þð Þ2, d12 ¼ 2d1d2=ðd1 þ d2Þð Þ2.

Since the engineering constants are easy to obtain, the dam-

aged stiffness coefficients can be transferred by engineering
constants as

C11ðn;Vf;TÞ ¼ ð1� l23l32Þðd 2
1E11ðn;Vf;TÞÞ

1� l12l21 � l23l32 � l13l31 � 2l12l23l31

C22ðn;Vf;TÞ ¼ ð1� l13l31Þðd 2
2E22ðn;Vf;TÞÞ

1� l12l21 � l23l32 � l13l31 � 2l12l23l31

C33ðn;Vf;TÞ ¼ ð1� l12l21Þðd 2
3E33ðn;Vf;TÞÞ

1� l12l21 � l23l32 � l13l31 � 2l12l23l31

C12ðn;Vf;TÞ ¼ C13ðn;Vf;TÞ

¼ ðl21 þ l23l31Þðd1d2E22ðn;Vf;TÞÞ
1� l12l21 � l23l32 � l13l31 � 2l12l23l31

C23ðn;Vf;TÞ ¼ ðl32 þ l12l31Þðd2d3E33ðn;Vf;TÞÞ
1� l12l21 � l23l32 � l13l31 � 2l12l23l31

C44ðn;Vf;TÞ ¼ d23G23ðn;Vf;TÞ

C55ðn;Vf;TÞ ¼ d31G31ðn;Vf;TÞ

C66ðn;Vf;TÞ ¼ d12G12ðn;Vf;TÞ

where E, G and l are the elastic modulus, shear modulus and
Poisson’s ratio at a given temperature in the analyzed cyclic

increment, respectively. In order to obtain the above mechan-
ical properties, viz. E, G and l, the temperature-dependent
models were established in Tables 1 and 2.8

Since the resin is considered as an isotropic material, the
damaged stiffness matrix for the pure resin can be defined
as20 d1 ¼ d2 ¼ d3.
2.2.2. Sudden degeneration strategy

According to the failure models given in Section 2.1 and the
damage theory shown in Section 2.2.1, the direct discount
strategy by directly discounting the variables di was used to

assess the performance of the damaged elements during fatigue
cycling. However, due to the typical difference in the damage
severity between warps and wefts, it causes inconsistencies in

the discount degree of warps and wefts. Referring to the previ-
ous work on this matter,1 the corresponding sudden discount
strategy is listed in Table 3.

2.2.3. Gradual degeneration strategy

Under fatigue loading, materials with high bear-capacity usu-
ally follow a relatively slow degradation induced by softening
and micro-cracking inside the yarns prior to failure. The

temperature-dependent residual stiffness and strength models
were therefore proposed to estimate the gradual degeneration
response of materials components. As mentioned earlier, the

mechanical properties of fiber yarns are in general sensitive
to the fiber aggregation density as well. Hence, the residual
stiffness and residual strength models taking into account tem-

perature and fiber aggregation density were proposed as fol-
lows (Derivation process can be found in Sections A1–A2 of
Appendix A):

Residual stiffness model

Eðn;Vf;TÞ
Eð0;Vf;TÞ¼1� 1� p

c1

� �1=c2
 !

pk1Vb
f k5

Tr�T

Tr�T0

� �k2
 !

n

Nf

� �k3

T

T0

0B@

þ 1�pk1Vb
f k5

Tr�T

Tr�T0

� �k2
 ! !

n

Nf

� ��k4

T

T0

1CA ð8Þ

Residual strength model

Xðn;Vf;TÞ
Xð0;Vf;TÞ ¼ 1� ð1� pÞ pk1Vb

f k5

Tr � T

Tr � T0

� �k2
 !

n

Nf

� �k3

T

T0

0B@

þ 1� pk1Vb
f k5

Tr � T

Tr � T0

� �k2
 ! !

n

Nf

� ��k4

T

T0

1CA ð9Þ



Table 3 Sudden degradation strategy.

Failure model Component Discount strategy

d1 d2 d3

Yarn breaking in direction 1 Warp 0.2 0.2 0.2

Matrix cracking in direction 2/3 1 0.4 0.4

Yarn breaking in direction 1 Weft 0.2 0.2 0.2

Matrix cracking in direction 2/3 1 0.4 0.4

Pure resin matrix failure Matrix 0.4 0.4 0.4

Table 4 Gradual degradation model parameters of fiber yarns.

Fatigue life model Residual stiffness model Residual strength model

Parameter 11 direction 12/13 direction Parameter 11 direction 12/13 direction Parameter 11 direction 12/13 direction

a �0.0413 �0.0431 c1 0.982 0.921 b �0.668 0.223

b 0.00455 �0.800 c2 0.687 3.290 k1 0.635 �0.409

m 1.097 1.043 b �1.292 �5.114 k2 0.578 0.573

Tr 299.464 2.470 � 105 k1 5.274 24.120 k3 0.117 7.104

n 0.0797 �490.518 k2 �0.476 �10.853 k4 �4.256 �0.105

k3 0.0257 234.841 k5 0.183 0.928

k4 �63.458 �0.0864

k5 0.331 �6.685
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where Eðn;Vf;TÞ and Eð0;Vf;TÞ are the residual stiffness and
initial stiffness at the given temperature T and fiber aggrega-
tion density Vf respectively;Xðn;Vf;TÞ and Xð0;Vf;TÞ repre-
sent the residual strength and initial strength respectively;

p ¼ rmax=Xð0;Vf;TÞ is the ratio of applied maximum stress
and initial strength at the corresponding temperature; n and
Nf correspond to the cycle number and fatigue life at the

related temperature respectively; c1, c2, b, Tr and k1–k5 are
the correlative parameters of residual stiffness and strength
models. Notice that these parameters can be found in Table 4.

