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Abstract: A new model based on continuum damage
mechanics is proposed to predict the fatigue life of 2.5D
woven composites. First, a full-cell model reflecting the
real microstructure of 2.5D woven composites is established
in ANSYS. Subsequently, three independent damage vari-
ables are defined in the framework of the composite micro-
mechanics to establish the component constitutive relations
associated with damage. The strain energy density release
rate and damage evolution equations for the matrix, fiber in
yarns, and matrix in yarns are derived. Finally, the proposed
model is implemented for fatigue life prediction and damage
evolution analysis of 2.5D woven composites at 20 and
180°C. The results show that the numerical results are in
good agreement with the relevant experimental results.

Keywords: continuum damage mechanics, 2.5D woven
composites, composite micromechanics, fatigue life pre-
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1 Introduction

In general, 2.5D woven composites represent a special
kind of 3D woven composites. Compared with 2D lami-
nated composites, 2.5D woven composites exhibit a more
advanced fabric plane and higher delamination resis-
tance; moreover, 2.5D woven composites have a simpler
structural configuration than 3D woven composites [1].
Owing to these advantages, 2.5D woven composites are
widely used in the domains of aerospace, transportation,
sports equipment, civil engineering, among other fields,
and present several promising opportunities [2]. Therefore,
it is of significance to study the fatigue behavior of angle
interlock woven composites for engineering applications.

Many researchers have focused on the mechanical
properties and prediction models of angle interlock woven
composites [3-9]. Isart et al. [3] adopted three different
modeling methods, namely, the idealized method, digital
element method, and analytical method, to numerically
analyze the global volume fraction and elastic properties
of 3D woven composites. The results showed that the first
method was faster than the other two methods, although
the latter two methods were more accurate in terms of
predicting the elastic properties. Based on the Hashin
failure criteria and MLT damage model, Warren et al. [4]
established a three-dimensional progressive damage model to
analyze the damage initiation and propagation of 3D woven
composites. Based on the Puck failure criteria, von Mises
failure criteria, and quadratic stress criterion for the fiber-
matrix interface, Lu et al. [5] established a damage model
considering the fiber damage, matrix cracks, and interfacial
damage. The model clarified the progressive damage of 2.5D
woven composites under quasi-static tension on a mesoscale.

Nevertheless, research on models related to the fatigue
life of angle interlock woven composites [10-13] is limited.
Stegschuster et al. [10] studied the effect of the z-binder
angle of 3D woven composites on the delamination fracture
toughness and fatigue strength. The experiments indicated
that the fracture toughness and fatigue resistance gradually
increased with increasing z-binder volume fraction. Yu et al.
[11] used the time-lapse X-ray computed tomography tech-
nique to identify the fatigue damage state of 3D woven
composites with different fatigue lives. The results showed
that the transverse cracks of weft yarns appeared at the
initial stage of fatigue life, and the number of transverse
cracks steadily increased with increasing fatigue life. Song
et al. [12] combined the full-cell model of 2.5D woven com-
posites with the classical progressive damage model which
can effectively distinguish the different failure modes of
angle interlock woven composites. The fatigue life and
damage propagation process of 2.5D woven composites at
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20 and 180°C were successfully predicted. Compared with
the progressive damage model requiring a mass of experi-
mental data for full material characterization, the continu-
um damage mechanics model widely used to predict the
fatigue life of metallic materials [14-16] needs less experi-
mental data, and it applies phenomenological methods to
study the mechanical behavior of fatigue damage. Due to
the diversity of components of angle interlock composites,
the continuum damage mechanics model has not been
effectively applied in the study of fatigue life and damage
of 2.5D woven composites.

Therefore, in this study, the microstructure of 2.5D
woven composites was examined, and a full-cell model for
fatigue damage analysis was established. Based on the full-
cell finite element model, the micromechanics of composites
and continuum damage mechanics were introduced, and a
model to predict the fatigue life of 2.5D woven composite on
the microscale was established. Finally, the fatigue damage
process and fatigue life of 2.5D woven composites at different
temperatures were predicted and analyzed.

2 Geometric structure and finite
element model of 2.5D woven
composites

2.1 Geometric structure of 2.5D woven
composites

Layer-to-layer interlock is one of the most typical structures
of 2.5D woven composites. The microstructure of warp
yarns, weft yarns, and resin matrix is shown in Figure 1.

According to the early literature, weft cross sections
are of racetrack, rectangular, and convex lens types
[17-19]. Figure 1(a) shows that under the mutual extru-
sion of the warp yarn, the cross section of the weft yarn
exhibits a bulge in the middle that is sharp at both ends,
which conforms to the assumption of a convex lens. A
warp yarn can be divided into an enveloping weft section
and a linear connection section. Figure 1(b) shows that the
weft yarn is basically distributed in a straight orientation,
and the cross section of the warp yarn is rectangular.

