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Abstract The present study intends to investigate the

effect of temperature on cumulative fatigue damage (D) of

laminated fibre-reinforced polymer (FRP) composites. The

effect of temperature on fatigue damage is formulated

based on Ramkrishnan–Jayaraman and Varvani-Farahani–

Shirazi residual stiffness fatigue damage models. The

models are further developed to assess the fatigue damage

of FRP composites at various temperatures (T). This task is

fulfilled by formulating the temperature dependency of

Young’s modulus (E) and ultimate tensile strength (rult) as

the inputs of the models. Temperature-dependant parame-

ters of Young’s modulus and ultimate tensile strength are

found to be in good agreement with the experimentally

obtained data when used for unidirectional, cross-ply and

quasi-isotropic FRP laminates. The proposed fatigue

damage model is evaluated using six sets of fatigue damage

data. The proposed temperature-dependent model was also

found promising to predict the fatigue damage of unidi-

rectional (UD) and orthogonal woven FRP composites at

different temperatures.

Introduction

The major fatigue models and life time methodologies for

fibre-reinforced polymer (FRP) composites are classified

into three categories: (i) fatigue life models, which do not

take into account the actual degradation mechanisms, such

as matrix cracks and fibre fracture, but use S–N curves

or Goodman-type diagrams and introduce some fatigue

failure criteria [1–4], (ii) phenomenological models for

residual stiffness/strength [1, 5–8] and (iii) progressive

damage models which analyze the fatigue damage based on

some measurable damage variables such as transverse

matrix cracks and delamination size [1, 9–11].

The fatigue damage model employed in this study is

constructed based on stiffness degradation of materials over

life cycles. Stiffness degradation damage models [5–7] are

reliable approaches relating damage progress of FRP

composite material properties, including the properties of

the matrix, fibre and fibre–matrix interface as the number of

stress cycles progresses. Ramkrishnan–Jayaraman and

Varvani-Farahani–Shirazi damage models [5, 6] are used as

the backbone of analysis in this paper. Mechanical prop-

erties of FRP composite laminates including their micro-

constituents are further formulated as a function of

operating temperatures. Temperature-dependent parameters

of Young’s modulus and ultimate tensile strength as inputs

of the damage model characterize the damage of FRP

composite specimens at various operating temperatures.

Fatigue damage analysis of FRP composites

The progressive development of damage during fatigue life

can be overviewed with the aid of Fig. 1, which represents

the development of damage during the fatigue life of uni-

directional composite materials [6].

In region I, multiple crack initiations within the matrix

are grouped together during the first 20% of the fatigue life.

Region II commences as matrix cracks reach the vicinity of

fibre. As the number of cycles increases, the crack grows

along the fibre–matrix interface. This region is character-

ized with a larger life span and a lower slope of damage
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progress. In region III, with a shorter life span, fibre

breakage occurs shortly after damage has been accumu-

lated during regions I and II [6].

Any physically based damage model for a composite

must use contributions from individual constituents as

building blocks to determine the overall damage to the

composite. The peculiarity of damage is that the three

constituents of FRP composites (matrix, fibre–matrix

interface and fibre) do not fail simultaneously. This is

explained by their differing mechanical properties [6].

Amongst different types of fatigue damage models, the

concept of cumulative damage may be used as the most

suitable approach to analyze and predict the fatigue

behaviours of composite materials. It has been observed

that the cumulative fatigue damage of composite materials

can be measured in terms of stiffness reduction. Therefore,

the quantitative evaluation of the fatigue damage can be

shown as

D ¼ 1� EN

E0

ð1Þ

where D is cumulative fatigue damage, E0 is the initial

Young’s modulus of the undamaged material, and EN is the

Young’s modulus of the damaged material in cycle N.

Thus, the extent of damage can be quantified by measuring

the Young’s modulus of the material. It is concluded from

Eq. 1 that D varies between 0 and 1. When there is no

damage, D equals 0, and when the material is fully dam-

aged D becomes 1.