2.3. Geometric and finite element models of 2.5D-WC

Taking into consideration the discrepancy in configuration

between the outmost layer and internal layers resulting from
Resin Transfer Molding (RTM) technology (see Fig. 1
(a) and (b)), two types of geometric model, called inner-cell
model and full-cell model, will be established. In accordance

with the micrograph and previous work,10,11 the cross-
sectional configuration of weft yarns is assumed to be a quad-
ratic curve (Fig. 1(c)):

fðxÞ ¼ eax2 þ ebxþ ec ð10Þ
where ea, eb and ec are the unknown parameters; f (x) is the
cross-sectional configuration of weft yarns.

A rectangular shape is adopted to describe the cross-

sectional configuration of warp yarns, while the extended out-
lines of weft and warp yarns are represented as a straight line
and piecewise function, viz. quadratic line and straight line:

gðxÞ ¼ eax2 þ ebxþ ec 0 6 x < W1w=2ekxþ eh W1w=2 6 x < Lx �W1w=2

(
ð11Þ
where g (x) is the extended outlines of warp yarns; ek and eh and
are the unknown parameters; W1w and Lx are width of weft

yarns and longitudinal length of cell.
In the following process, the inner-cell model can be firstly

introduced (see Fig. 1(c)).

(1) The boundary dimensions of the inner-cell model:

Lx ¼ 10ðNk � 1Þ=Mw

Ly ¼ 10Nj=Mj

�
ð12Þ

where Nk and Nj are the number of weft yarns at the same
height and the number of warp yarns in each cell; Mw and
Mj are the weft arranged density and warp arranged density.

(2) The cross-sectional sizes of warp yarn:

Aj ¼ Te

1000qPj

; W1j ¼ 10

Mj

; W2j ¼ Aj

W1j

ð13Þ

where Aj is the cross-sectional area of warp yarn; Te is the lin-
ear density of yarns; q is the material density; Pj is the fiber
aggregation density of warp yarns; W1j and W2j are the width

and height of warp yarns, and W2j+W2w=Lh is the thickness
of the inner-cell model.

(3) The cross-sectional sizes of weft yarn and inclination
angle:

Aw ¼ Te

1000qPw

; W2w ¼ Lz � ðNh þ 1ÞW2j

Nh � 2
ð14Þ

where Aw is the cross-sectional area of weft yarns; Pw is the
fiber aggregation density of weft yarns; Lz is the height in



Fig. 1 Cross-sectional configuration, establishing model method and geometric models of 2.5D-WC.
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the thickness direction; Nh is the layer number of weft yarns;

W2w is the height of weft yarns.
In addition, a condition of the first-order continuity in

point C must be satisfied to ensure the smooth transition in

that point:

f0ðxÞjx¼W1w=2
¼ � tan h ¼ 2ea �W1w

2
ð15Þ

where h is the inclination angle of warp yarns.
Meanwhile, the inclination angle can also be described by

using the following relationship:

tan h ¼ W2j þW2w þW2j cos h
Lx=2�W1w �W2j sin h

ð16Þ

By Eq. (16), the inclination angle can be calculated by the
bisection method. Furthermore, according to the continuity
condition in point C, the following equation can be obtained:

W2j þW2w

2
¼ ea W1w

2

� �2

þ eb W1w

2

� �
þ ec ð17Þ

The configuration of weft is obtained by adjusting W1w to
make sure that the area of weft is equal to Aw:

4

Z W1w=2

0

eax2 þ ebxþ ec �W2j þW2w

2

� �
dx ¼ Aw ð18Þ

Therefore, the unknown parameters W1w, ea; ec and h can be

calculated according to simultaneous Eqs. (15)–(18). Ulti-
mately, based on the woven parameters listed in Table 5, the
inner-cell model can be established by the above parameters

(see Fig. 1(d)).
Subsequently, the full-cell model can be established based

on the inner-cell model. Fig. 1(e) illustrates the forming pro-

cess of 2.5D-WC based on RTM technology. Based on the
assumptions, the processing characteristic as mentioned above
and the inner-cell model, the full-cell model considering the

outermost layer structure can be established as shown in
Fig. 1(d).

Based on the full-cell model, a bottom-to-up approach21

was used to establish the finite element model. Considering

the balance between calculation efficiency and simulation pre-
cision, a free meshing mode with the capability of automati-
cally refining certain domains was adopted. Six surfaces were

initially meshed, with identical mesh configuration on each
of the opposite surface (see Fig. 2(a)). Fig. 2(b) exhibits the
finite element models of each components. The total number

of mesh elements reached up to 92924. The inner-cell and
full-cell finite element models were exhibited in Fig. 2(c). Here,
the effect of mesh size on the mechanical properties will be dis-
cussed in Section 3.2.
Table 5 Woven parameters of 2.5D-WC.

Parameter Warp arranged density

(tows/cm)

Weft arranged density

(tows/cm)

Value 10 3.5
2.4. Periodic boundary conditions

The stress-strain field in the unit cell should have the same
properties of translational symmetry as the composite itself.
In order to ensure displacement compatibility and force conti-

nuity of opposite surfaces in the Representative Volume Cell
(RVC), periodic boundary conditions should be imposed in
the simulation. For the 3D problem shown in Fig. 3, the set
of nodes for each boundary are represented by a-f, respec-

tively. The macroscopic displacement constraints for the corre-
sponding nodes on surfaces can be defined as10

UiðgÞ �UiðnÞ ¼ eijLj

FiðgÞ � FiðnÞ ¼ 0
g� n ¼ Lj; i; j ¼ x; y; z

�
where Ui (i = x, y, z) and Fi (i= x, y, z) are the displacements
and loads in the x, y and z directions.