In addition, the micrograph shows that the outer
structure of 2.5D woven composites is considerably dif-
ferent from the inner structure due to the influence of the
resin transfer molding (RTM) technology. Therefore, this
article adopts the same geometric cross-sectional config-
uration as in Guo and Song’s study [9,12], and the specific
dimensions are shown in Figure 2.
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(@)

(b)

Figure 1: Sectional view of 2.5D woven composites: orientation of (a) warp yarns and (b) weft yarns.

The x-, y-, and z-axes of the rectangular coordinate
system in Figure 2 represent the warp, thickness, and
weft directions of the geometric structure, respectively.
The red curve is the contour curve of the weft yarn, which
is described by a quadratic function:

fx) =ax? + bx + c, 1)

where a, b, and ¢ are unknown parameters. The blue
curve is the contour curve of the warp yarn, which is
described by a piecewise function:

{g(X) =f(x), 0<x<Wy/2, o

g(x) = kx + h, Wy /2 < X < Ly/2 - Why,

where k; and h are unknown parameters. Owing to the
influence of the molding technology, the outer warp yarn
is flattened, and it is extruded to the inside due to the
warp restriction. Therefore, the length of the outer warp
yarn should be equal to that of the inner warp yarn.

The overall size of the geometric structure in Figure 2
is obtained as follows:

3

Ly = 10(N,, - 1)/M,,
L, = 20N/ M,

where L, and L, are the length and width of the geometric
structure (mm), respectively. M,, and M; represent the weft
and warp arranged density (tows per cm), respectively. N,
denotes the number of weft yarns at a given height, and N;
denotes the number of warp pairs in a single layer.

The geometric dimensions of the rectangular cross section
of the warp can be calculated, using the following equation:

S
1,000p;V;
10
W = I (4)
A;
VVZ] Y
Wi

where A4; is the cross-sectional area of the warp yarn
(mm?), and T, is the linear density of the yarn (g/km). p;
is the fiber density (g/cm?), and V; is the aggregation
density (volume fraction) of the warp yarn. Wj; and W;
represent the width and height of the cross section of the
warp yarn, respectively.

The cross-sectional geometric dimensions of the weft
and unknown parameters of f(x) and g(x) can be calcu-
lated, using the following method:

Cross-section of
weft yam

Wa

Cross-section
of warp yam

A
4

12L,

Figure 2: Geometric structure of 2.5D woven composites.




656 —— Nan Wang et al.

z

ky

X yarns
Figure 3: Finite element model of 2.5D woven composites.

L - (Np+ DWy

1%
2w Nh—z

, (5)
where L, is the thickness of the geometric structure (mm),
Ny, is the number of weft yamns in the thickness direction,
and Nj, — 2 reflects the extrusion effect of the RTM tech-
nology in the composites. To obtain the cross-sectional width
(Why) of the weft yarn, the slope k; of the linear connection
section of the warp yarn, and the unknown parameters (a, b,
and ¢) of f(x), five equations must be simultaneously solved.
The simultaneous equations are as follows:

_ oy
2 ’

2
0= a(%) + b(%) + c,
2 2
Wiy

FOO) lx=w,,2 = k =tan (m - 0) = ZaT +b,

Cc

Vtan 0 — V|/2j+%w+%jcqse’ (6)
Ly/2 — Wy, — Wy sin 0
Wiy /2

L

=—2° — =4 I (ax? + bx + ¢)dx
1,000pV,,

S, + gwlwz + 2cWh,

where 0 is the inclination angle of the warp yarn, 4,, is the
cross-sectional area of the weft yarn (mm?), and V,, is the
aggregation density (volume fraction) of the weft yarn.

2.2 Full-cell finite element model of 2.5D
woven composites

The full-cell finite element model is the basis of fatigue
damage analysis of 2.5D woven composites, and its ratio-
nality directly affects the accuracy of prediction. In this
study, the UG software is used to establish the geometric
model of 2.5D woven composites, and HyperMesh software
is used for meshing. The periodic boundary conditions of
the full-cell model are accomplished through the nodal
displacement constraint equations in ANSYS software.
The positions of nodes on the parallel planes of the full-

matrix
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cell model have a one-to-one correspondence. To ensure the
continuity of the stress and displacement in the structure,
the contact areas of the resin matrix, warp yarns, and weft
yarns have the same nodes. The finite element full-cell
model of the 2.5D woven composites is shown in Figure 3.

Xia et al. [20] proposed an explicit unified form for
periodic boundary conditions and proved that the conti-
nuity of deformation and stress can be simultaneously
satisfied in the unit cell model. The periodic boundary
condition can be expressed as:

uii+ - uij_ = éAX]i (1’ k= XY, Z)’ (7)

where the superscripts j+ and j— represent the positive
and negative areas of the jth opposite units, respectively.
£ is the average strain of the unit cell, and Ax,f is the
distance between opposite planes.