Based on the discrete method, it is convenient to establish

the boundary conditions in software. Assume that the average
mechanical properties of RVC are equal to the average prop-
erties of 2.5D-WC, and the equivalent average stress can be
defined as10

rij ¼ 1

V

Z
V

rijdV ¼ 1

V

Z
Sþ
f

rþ
if x

þ
j dS�

Z
S�
f

r�
if x

�
j dS

 !

¼ Dxj

V

Z
Sj

rijdS ¼ Pij

Sj

ð20Þ

where rij are the average stresses of six independent directions;

Pij and Sj are the reaction forces and area of the applied

loading-related surfaces; V is the volume of unit cell; f is a
dummy suffix, when f–j, xþ

j ¼ x�
j and when f ¼ j,

xþ
j � x�

j ¼ Dxj. Therefore, based on Eq. (20), the average stress

can be simply calculated by the resultant tractions on the cor-
responding boundary surfaces.

2.5. Stress analysis process

In the case of fatigue loading, since the applied load in the
form of sine wave constantly varies, analyzing any states in

the process will inevitably lead to a large amount of calcula-
tion. Based on the fatigue theory, the applied maximum load
plays a critical role in crack growth rate and fatigue life. There-

fore, the stress analysis in the proposed fatigue life prediction
model will be established based on the following assumptions:

(1) Stress analysis is only carried out at the peak of applied
load in each discrete cycle.

(2) Thermal equilibrium state has been reached ahead of

fatigue analysis.
(3) Continuous fatigue loading process is artificially divided

into several discrete cycles, namely n0, n0 þ Dn, . . .,
n � Dn.
Number of layers in weft

direction

Height

(mm)

Fiber aggregation

density

6 1.95 0.765



Fig. 2 Finite element meshing process and corresponding mesh model.

Fig. 3 Periodic boundary conditions for 3D unit with a cuboid-shaped configuration.
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Consequently, the constitutive relationship taking into
account temperature in each discrete cycle can be derived in

matrix form as follows (Derivation process can be found in
Section A.3 of Appendix A):Z
X
ððdðDeÞÞTðC nðn;Vf;TÞÞDeÞdXþ

Z
X
ððdðDeÞÞTrnÞdX

¼
Z
Sr

ðdðDuÞÞT�T nþDndSþ
Z
X
ððdðDeÞÞTðC nðn;Vf;TÞÞ

� ðaðVf;DTÞÞDTÞdX ð21Þ
where dðDuÞ and dðDeÞ are the virtual deformation increment
vector and virtual strain increment vector in matrix form
respectively when the cycle number increases from nth to
(nþ Dn)th; aðVf;DTÞ is the coefficient vector of thermal expan-

sion; �T nþDn is the force vector loaded on the surface Sr at the
(nþ Dn)th cycle; Superscript ‘‘T” is the transposition opera-

tion; DT is the temperature variation.
According to the results obtained by solving the constitu-

tive function Eq. (21) using Finite Element Method (FEM)

at the point of maximum stress in each given cycle, damage
gradually accumulate in the elements under the cyclic process



Fig. 4 Flowchart of simulation analysis based on RVC using FEM.
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defined by the degradation strategies in Section 2.2. If the ele-

ment stress surpasses the fatigue damage criteria defined in
Section 2.1, the relevant element will be considered as failure.
The FEM calculation is carried out until the ultimate failure
conditions are satisfied, where complete failure of the material

occurs. Here, ultimate failure conditions are defined as: when
the amount of damaged elements in the warps and wefts with
respect to longitudinal damage in the yarn exceeds 50%.

The process of simulation can be shown as the flowchart in
Fig. 4.

3. Results and discussion

In order to verify the rationality of the fatigue life prediction
model proposed in this work, 2.5D-WC were used to be an

object. A set of sixteen specimens (T300 carbon fiber/
QY8911-IV resin) was tested under fatigue loading in the warp
direction at ambient temperature (eight samples, 20 �C) and

un-ambient temperature (eight samples, 180 �C). A sinusoidal
tension-tension cyclic loading was applied along the warp
direction at constant maximum stress amplitude and frequency
of 10 Hz using a hydraulic MTS 809. The minimum to maxi-

mum stress ratio was set to 0.1. In accordance with the static
testing results,1 the virgin strengths of 2.5D-WC at 20 and
180 �C were found to be 515.09 and 431.89 MPa, respectively.

Three stress levels of 90%, 87%, 80% at 20 �C and 80%, 75%,
73% at 180 �C were applied to investigate the fatigue life and
the damage mechanisms by simulation. More details on the
material and experimental method can be found in Section A.4

of Appendix A.

3.1. Parameters and temperature correlation analysis

Many studies have evidenced that the mechanical properties of
resin matrix composites generally decease with increasing tem-
perature, especially at elevated temperatures, which can be

attributed to the obvious decline of the resin’s mechanical
properties inside the yarns or interlamination. Therefore, a ser-
ies of T300/QY8911-IV unidirectional composites, viz. [0]8 (Vf

= 47.20%), [0]12 (Vf = 51.89%, 62.97%), [0]16 (Vf =
64.32%), [±45]2s (Vf = 44.40%), [±45]3s (Vf = 52.10%,
56.59%) and [±45]4s (Vf = 65.00%), were manufactured by
RTM technology. Fatigue life, residual stiffness and residual

strength tests were conducted at 20, 160 and 200 �C, and the
correlation parameters in the residual stiffness and strength
models (Eqs. (8) and (9)) were obtained using genetic algo-

rithm, and are given in Table 4. Fig. 5 exhibits the compared
results of predicted curves based on fitting parameters and test



Fig. 5 Fatigue-related mechanical behaviors with different fiber volume fraction and temperature.
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data. It can be seen that the fatigue-dependent models are well
coherent with the corresponding testing results at specific fiber
volume fraction and temperature. Additionally, the fatigue

life, residual stiffness and strength models were also verified
in several other situations, and the related results can be found
in Section A5 of Appendix A.