For the full-cell model used in this article, it is neces-
sary to ensure that the macroscopic stress in each principal
direction is the same as the external load in the fatigue life
prediction. The macroscopic stress in each principal direc-
tion is obtained, using the volume average method:

1%
o5 = — Y ok, 8
Ve o

where N, is the total number of full-cell model elements,
ojjk is the stress of the kth element in the ij direction, Vy is
the volume of the kth element, and V/, is the total volume
of the full-cell model.

3 Life prediction model of 2.5D
woven composites

3.1 Component constitutive relations
associated with damage

Based on the full-cell model in this article, 2.5D woven
composites can be considered to be composed of the resin
matrix and yarns with a relatively complex orientation.
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Fiber yarns are generally considered transversely iso-
tropic materials, which are composed of matrix and
fibers. The constitutive relation of the yarns at T°C can
be expressed as follows:

Eij.fT =
[ Sir S Sgr 0 0 0 |
ST SnfT ST 0 0 0
S12fT ST SafT 0 0 0 <o
0 0 0 2syg-ssm) O O BT
0 0 0 0 S66,ﬁ 0
0 0 0 0 0 566,ﬂ"
1 9)
Si,fT = EllfT’
s 1
22,fT = ’
Engr
Vi,
{ ST = _Ellf;’ (10)
V3,
SZ3,fT = _Ezsz;,
1
Se6,T = Glsz’

Ezg,ﬂ" = (1 - DfmT)Efml

(1 = Dgr)Ex frr + Nyl Vi(1 = Dyr)Ep e + (1 = Vi) = Dfinr)Efmr]
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where s;; ¢r, Ejnr, and vi,r denote the flexibility coefficient,
elastic modulus, and Poisson’s ratio of the resin matrix at
T°C, respectively.

The mechanical properties, failure mechanism, and
fatigue damage evolution process of the fibers and matrix
in yarns, and resin matrix of 2.5D woven composites are
different. Therefore, the damage vector is introduced to
characterize the damage degree of 2.5D woven compos-
ites with cyclic loading:

_Ej-Ej

i = (13)

E

where E; and EJ denote the elastic moduli of undamaged
and damaged materials, respectively. The subscripts
ij =ffT, fmT, mT represent the fibers in yarns, matrix in yarns,
and resin matrix of 2.5D woven composites at T°C, respectively.

According to the theory of damage mechanics and
micromechanics of composite materials, the elastic moduli
of the yarns with damage in 2.5D woven composites is
characterized by the fiber and matrix elastic modulus [21]:

ERsr = (1 - Dgn)EgrVs + (1 = Dpur)Epmr(1 = V), (14)

(1 - Dgr)Engr(1 = V§) + (1 = Dpur)Epmr Vs + 15(1 = Dpr)Epmr
(1 = Dyr)Guogr + Nl V(1 = Dygr)Gra grr + (1 = Ve)(1 = Dpynr) Gt

(15)

G2 = (1 = Danr)G,
12fT 7 Dgr)Grogr(1 = Vi) + (1 = Dy

where subscripts i, j = 1, 2, 3, and the 1-axis is parallel to
the fiber. The 2- and 3-axes are perpendicular to the fiber.
s, sr is the flexibility coefficient of fiber yarns at T°C. Ej fr,
Gij sr, and vy sr are the elastic moduli, shear moduli, and
Poisson’s ratio of the yarns at T°C, respectively. The resin
matrix is an isotropic material, and its constitutive rela-
tion at T°C can be expressed as follows:

Stmr SimT  Si2,mT 0 0
SiumT SimT SimT 0 0
SiymT SizmT Sit,mT 0 0
Ei =
§mT 0 0 0 2(Siymr — Sizmr) 0
0 0 0 0 2(s1,mr -
o o0 o 0 0
s 1
WmT = =
’ E
mT (12)
— Vmr
SiamT = — &>
EmT

) (16)
)GmTVf + (1~ DfmT)GmT

where V} is the aggregation density in yarns, and 1, and
1,, are correction coefficients. The elastic modulus of the
resin matrix with damage in 2.5D woven composites is

Egr = (1 = Dup)Enr, (17)
o ]
0
0
0 X O3, mT> (11)
S12,mT) 0
2S11,mr = Si2,m7) |
3.2 Damage evolution equation

Continuum damage mechanics is used to derive the
damage evolution equation of component damage vari-
ables. The Helmholtz free energy density (i) of



658 —— Nan Wang etal.

anisotropic damage materials is a convex function of its
observable and internal variables [22], which can be
expressed as

Y = Y& prs eiﬁfﬂ“’ Eij,fmT» giffmr’ Eij,mT> Siﬁmr’ T,a,y,D),

(18)
where €, €P, &, and y denote the total strain tensor, plastic
strain tensor, back strain tensor, and damage cumulative
plastic strain of the material components, respectively. In
this study, the yarns and resin matrix of 2.5D woven
composites (T300/QY8911-1V) are brittle materials, and
the experimental temperature is maintained at a constant
value. Therefore, the Helmholtz free energy density is
equal to the average strain energy density (Wp) of damaged
materials, which can be expressed as

1
Wp = Z[Uij,fﬁgij,fﬂ + Oy fimT€qj,fmT + O, mr€i,mt]> (19)

where p is the material density. The strain energy density
release rate (Y) defined by the thermodynamic associated
variable is derived from the Helmholtz free energy density:

Yo — oWp Oy grEijpr
fT=P = ,
Dyr  2(1 - Dgr)
oWy O35, fmTE4j, fmT
{Y, T=pP = s (20)
fm anmT 2(1 - DfmT)
YmT -p aWD _ Oij,mTEij,mT ,
aDmT 2(1 - DmT)

2 2 2
o o o
Ocq,fir = XgT 1.7 + 12,/ + a BT s
X fr Yo rr Yis fr
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where the subscripts ij = ffT, fmT, mT, and A, B;;, and Cj;
are the unknown parameters of the damage evolution
equation. By substituting equation (20) into equation
(21), the damage evolution equation of the yarn fibers,
yarn matrix, and resin matrix of 2.5D woven composites
can be obtained:

2Bgr
dDgr _ Agr i
dN (ZEffT)Bf/T (1 - for)ZBf/T+Cf/T
2B,
J demT _ AfmT . O-ij,firnn; (22)
dN  (2Epmr)®mr (1 — Dyppp)?Bmr* Gt
dDmT _ AmT . O-IIZ,Br;IHYT"
AN (2Emr)Brt (1 = Dyyg) P+t

Due to the randomness of fiber distribution in fiber
yarns, the true stress of the fiber and matrix in yarns is
difficult to obtain. Therefore, the component equivalent
stress of the yarn fibers, yarn matrix, and resin matrix of
2.5D woven composites is defined to replace the true stress.
The composite component failure criteria (Hashin failure
criteria [25]) can be used to define the component equiva-
lent stress of the fiber and matrix in yarns. Due to the com-
plex stress of the pure resin matrix, the von Mises failure
criteria can be used to define the component equivalent
stress of the resin matrix. The specific form is as follows:

03,1° = On frOs,r

(23)

2
{ Ox,fT + 033,
O‘eq‘/’ﬁnT = XfmT\/(M) +

Xzz,ﬂ" Y23,fT2

2 2
O1,fT 013,fT
+B + B8l =1,
( Yo pr ) ( Yz pr )

The damage evolution equation can be derived from
the dissipative potential function, which is a convex
function of the strain energy density release rate. The
works of literature [23,24] assume that the damage evolu-
tion equation of composites is a power exponential form
of Y, which is expressed as

B;
dD;  AyYy

Dy _ T Q1)
dN (1 - Dij)cii

1 1 1 2 2 )
Oequ,mT = \/E(Oll,mT - Onpm7)* + E(GZZ,mT - O3,mr)? + E(Gll,mT - 03,m1)* + 3T mr + Thmr + Bmr) »

where Xgr and Xp,r are the fiber and matrix strengths of
the yarns, respectively. X;; ;r and Xy, sr are the longitu-
dinal and transverse tension strengths of the yarns,
respectively. Yi, fr, Yi3 sr, and Yo3 gy are the shear strengths
of the yarns in the material coordinate system. a and S
are the shear contribution factors. By substituting equa-
tion (23) into equation (22), the damage evolution equation
for the fatigue life prediction of 2.5D woven composites can
be obtained.
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4 ldentification of the parameters
of the life prediction model

4.1 Process of parameter identification

Separate variable integration of the damage evolution equa-
tion of 2.5D woven composites can be performed as follows:

Ny i C
Jsz Il (Ey)" (1 - Dy)*i*G o)
o Dy,

Ay Gezc?\g,ij ’
where D, ; is the initial damage variable of the material
component, usually set as 0, and Nj is the fatigue life of
the material component. By integration of equation (24)
from Dy ; = 0 to Dj = 1, the fatigue life prediction model
of 2.5D woven composites can be obtained:

(2E;)Bi

01 Ny = ———
Aij(zBl'j + Cij + 1)

eq,ij 'l (1 - DO,ij)ZBiﬁCins (25)

To identify the model parameters, the residual stiffness
and fatigue life of the yarn fibers and yarn matrix should be
obtained by the mechanical property experiment of the
yarns. However, it is difficult to directly research the trans-
verse and shear mechanical properties of the yarns, and the
experimental conditions are not fully available. Therefore,
the mechanical properties of the yarns are obtained by com-
posite laminates with the same fiber volume fraction.