3.2. Stress distributions of 2.5D-WC at ambient and un-ambient

temperatures

Fig. 6 exhibits the deformed contour images of stress distribu-
tion subjected to warp tension-tension fatigue loading at the
maximum stress level of the 10th cycle. Based on the stress

contour at 20 �C, warps carry the majority of the applied load
during the loading cycle (see Fig. 6(a)), and stress intensity is
obviously enhanced inside the weft yarns. Stress concentration
occurs in the intersection regions between the warps and wefts

at 180 �C (see Fig. 6(b)). The highly stressed domains in wefts
can be attributed to the elevated temperature which results in
the resin softening and disaccord deformation of the warps

and wefts induced by different thermal expansion coefficients.
Therefore, the influence of temperature on the initial stress dis-
tribution of 2.5D-WC subjected to fatigue loading in the warp

direction is significant.

3.3. Mesh dependency

In FEM, mesh size plays a crucial role in analytical precision,

especially for the complex geometric model. Hence, it is worth
to discuss the mesh size before fatigue analysis. Here, we car-
ried out a series of simulation to predict the initial warp stress
Fig. 6 Stress distribution and stress concentration
in the case of 0.1% strain, where the mesh sizes are 0.06, 0.08,
0.10, 0.15, 0.20, 0.25, 0.30 and 0.40, corresponding to the entire
mesh numbers of 954674, 481972, 247519, 139902, 92924,

60499, 57347 and 53292, respectively.
Fig. 7 illustrates the warp stress and solving time curves as

the function of mesh number. It can be clearly seen that the

warp stress decreases with the increase of mesh size, but later
it generally trends to be horizontal, indicating that the influence
of mesh size on the mechanical properties dependency is slowly

weakening. Noticeably, although the mesh size has some effect
on the predicted stress, the maximum deviation and error are
merely 1.2 MPa and 2.8% respectively, which means that the
mechanical properties are not susceptible to mesh size. How-

ever, the solving time has a sharp upward trend during this pro-
cess. Specifically, when the mesh size is equal to 0.05, the mesh
number in the aggregate will exceed 106, which is quite hard to

converge in ANSYS. Since the fatigue life prediction is a rela-
tively complex process that takes too much calculating time,
we therefore choose 0.20 as the mesh size in this work.

3.4. Fatigue lives of 2.5D-WC at ambient and un-ambient

temperatures

Based on the full-cell model along with fatigue life prediction
model, the fatigue lives of 2.5D-WC at 20 and 180 �C subjected
to warp tension-tension cyclic loading were predicted. The cor-
responding results compared with the testing results are exhib-

ited in Table 6.
It can be seen from Table 6 that the fatigue life of 2.5D-WC

is noticeably dependent on temperature, and the deviation

between prediction values and testing values in logarithmic
regions in deformed 2.5D-WC at the 10th cycle.



Fig. 7 Influence of mesh size on warp stress of 2.5D-WC.

Table 6 Verification of predicted fatigue life and experimental results of 2.5D-WC.

Temperature (�C) Stress level (%) lg(Nf/cycle) Ratio

Prediction value Testing value

20 90 4.000 3.969 1.008

87 4.146 4.277 0.969

80 5.114 5.015 1.020

180 80 2.959 3.087 0.959

75 3.400 3.382 1.005

73 3.700 3.625 1.021

Table 7 Comparison of prediction values based on presented

model and Qiu’s model.

Stress

level

(%)

lg(Nf/cycle)

Testing

value

Prediction value

based on Qiu’s

model14

Prediction value based

on presented model

76.0 3.40 3.92 3.53

72.5 4.41 4.71 4.53

70.0 5.74 5.78 5.77
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scale for each stress level is approximately 1, indicating that
the temperature-dependent fatigue model agrees well with
the test data. Additionally, the model proposed in this work

was compared with the one proposed by Qiu,14 which pre-
dicted the fatigue life of 2.5D T300-3 k/HCGP-1 woven com-
posites at 20 �C, using the material properties of T300-3 k/
HCGP-1. The corresponding fatigue life obtained is given in

Table 7. Compared with Qiu’s results, the maximum errors
(the ratio of prediction value and testing value) calculated by
our model at stress level of 76%, 72.5% and 70% are 1.04,

1.03 and 1.01 respectively, which are lower than those obtained
by Qiu’s model.14

3.5. Damage evolution processes and mechanisms at ambient and
un-ambient temperatures

In addition to predicting the fatigue life, damage propagation

curves of 2.5D-WC subjected to warp direction, along with
related evolution photographs, were obtained by simulation
at 20 and 180 �C based on the proposed fatigue model