The equation (26) is a relation between normalized
stress and logarithmic fatigue life of composite laminates
considering the effect of fiber volume fraction:

O
e}(?.,.’l} = kijlogio(Ny) + my(1 — Vp)"i, (26)

ij
where the subscripts ij = ffT, fmT, mT, and k;, m;;, and n;;
are unknown parameters, which are obtained by fitting
the fatigue life experimental data of composite laminates
with different fiber volume fractions. When V; is equal to
the fiber volume fraction of the warp yarns, weft yarns,
and resin matrix, the fatigue life of the material compo-
nent can be calculated. Take the logarithm of both sides
of equation (25):

(2E;)Pi

log N;j = log| ———
& v g[ Aij(ZBij + C,'j + 1)

] — 2B 108 Ocqy,ij» (27)

The value of the unknown parameter B; in equation
(27) can be determined by the slope of the image curve of
the logarithmic fatigue life vs the logarithmic component
equivalent stress. Previous studies have shown that the
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stiffness degradation of composite laminates is related to
the normalized fatigue life [26,27]. Therefore, this article
uses equation (28) to characterize the normalized re-
sidual stiffness of the composite laminates:

ED ni \o
1-Dy=—-2L=|1--2]|,
E; N;;

where the subscripts ij = ffT, fmT, mT. n;/Nj is normal-
ized component fatigue life and r; is an unknown para-
meter, which is obtained by fitting the residual stiffness
experimental data of composite laminates with different
fiber volume fractions. The derivation of equation (28)
can be fitted to obtain the damage evolution rate of the
yarn fibers, yarn matrix, and resin matrix. Take the loga-
rithm of both sides of derived equation (25):

Aij 2B::
Og[m(oeqv,u) ’:|
+ (ZBij + Cl'j) log (1 - Dij)fl.

(28)

ij=1

lo
ngf

(29)

By calculating the slope and intercept of the image
curve of the logarithmic damage evolution rate vs the
logarithmic damage variables, the values of the unknown
parameters A; and C; in equation (29) can be obtained.

4.2 Characterization of material and
specimen

The 2.5D woven composites and laminated composites in this
study are composed of carbon fiber yarns (T300) including 3 K
filaments per bundle and resin matrix (QY8911-IV) with a
glass transition temperature of 256°C. At 180°C, the tempera-
ture does not significantly affect the mechanical properties of
the fiber, although it considerably influences the mechanical
properties of the resin matrix. The mechanical properties of
the fiber and matrix at 20 and 180°C are shown in Table 1.

According to the standard of ASTM D3479 [29], the
nominal dimensions of the 2.5D woven composite speci-
mens are designed as 300 mm x 25mm x 1.95 mm, and
the length of end tabs on both sides is 50 mm, as shown
in Figure 4.

All specimens were weaved by the institute of com-
posite materials of TianGong University and molded by
RTM technology at the Aerospace Research Institute of
Material & Processing Technology in China. The specific
molding process can refer to the literature [30]. The
woven parameters of 2.5D woven composites are shown
in Table 2.
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Table 1: Mechanical properties of T300-3K and QY8911-1V at 20°C and 180°C [28]
Material E11 /20180 E>s f20(180) G15,f20(180) V12,f20(180) Xi20(180)
T300-3K 230 GPa 40 GPa 17 GPa 0.3 3,360 GPa (3,261 GPa)
Em20(180) Vm20(180) Xfm20(180)
QY8911-IV 4.16 GPa (2.5 GPa) 0.358 68.28 GPa (31.87 GPa)
=
&
=
=
g
50 “\_ Warp direction // 8 )
NG 47 Unit:mm
_______ o
)
(9]

Figure 4: The specific geometric dimensions of the specimen.

Substituting the woven parameters in Table 5 into
equations (3)—(5), all unknown parameters in the geo-
metric structure can be obtained, as shown in Table 3.

4.3 ldentification of the parameters of the
yarn fiber damage evolution equation

Since the ratio of Egr/Epy,r is extremely large, the stiffness
degradation of the [0], unidirectional ply can be consid-
ered as that of the yarn fibers. Therefore, the unknown
parameters of the yarn fiber damage evolution equation
are fitted, using the tension—tension fatigue experimental
results of the [0], unidirectional plies with fiber volume
fractions of 47.20, 51.89, 62.97, and 64.32%.

The tension—tension fatigue experiment of the [0],
unidirectional ply is based on the ASTM D3479 standard
[29], the loading frequency is 10 Hz, and the stress ratio is
0.1. Figure 5 shows the experimental data and fitting
curves of the normalized stress vs the logarithmic fatigue

Table 2: Woven parameters of 2.5D woven composites [30]

life of [0],, unidirectional plies with different fiber volume
fractions at different temperatures.

The experimental data in Figure 5 are inserted into
equation (26) and fitted, using the least square method to
obtain the unknown parameters kg, mgr, and ngr. In the
figure, the fitting curves of the warp and weft fibers at
20°C are wine red and purple, and those at 180°C are olive
green and cyan blue. The experimental data and fitting
curves of the normalized residual stiffness vs the normal-
ized fatigue life of [0],, unidirectional plies with different
fiber volume fractions at different temperatures are shown
in Figure 6.

It can be seen from the experimental data in Figure 6
that the residual stiffness of the yarn fiber is mainly
affected by temperature, and the least square method is
used to fit the unknown parameter rgr in equation (28) at
20 and 180°C. The corresponding fitting curves at 20 and
180°C are represented by the blue and purple in the
figure. Following the method described in Section 4.1,
the unknown parameters Agr, Bgr, and Cgr of the yarn

Material component Yarn arranged density

Number of layers in the weft Yarn sectional

Fiber aggregation density

(tows/cm) direction area (mm?)
Warp yarns 10 5 0.16 0.7
Weft yarns 3.5 6 0.147 0.765
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Table 3: Unknown parameters of the geometric structure

Parameter a b c k; h

Value -0.2383 -0.0342 0.1 -0.3106 0.1801

fiber damage evolution equation can be obtained. The
specific values are shown in Table 4.

4.4 ldentification of the parameters of the
matrix and yarn matrix damage
evolution equation

Because the fiber strength of the composites is consider-
ably greater than the strength of the matrix, the matrix of
the composites is expected to be damaged first when
the matrix direction is loaded. The damage of the fiber
at this instant is small and can be ignored. Therefore,
the unknown parameters of the matrix and yarn matrix
damage evolution equations are fitted by the tension-
tension fatigue experimental results of [+45], cross-ply
laminates with fiber volume fractions of 44.4, 52.1, 56.59,
and 65%, respectively.
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The tension-tension fatigue experiment of [+45],
cross-ply laminates is performed with reference to the
ASTM D3479 standard [29]. The loading frequency is
10 Hz. The stress ratio is 0.1. The experimental data and
fitting results of [+45],, cross-ply laminates with different
fiber volume fractions at different temperatures are shown
in Figure 7.

The experimental data in Figure 7 are substituted in
equation (26), and the unknown parameters Kpnr(mr),
MgmT(mT)> and Npnr(mt) are obtained, using the least square
method. In the figure, the fitting curves of the matrix,
warp matrix, and weft matrix at 20°C are purple, wine
red, and olive green, and those at 180°C are orange, royal
blue, and pink, respectively. The experimental data and
fitting curves of the normalized residual stiffness vs the
normalized fatigue life of [+45],, cross-ply laminates with
different fiber volume fractions at different temperatures
are shown in Figure 7.

Considering the experimental data presented in Figure 8,
the residual stiffness of the yarn matrix is mainly affected by
temperature, and the least square method is used to fit the
unknown parameter Is,renr) in equation (28) at 20 and
180°C. The fitting curves of the matrix and yarn matrix at
20 and 180°C are the orange and navy blue in the figure.
Following the method described in Section 4.1, the unknown

Table 4: Unknown parameters of the yarn fiber damage evolution equation

Temperature (°C) Material Agr Bgr Cor kg mgr Ngr Irer
20 Weft fibers 7.33 x107% 10.295 19.42 -0.1005 1.368 -0.02666 0.02438
Warp fibers 1.26 x 107%° 10.185 19.64
180 Weft fibers 8.84 x 107>° 23.48 -31.56 -0.0411 1.018 -0.00278 0.0610
Warp fibers 1.04 x 10734 23.44 -31.48
1.00 - 1.00 4 V=47.2%, T=160°C test data [12]
@ V=51.8%, T=160°C test data [12]
0,95 V(=47.2%, T=200°C test data [12]
0.95 4 *V=51.8%, T=200°C test data [12]
* V(=64.3%, T=200°C test data [12]
0.90 )
—Vt;SlAS%, T=160°C fitting curve
0.90 4
& & —— V{=51.8%, T=200°C fitting curve
% 0.85 B V=47.2%, T=20°C test data [12] ) weft fibers, T=180°C fitting curve
b; V£62.9%, T=20°C test data [12] b§ 085 Py warp fibers, T=180°C fitting curve
0804 A V=64.3%, T=20°C test data [12]
Vf=62 9%, T=20°C fitting curve
weft fibers, T=20°C fitting curve 0.80
0.75 4 warp fibers, T=20°C fitting curve
070 T T T 1 075 T T T T 1
3 4 5 6 7 2 3 4 5 6 7

(b)

Figure 5: The fitting curve of the normalized stress vs the logarithmic fatigue life of [0], unidirectional plies at (a) 20°C and (b) 180°C.
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Table 5: Unknown parameters of the yarn matrix damage evolution equation
Temperature (°C) Material Afmt Bpmr Cemr Kemr Mgy Nfnr -
20 Weft matrix 0.1256 11.05 -6.56 -0.0841 0.9776 -0.1356 0.06046
Warp matrix 0.2093 10.525 -5.51
180 Weft matrix 0.0867 3.4355 -3.706 -0.2098 0.8518 —-0.405 0.2401
Warp matrix 0.0464 2.6295 -2.094
12 110
1.0 -4 _ 1.0
\T —
\4
0.8 08
v VE47.2%, T=160°C tcsﬁ
B V=47.2%, T=20°C test data [12]
S 064 _ o0 T £ 064 V1=5].89%, T=160°C test data [12]
) VF64.32A7. T=20°C test data [12] 1
X i o Y V{=51.89%, T=200°C test data [12]
o warp fibers and weft fibers, T=20°C fitting curve e
warp fibers and weft fibers, T=160°C fitting curve
0.4 0.4 4 warp fibers and weft fibers, T=200°C fitting curve
warp fibers and weft fibers, T=180°C fitting curve
0.2 0.2
0.0 T T T T v T g T g 2 T 1 0.0 T T T T T T v T g gz T 1
0.0 0.2 0.4 06 038 1.0 1.2 0.0 0.2 0.4 06 038 1.0 1.2
n_/N n_/N