(Eqs. (8) and (9)). The amount of damage elements as a
function of the number of cycles at 20 and 180 �C is illustrated
in Fig. 8, and the corresponding damage propagation

photographs are shown in Figs. 9 and 10.
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For the damage evolution process at 20 �C, the damage
propagation rate remains essentially constant as the number
of cycles is increased, up to the occurrence of damaged ele-

ments in the traversal direction of the yarn and pure resin
matrix (see Fig. 8(a)). These damaged elements mostly exist
in the intersection areas of warps and wefts. This is due to

the resin damage inside or outside yarns (see Fig. 8), which
also reflects the stress concentration of woven composites
located at yarn contact zones rather than interlayers or resin-

rich regions (see Fig. 6). When the number of cycle reaches
to 10010, the 2.5D-WC reaches to a saturation state, followed
by a rapid increase in the percentage of damaged elements
until the ultimate failure (see Fig. 8(a)). It can be obviously

seen from Fig. 8(a) that during this damage propagation pro-
cess, a large number of damaged elements in the longitudinal
direction of the warp yarns emerge in the inclined area of

bear-loading warps, further facilitating the failure of surround-
ing resin (see Fig. 9). This saturation phenomenon was also
observed in the static process of warp loading.1 Ultimately,

longitudinal damage elements in the inclination warp yarns
propagate to the edge of the full-cell along the weft direction,
causing the failure of 2.5D-WC. Likewise, a large amount of

damaged elements in the traversal direction and failure in
the resin-rich region around the damaged warps on the frac-
ture surface were also predicted. Qiu also studied the fatigue-
induced damage extension behavior of 2.5D-WC under ambi-

ent temperature condition, and consistent results were
obtained by experiment.14

For the damage evolution process at 180 �C as shown in

Fig. 10, initial damaged elements in the transversal direction
and resin failure still pertain. The corresponding damage
locations are also consistent with that under the ambient

temperature condition. However, the amount of them is much
higher, indicating that the components’ properties are sensitive
to the environmental temperature.18 Based on the damage

extension curves at 20 and 180 �C, the fatigue-induced transver-
sal damage and resin failure as the number of cycles increased.
This result could give rise to a gradual decrease in the residual
mechanical properties of 2.5D-WC,22 and non-existent

saturation state (see Fig. 8(b)). It was found that the ultimate
Fig. 8 Percentages of damage elements corresponding to differen
failure of 2.5D-WC occurs only a few hundred cycles upon
the onset of longitudinal damage in warps. These damaged ele-
ments in the longitudinal direction of warps rapidly extend

from the contact areas of yarns to the edge of material along
the weft direction, concentrated at the root of inclined warps
(see Fig. 10). A certain extent of transversal damage and resin

failure still exist around the damaged warps, which is caused
by the damage to principal load-bearing warps.

In addition, due to the perpendicular relationship between

the weft direction and the loading direction, there is no longi-
tudinal damage in weft yarns. These findings coincide with the
experimental fracture surface as shown in Fig. 11. Therefore,
prior to the occurrence of longitudinal damage in warps, the

transversal damage and resin rich failure are the principal
damage modes. After the onset of longitudinal damage in
warps, the damage extension rates in the corresponding dam-

age locations are remarkably affected by the damaged warps.
Moreover, although the fatigue life is noticeably shortened at
180 �C, which is induced by the decrease in mechanical prop-

erties of resin, the damage extension behavior of 2.5D-WC is
still dominated by the warp yarns owing to the 3D network
configuration.
3.6. Fatigued fracture morphologies at ambient and un-ambient

temperatures

Fig. 11 exhibits the comparison between the simulated fatigue

fracture morphologies and corresponding testing results at 20
and 180 �C. The simulation results exhibit more longitudinal
fracture occurring inside the inclination warp yarns at 20 �C,
whereas the ones at 180 �C are mainly located at the root. These
are consistent with the corresponding fatigued fracture mor-
phologies obtained through experiments. In addition, a more

severe delamination phenomenon can be seen surrounding the
longitudinal fractured elements in warps at 20 �C than that at
180 �C, which was testified by simulation and experiment.

Although the stiffness and strength of QY8911-IV resin
experience a gradual decrease with the increase of tempera-
ture,18 temperature gives rise to the enhancement of resin’s
t failure modes during warp fatigue process at 20 and 180 �C.



Fig. 10 Damage propagation of 2.5D-WC during warp fatigue process at 180 �C.

Fig. 9 Damage propagation of 2.5D-WC during warp fatigue process at 20 �C.

Fatigue life prediction model of 2.5D woven composites 323



Fig. 11 Comparison of predicted fracture morphology and experimental results of 2.5D-WC at 20 and 180 �C.
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ductility, which has been revealed by our previous
work.22 Therefore, the heat-resistant QY8911-IV resin
(Tm � 256 �C18) at 180 �C facilitates a more uniform bear-

loading status inwarp yarns, resulting in an even fatigue fracture
morphology at elevated temperatures, along with a few damage
elements corresponding to delamination. Finally, the fracture
morphologies obtained by simulation and experiment consis-

tently demonstrate that there is no yarn longitudinal damage
in weft yarns.
As stated above, the temperature-dependent fatigue life
prediction model is reasonable for predicting the fatigue life
and damage evolution behavior of 2.5D-WC at different

temperatures.

3.7. Temperature dependency formation

The formation of temperature dependency on the fatigue

behavior can be attributed to the balance between mechanical



Fig. 12 Thermo-mechanical behaviors of pure resin and damage mechanism of 2.5D-WC.
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properties of resin and ductility of resin. More specifically, the
typical stress-strain curves of pure resin (QY8911-IV) at 20,
160 and 200 �C are shown in Fig. 12(a). The modulus and

strength of pure resin decrease as the temperature increases
(see Fig. 12(a)), resulting in decline in mechanical properties
of 2.5D-WC at elevated temperatures. However, the ductility

of 2.5D-WC improves at elevated temperatures, due to the
softening of resin, causing the stress concentration to be effec-
tively accommodated.6,22 Meanwhile, the inclination angle of

load-bearing warps decreases to some degree in the fatigue
process, strengthening the load-bearing capacity in warp direc-
tion (see Fig. 12(b)).22 Therefore, at 20 �C, a severe delamina-
tion fracture mode with the brittle failure resin was obtained,

but there was a much more uniform fracture morphology at
180 �C (see Fig. 11). Nevertheless, the fatigue life is obviously
reduced, owing to the decrease of mechanical properties of

resin induced by elevated temperature.

4. Conclusions

In this work, we proposed a temperature-dependent fatigue life
prediction model of woven composites, along with the
corresponding damage propagation behavior, at ambient and

un-ambient temperatures. Taking 2.5D-WC as an example,
the fatigue life, damage evolution regulation and fatigue frac-
ture morphology at 20 and 180 �C were successfully predicted

based on this model. Furthermore, the stress in warps is higher
than that in other components, indicating that warps are the
primary load-carrying elements under tension-tension fatigue
loading in warp direction. At 20 �C, there is an obvious

saturation point in the damage propagation curves whereas
damages in the non-longitudinal direction experience a gradu-
ally rising trend from the initial step to failure. Additionally, a

more uniform fracture surface was obtained at 180 �C than
that at 20 �C. This result can be attributed to release of
stress concentration caused by the increase in ductility at

180 �C, although the mechanical properties of components
are inevitably reduced.
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Appendix A

A.1. Derivation process of residual stiffness model

Based on the damage mechanics, Mao and Mahadevan23 pro-
posed a damage model as

D ¼ r
n

Nf

� �m1

þ ð1� rÞ n

Nf

� �m2

ðA1Þ

where D is the accumulated damage; r, m1 and m2 are material

dependent parameters; n and Nf are the cycle number and
maximum cycle number (fatigue life) respectively. The charac-
teristics of rapid damage accumulation during the first few

cycles can be captured with the first term, with m1 < 1; the sec-
ond term shows the fast damage growth at the end of fatigue
life with m2 > 1; r can be defined as the related coefficient of

stress levels and temperature. Therefore, in this work, the
parameters in Eq. (A1) are defined in terms of fatigue life as

r ¼ p k1Vb
f k5

Tr � T

Tr � T0

� �k2
 !

m1 ¼ k3
T

T0

m2 ¼ �k4
T

T0

8>>>>>>>><>>>>>>>>:
ðA2Þ

where the meaning of parameters refers to Eqs. (8) and (9).
Moreover, the damage variable D can also be expressed by

D ¼ Eð0;Vf;TÞ � Eðn;Vf;TÞ
Eð0;Vf;TÞ � EðNf;Vf;TÞ ðA3Þ

Substituting Eqs. (A2) and (A3) into Eq. (A1) yields

Eðn;Vf;TÞ
Eð0;Vf;TÞ ¼ 1� 1� EðNf;Vf;TÞ

Eð0;Vf;TÞ
� �

� pk1Vb
f k5

Tr � T

Tr � T0

� �k2
 !

n

Nf

� �k3
T
T0

(

þ 1� pk1Vb
f k5

Tr � T

Tr � T0

� �k2
 ! !

n

Nf

� ��k4
T
T0

)
ðA4Þ

As it is difficult to measure the residual stiffness
EðNf;Vf;TÞ in the failure moment, a relationship between

residual stiffness and stress level proposed by Lee24 is
introduced:
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p ¼ c1
EðNf;Vf;TÞ
Eð0;Vf;TÞ

� �c2

ðA5Þ

Substitute Eq. (A5) into Eq. (A4), and the theoretical resid-
ual stiffness model of 2.5D-WC at various temperatures can be
established:

Eðn;Vf;TÞ
Eð0;Vf;TÞ ¼ 1� 1� p

c1

� �1=c2
" #

�fpk1Vb
f k5

Tr � T

Tr � T0

� �k2
 !

n

Nf

� �k3
T
T0

þ 1� pk1Vb
f k5

Tr � T

Tr � T0

� �k2
 ! !

n

Nf

� ��k4
T
T0

)
ðA6Þ

Notice that when the temperature T is equal to ambient
temperature T0, Eq. (A6) will be degenerated into ambient
condition.

A.2. Derivation process of residual strength model

The damage variable D can also be expressed as a function of

residual strength:

D ¼ Xð0;Vf;TÞ � Xðn;Vf;TÞ
Xð0;Vf;TÞ � XðNf;Vf;TÞ ðA7Þ

Substitute Eqs. (A5) and (A7) into Eq. (A1), and the theo-
retical residual strength model of 2.5D-WC at various temper-
atures can be established:

Xðn;Vf;TÞ
Xð0;Vf;TÞ ¼ 1� ð1� pÞ pk1Vb

f k5
Tr � T

Tr � T0

� �k2
 !

n

Nf

� �k3
T
T0

(

þ 1� pk1Vb
f k5

Tr � T

Tr � T0

� �k2
 ! !

n

Nf

� ��k4
T
T0

)
ðA8Þ

In addition, the fatigue life Nf in Eqs. (A6) and (A8) can be

obtained by

rmax

Xð0;Vf;TÞ ¼ m
Tr � T

Tr � T0

� �n

þ aðVfÞb lgðNfÞ ðA9Þ

where a, b, m, n and Tr are the relevant fitting parameters,
which can be found in Table 4.

A.3. Derivation process of stress-strain relationship

When cycle number increases from nth to (n+ Dn)th, the equi-
librium equation at a given temperature can be depicted as

rnþDn
ij;j � Trij ¼ 0 i; j ¼ 1; 2; 3 ðA10Þ

where rnþDn
ij;j is the load-induced stress at the (n + Dn)th cycle;

Trij is the temperature-induced stress.

The boundary condition of force is given as

rnþDn
ij � Trij

� 	
nnþDn
j � T nþDn

i ¼ 0 ðA11Þ

Substituting Eq. (A10) into Eq.(A11), based on the incre-
mental form of principle of virtual work, yields
Z
X
ðrnþDn

ij � TrijÞdðDeijÞdX�
Z
Sr

T nþDn
i dðDuiÞdS ¼ 0 ðA12Þ

where dðDuiÞ and dðDeijÞ are the virtual deformation increment

and virtual strain increment respectively when the cycle
number increases from nth to (n+ Dn)th.