/i

(a)

A1 AT

(b)

Figure 6: The fitting curve of the normalized residual stiffness vs the normalized fatigue life of [0], unidirectional plies at (a) 20°C and

(b) 180°C.

parametets Agnr(mry, Bfmr(mr), and Cpnrenry Of the yarn
matrix and matrix damage evolution equation can be
obtained. The specific values are shown in Tables 5 and 6.

5 Results and discussion

5.1 Process of fatigue life prediction

The finite element analysis method is introduced in the
fatigue life prediction model of 2.5D woven composites.
Based on ANSYS software and APDL language, a program
for the fatigue behavior analysis of 2.5D woven compos-
ites at different temperatures is developed. The compila-
tion process is shown in Figure 9.

As shown in Figure 9, first the mechanical properties
of the warp yarns, weft yarns, and resin matrix are input,
and the finite element model of 2.5D woven composites is
established with reference to the real geometric structure.
After applying periodic boundary conditions, the program
enters the life cycle subroutine, in which the cycle increment

step is defined as AN. To ensure the efficiency and accuracy
of the final life prediction, the value of the cycle increment
step in this study is AN = 100. The fatigue life of the current
cycle can be expressed in the following form:

Nn+1 = Nn + AN, (30)

where N, and N,,,; represent the fatigue lives in the cur-
rent cycle and next cycle, respectively. A fatigue load is
applied to determine the stress state of each component
element in the material coordinate system. In each cycle
increment step, the damage variable increment of the
yarn fibers, yarn matrix, and resin matrix can be calcu-
lated by equation (22), and the damage variable of the
current cycle can be expressed in the following form:

Dy = Dyjn_1 + ADy;, (31)

where Dj; , and Dj; .1 are the damage variables of the last
cycle and current cycle, respectively. Next the stiffness
and damage variable values of each component element
are updated based on equations (14-16) and (31), and the
steps are repeated. When the damage variable of the cur-
rent cycle of the material component is approximately
equal to 1, the material component fails. At this time,
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Figure 7: The fitting curve of the normalized stress vs the logarithmic fatigue life of [+45], cross-ply laminates at (a) 20°C and (b) 180°C.
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Figure 8: The fitting curve of the normalized residual stiffness vs the normalized fatigue life of [+45], cross-ply laminates at (a) 20°C and

(b) 180°C.

it is necessary to judge whether the full-cell model is
completely damaged. If the percentage of the longitu-
dinal damage elements of the yarns accounts for more
than 50% of the total number of warp and weft ele-
ments, or the longitudinal damage elements of the yarns
extend to the edge of the model, the whole structure is
destroyed. The life cycle subroutine is exited, and the
current cycle corresponds to the fatigue life of the 2.5D
woven composites.

5.2 Predicted fatigue life of 2.5D woven
composites

To study the effectiveness of the fatigue life prediction
model based on continuum damage mechanics, the long-
itudinal tension—tension fatigue life of 2.5D (T300/QY8911-
IV) woven composites at 20 and 180°C is predicted, and
the results are experimentally verified. The loading fre-
quency and stress ratio of 2.5D woven composites in the

Table 6: Unknown parameters of the matrix damage evolution equation

Material Temperature (°C) Anr Bt Conr Kentr My Nt I'mr
Matrix 20 0.8240 8.55 -1.56 -0.0841 0.9776 -0.1356 0.06046
180 0.1470 1.578 0.009 -0.2098 0.8518 -0.405 0.2401
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Figure 9: Flowchart for the fatigue life prediction of 2.5D woven composites.

fatigue experiment are 10 Hz and 0.1, respectively. The
fatigue life experimental data of 2.5D woven composites
is referenced from Song’s study [30]. The experimental and
predicted values are compared in Table 7.

Table 7 shows that the predicted logarithmic fatigue life
at 20 and 180°C is close to the logarithmic experimental life.
The maximum ratios of the predicted life to experimentally
obtained life with stress levels of 90, 87, and 80% at 20°C are
1.0427, 1.6080, and 1.6482, respectively, which are within
the two-error band. The maximum ratios of the predicted
life to experimentally obtained life at 180°C with stress levels
of 80, 75, and 73% are 1.6789, 1.3488, and 1.1394, respec-
tively, which are within the two-error band.

In addition, Figure 10 shows the predicted fatigue life
of 2.5D woven composites obtained through the proposed
model and progressive damage model at 20 and 180°C.

The figure shows that the experimental results are in
agreement with the fatigue life predicted by the proposed
model and progressive damage model. However, com-
pared with the progressive damage model [12,31], the
proposed model only needs the stress-fatigue life and

residual stiffness experimental data of the material com-
ponents when predicting the fatigue life of 2.5D woven
composites. Notably, the residual strength experimental
data of the material components are not required, which

Table 7: Comparison of the predicted and experimental values of
the 2.5D woven composites

Prediction
value (IgN)

Stress
level (%)

Testing
value (IgN)

Temperature (°C)

20 90 3.9686 3.9868
87 4.0069 4.2355
4.4418
80 4.8688 4.9074
5.1244
180 80 2.9689 2.9542
3.1793
75 3.3324 3.4624
3.4268
73 3.6154 3.6721
3.6352
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Figure 10: Comparison of fatigue life of 2.5D woven composites predicted using different models and experimental results at (a) 20°C and (b) 180°C.

significantly reduces the testing and time costs. In addi-
tion, the progressive damage model assumes that the
residual strength is related to the fatigue damage evolu-
tion of the material, and the residual stiffness is consid-
ered only to update the stiffness matrix of the material.
Therefore, the macroscopic stiffness modulus of the
material does not correspond to the microscopic damage
propagation. The continuum damage mechanics model
can solve this problem by constructing the constitutive
equation of the material components subjected to damage
and establishing the phenomenological damage evolution
equation.

Matrix damage
of weft yarns

. Matrix damage .

n=100
(1) Intial damage

n=40000
(2) Damage developing

Matrix damage
of warp yarns

5.3 Damage evolution process of 2.5D woven
composites

To theoretically study the damage propagation regulation
and failure mode in longitudinal tension—tension fatigue
loading, the established fatigue life prediction model is
used to quantitatively analyze the damage propagation
process of 2.5D woven composites with stress levels of
80% at 20 and 180°C. The corresponding results are
shown in Figures 11 and 12.

As shown in Figure 11(1)-(3), in the initial stage of
fatigue damage propagation at 20°C, the surface and

Fiber damage
of warp yarns

n=80800

(3) Ultimate failure (4) Fracture morphology

Figure 11: Damage propagation process and experimental fracture morphology of 2.5D woven composites at 20°C.
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Fiber damage
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Figure 12: Damage propagation process and experimental fracture morphology of 2.5D woven composites at 180°C.

interior of the 2.5D woven composites are subjected to
cracking of the warp matrix and failure damage of the
resin matrix. As the number of cycles increases to 40,000,
a small amount of weft matrix cracking occurs inside the
structure, and a large number of fibers break in the sur-
face warp yarns and expand along the interior of the 2.5D
woven composite structure. As the number of cycles
increases to 80,800, the fiber fracture at the intersection
of the straight and inclined sections of the warp runs
through the entire structure. At this time, many resin
matrix failures occur, and part of the yarn matrix exhibits
cracking damage around the broken warp. According to
Figure 12(1)-(3), due to the influence of temperature, fiber
breakage occurs on the surface of the warp yarn after 100
cycles, and the other types of damage are intensified as
the number of cycles increases. When the number of
cycles increases to 900, the fiber fracture in the warp
yarn expands to the edge of the structure along the direc-
tion perpendicular to the load, and the 2.5D woven com-
posites fail. In addition, Figures 11(4) and 12(4) show
photographs of the tension—tension fatigue experimental
fractures at 20 and 180°C. The failure mode of the fracture
indicates that the final fatigue fracture obtained by the
simulation in this study is in agreement with the experi-
mental fracture.

6 Conclusion

A new model to analyze the fatigue damage of 2.5D
woven composites is proposed by coupling continuum
damage mechanics with composite micromechanics. By
defining three independent damage variables, different

failure modes (yarn fiber failure, yarn matrix failure,
and matrix failure) of 2.5D woven composites are distin-
guished. According to the fatigue experimental data of
[0], unidirectional plies and [+45], cross-ply laminates
with different fiber volume fractions, the unknown para-
meters associated with the corresponding damage evolu-
tion equation are obtained by fitting. Compared with the
progressive damage model, the proposed model can pre-
dict the fatigue life of 2.5D woven composites using only
the stress-fatigue life and residual stiffness experimental
data of the material components, thereby reducing the
testing and time costs. The fatigue behavior of 2.5D woven
composites at 20 and 180°C is studied by performing
a numerical simulation and comparing the results with
experimental data. The consistency between the simula-
tion and test results demonstrates that the proposed model
can effectively predict the fatigue life, damage evolution
regulation, and fatigue fracture morphology of 2.5D woven
composites.
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