The stress rnþDn
ij can be described as

rnþDn
ij ¼ rn

ij þ Drn
ij ðA13Þ

where rn
ij and Drn

ij are the stress and stress increment at the nth

cycle respectively.
Substituting Eq. (A13) into Eq. (A12) yieldsZ

X
ðrn

ij þDrn
ij � TrijÞdðDeijÞdX�

Z
Sr

�TnþDn
i dðDuiÞdS¼ 0 ðA14Þ

Eq. (A14) can be expressed in matrix form:Z
X
ðdðDeÞÞTðrn þ Dr� TrÞdX�

Z
Sr

ðdðDuÞÞT�T nþDndS ¼ 0

ðA15Þ
where rn, Dr and Tr are stress vector, stress increment vector
and thermal stress vector respectively.

It is assumed that the incremental load is enough small so

that the stress-strain relations at the nth cycle can be treated
as linear, namely

Dr ¼ C nðn;Vf;TÞ

 �

De ðA16Þ
Additionally, as for the stress induced by temperature, it

can be defined as

Tr ¼ ðC nðn;Vf;TÞÞðaðVf;DTÞÞDT ðA17Þ
where C nðn;Vf;TÞ is the stiffness matrix at the nth cycle at a

given temperature T.
Substituting Eqs. (A16) and (A17) into Eq. (A15), we can

obtainZ
X
ððdðDeÞÞTðC nðn;Vf;TÞÞDeÞdXþ

Z
X
ððdðDeÞÞTrnÞdX

¼
Z
Sr

ðdðDuÞÞT�T nþDndSþ
Z
X
ððdðDeÞÞTðC nðn;Vf;TÞÞ

� ðXðaðVf;DTÞÞÞDTÞdX ðA18Þ
Eq. (A18) is the stress-strain relationship taking into

account temperature during the fatigue process, which can
be solved by a finite element method.

A.4. Experimental section

The material is a 2.5D woven carbon fiber-reinforced ther-

mosetting bismaleimide resin (QY8911-IV). The 2.5D-WC
with six plies of weft yarns were fabricated by a RTM tech-
nique.18 Ultimately, the fatigue-related specimens with a

dimension of 300 mm � 25 mm were fabricated as shown in
Fig. A1.22

All the tests were carried out by a MTS 810 hydraulic servo-
dynamic material test machine with a 25.4 mm MTS-634-25

extensometer (Fig. A2). Additionally, a MTS809 furnace was
used to provide un-ambient temperatures. For the ambient
temperature tests, the fatigue tests were run at a frequency of

10 Hz and a stress ration of 0.1 in accordance with ASTM
D3479.25 For the un-ambient temperature tests, temperature



Fig. A1 Schematic illustration of fatigue-related specimens,

magnification image of tested specimens.22

Fig. A2 Photograph of MTS-810 test machine, inset 634-25

high-temperature extensometer.
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was ramped up at a rate of 10 �C per minute from ambient tem-
perature to the target temperature in force control, followed by
a heat preservation process for at least 30 min. Afterward, the

thermos-mechanically fatigue tests were performed.22
Fig. A3 Normalized stiffness/strength vs normalized fatigue life curv

volume fractions in longitudinal direction.
A.5. Residual stiffness/strength models considering temperature
and fiber volume fraction

The normalized stiffness and strength curves of yarns as
the function of fiber volume fraction and temperature were

numerically calculated based on the correlated parameters
listed in Table 4, and are exhibited in Figs. A3 and A4.
es of unidirectional composites at different temperatures and fiber



Fig. A4 Normalized stiffness/strength vs normalized fatigue life curves of [±45]n composites at different temperatures and fiber volume

fractions.

328 J. SONG et al.
References

1. Song J, Wen W, Cui H, Zhang H, Xu Y. Finite element analysis of

2.5 D woven composites, Part II: Damage behavior simulation and

strength prediction. Appl Compos Mater 2016;23(1):45–69.

2. Jin L, Jin BC, Kar N, Nutt S, Sun B, Gu B. Tension–tension

fatigue behavior of layer-to-layer 3-D angle-interlock woven

composites. Mater Chem Phys 2013;140(1):183–90.

3. Montesano J, Fawaz Z, Behdinan K, Poon C. Fatigue damage

characterization and modeling of a triaxially braided polymer

matrix composite at elevated temperatures. Compos Struct

2013;101:129–37.

4. Montesano J, Fawaz Z, Poon C, Behdinan K. A microscopic

investigation of failure mechanisms in a triaxially braided poly-

imide composite at room and elevated temperatures. Mater Des

2014;53:1026–36.

5. Selezneva M, Montesano J, Fawaz Z, Behdinan K, Poon C.

Microscale experimental investigation of failure mechanisms in

off-axis woven laminates at elevated temperatures. Compos A Appl

Sci Manuf 2011;42(11):1756–63.

6. Vieille B, Taleb L. About the influence of temperature and matrix

ductility on the behavior of carbon woven-ply PPS or epoxy
laminates: Notched and unnotched laminates. Compos Sci Technol

2011;71(7):998–1007.

7. Koumpias A, Tserpes K, Pantelakis S. Progressive damage

modelling of 3D fully interlaced woven composite materials.

Fatigue Fract Eng Mater Struct 2014;37(7):696–706.

8. Zhou Y, Lu Z, Yang Z. Progressive damage analysis and strength

prediction of 2D plain weave composites. Compos B Eng

2013;47:220–9.

9. Li HZ, Kandare E, Li SG, Wang YC, Kandola BK, Myler P, et al.

Micromechanical finite element analyses of fire-retarded woven

fabric composites at elevated temperatures using unit cells at

multiple length scales. Comput Mater Sci 2012;55:23–33.

10. Song J, Wen W, Cui H, Zhang H, Xu Y. Finite element analysis of

2.5 D woven composites, Part I: Microstructure and 3D finite

element model. Appl Compos Mater 2016;23(1):29–44.

11. Song J, Wen W, Cui H. Finite element analysis of mechanical

properties of 2 5 D angle-interlock woven composites:

Part 1 – full-cell model and its validation. Indian J Fibre Text

Res (IJFTR) 2017;42(1):17–24.

12. Dai G, Mishnaevsky L. Fatigue of hybrid glass/carbon compos-

ites: 3D computational studies. Compos Sci Technol 2014;94:

71–9.

http://refhub.elsevier.com/S1000-9361(17)30271-6/h0005
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0005
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0005
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0010
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0010
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0010
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0015
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0015
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0015
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0015
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0020
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0020
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0020
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0020
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0025
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0025
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0025
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0025
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0030
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0030
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0030
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0030
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0035
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0035
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0035
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0040
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0040
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0040
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0045
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0045
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0045
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0045
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0050
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0050
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0050
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0055
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0055
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0055
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0055
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0060
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0060
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0060


Fatigue life prediction model of 2.5D woven composites 329
13. Hao W, Yuan Y, Yao X, Ma Y. Computational analysis of fatigue

behavior of 3D 4-directional braided composites based on unit cell

approach. Adv Eng Softw 2015;82:38–52.

14. Qiu R. Research on fatigue life prediction and damage analysis of

2.5D woven composites[dissertation]. Nanjing: Nanjing University

of Aernautics and Astronautics; 2013. p. 100 [Chinese].

15. Dong W, Xiao J, Li Y. Finite element analysis of the tensile

properties of 2.5 D braided composites.Mater Sci Eng, A 2007;457

(1):199–204.

16. Kang H, Shan Z, Zang Y, Liu F. Progressive damage analysis and

strength properties of fiber-bar composites reinforced by three-

dimensional weaving under uniaxial tension. Compos Struct

2016;141:264–81.

17. Khedkar S, Chinthapenta V, Madhavan M, Ramji M. Progressive

failure analysis of CFRP laminate with interacting holes under

compressive loading. J Compos Mater 2015;49(26):3263–83.

18. Song J, Wen W, Cui H, Liu H, Xu Y. Effects of temperature and

fiber volume fraction on mechanical properties of T300/QY8911-

IV composites. J Reinf Plast Compos 2014;34(2):157–72.

19. Murakami S. Mechanical modeling of material damage. J Appl

Mech 1988;55(2):280–6.
20. Fang GD, Liang J, Wang BL. Progressive damage and nonlinear

analysis of 3D four-directional braided composites under unidi-

rectional tension. Compos Struct 2009;89(1):126–33.

21. Li DS, Li JL, Chen L, Lu ZX, Fang DN. Finite element analysis of

mechanical properties of 3D four-directional rectangular braided

composites Part 1: microgeometry and 3D finite element model.

Appl Compos Mater 2010;17(4):373–87.

22. Song J, Wen W, Cui H. Fatigue behaviors of 2.5 D woven

composites at ambient and un-ambient temperatures. Compos

Struct 2017;166:77–86.

23. Mao H, Mahadevan S. Fatigue damage modelling of composite

materials. Compos Struct 2002;58(4):405–10.

24. Lee JH. An experimental and analytical investigation of the

stiffness degradation of graphite/epoxy composite laminates under

cyclic loading[dissertation]1989Washington, D.C.: The George

Washington University; 1989. p. 30–1.

25. De Baere I, Van Paepegem W, Quaresimin M, Degrieck J. On the

tension–tension fatigue behaviour of a carbon reinforced thermo-

plastic Part I: limitations of the ASTM D3039/D3479 standard.

Polym Test 2011;30(6):625–32.

http://refhub.elsevier.com/S1000-9361(17)30271-6/h0065
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0065
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0065
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0075
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0075
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0075
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0080
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0080
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0080
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0080
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0085
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0085
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0085
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0090
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0090
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0090
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0095
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0095
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0100
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0100
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0100
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0105
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0105
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0105
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0105
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0110
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0110
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0110
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0115
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0115
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0120
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0120
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0120
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0120
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0125
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0125
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0125
http://refhub.elsevier.com/S1000-9361(17)30271-6/h0125

	Fatigue life prediction model of 2.5D woven composites at various temperatures
	1 Introduction
	2 Fatigue life prediction model
	2.1 Fatigue damage criteria
	2.2 Damage propagation model
	2.2.1 Basic theory
	2.2.2 Sudden degeneration strategy
	2.2.3 Gradual degeneration strategy

	2.3 Geometric and finite element models of 2.5D-WC
	2.4 Periodic boundary conditions
	2.5 Stress analysis process

	3 Results and discussion
	3.1 Parameters and temperature correlation analysis
	3.2 Stress distributions of 2.5D-WC at ambient and un-ambient temperatures
	3.3 Mesh dependency
	3.4 Fatigue lives of 2.5D-WC at ambient and un-ambient temperatures
	3.5 Damage evolution processes and mechanisms at ambient and un-ambient temperatures
	3.6 Fatigued fracture morphologies at ambient and un-ambient temperatures
	3.7 Temperature dependency formation

	4 Conclusions
	Acknowledgement
	Appendix A
	A.1 Derivation process of residual stiffness model
	A.2 Derivation process of residual strength model
	A.3 Derivation process of stress-strain relationship
	A.4 Experimental section
	A.5 Residual stiffness/strength models considering temperature and fiber volume fraction

	References