The mechanical behaviour of a composite material

depends upon the response of its constituents, namely, the

fibre, the matrix and their interface. Ramakrishnan and

Jayaraman [5] have developed a stiffness-based damage

model based on individual constituents as building blocks

to determine the overall damage to the composite. In their

model, a combination of logarithmic and linear decay

functions of time (or cycles) was associated with the

stiffness drops for the different damage processes. The total

damage (D) as a function of the number of fatigue cycles

(N) was described as

D ¼ EmVm

Ec

1� f �ð Þln N þ 1ð Þ
ln Nfð Þ

� �
þ EmVm

Ec

f �
N

Nf

� �� �

þ EfVf

Ec

1� rappl

rult

� �ln 1� N
Nf

� �

ln 1
Nf

� �
8<
:

9=
; ð2Þ

where Nf is the fatigue life or number of cycles to failure,

Em is the Young’s modulus of matrix, Ef is the Young’s

modulus of fibre, Vm is the volume fraction of matrix, Vf is

the volume fraction of fibre, Ec is the Young’s modulus of

composite, f* is the fibre/matrix interface strength param-

eter, (0 B f* B 1), rappl is the applied tensile fatigue stress,

and rult is the ultimate tensile stress.

The change of the fibres angle in respect to loading

direction in a composite can change the strength of the

composite. As the angle h is increased from 0� to 90�, the

stiffness of the composite is decreased. Moreover, the

effect of mean stress on fatigue damage is also crucially

important. Varvani-Farahani and Shirazi [6] have further

developed the Ramakrishnan–Jayaraman fatigue damage

model to include the effect of fibre orientation and mean

stress as

D ¼ 1� EfVf cos h
Ec

� �
1� f �ð Þln N þ 1ð Þ

ln nNfð Þ

� �

þ 1� EfVf cos h
Ec

� �
f �

N

nNf

� �� �

þ EfVf cos h
Ec

1� rmax 1� Rð Þ
2rult

� �ln 1� N
nNf

� �

ln 1
nNf

� �
8<
:

9=
; ð3Þ

where h is the angle between the fibre and the load direc-

tion, rmax is the maximum fatigue stress, and R is the stress

ratio (rmin/rmax).

Fig. 1 Three regions of cracking mechanism in unidirectional composites [6]
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In Eq. 3, term n corresponds to the percentage of drop in

stiffness assumed and specified for a fatigue test. For

instance, by considering the degradation up to the 60% of

the real damage life, term n = (0.6)-1 = 1.67. Then, the

number of cycles to failure is estimated as nNf = 1.67Nf.

Temperature-dependant parameters in damage

assessment

Fatigue damage D in Eq. 3 has been developed as a

function of the maximum applied stress rmax, number of

loading cycles N, load or stress ratio R and material and

structural properties, such as Young’s modulus E, volume

fraction V and fibre orientation h. The equation can be

further modified including the effect of temperature T, i.e.;

D ¼ D rmax;N;R;E;V ; h; T; . . .ð Þ ð4Þ

In Eq. 3, three parameters including Young’s modulus

of the composite, Ec, composite ultimate tensile strength,

rult, and the fatigue life of composite, Nf, were found to be

temperature-dependent. Substituting the temperature-

dependent parameters in Eq. 3, the fatigue damage

equation can be expressed as

D ¼ 1� EfVf cos h
Ec Tð Þ

� �
1� f �ð Þ ln N þ 1ð Þ

ln nNf Tð Þð Þ

� �

þ 1� EfVf cos h
Ec Tð Þ

� �
f �

N

nNf Tð Þ

� �� �

þ EfVf cos h
Ec Tð Þ 1� rmax 1� Rð Þ

2rult Tð Þ

� �ln 1� N
nNf Tð Þ

� �

ln 1
nNf Tð Þ

� �
8<
:

9=
;
ð5Þ

To recognize the effect of temperature in Eq. 5, the

functions of Ec(T), rult(T) and Nf(T) are required to be

characterized.

The effect of temperature on the static and fatigue

strengths of FRP composites and polymers has been stud-

ied by several researchers [12–16]. In these studies, either

the Williams–Landel–Ferry (WLF) equation or an Arrhe-

nius equation was employed to introduce a shift factor. The

shift factor includes the effect of temperature on mechan-

ical properties of polymers. Based on the WLF equation,

the shift factor a(T) is expressed as

log a Tð Þ ¼ �C1 T � T0ð Þ
C2 þ T þ T0

ð6Þ

where T is temperature, T0 is the reference temperature

which has typically been supposed as Tg, and the constants

C1 and C2, originally thought to be universal constants,

have been shown to vary rather slightly from polymer

to polymer. A list of C1 and C2 for some polymers has

been presented in Ref. [15]. These constants have

experimentally been measured at T0 = Tg. The WLF

equation is usually suitable for the temperature range of

Tg \ T \ Tg ? 100 K [16]. Therefore, it is normally used

to predict the effect of temperature on the mechanical

properties of the bulk polymers in the viscoelastic and

rubbery regions only. For polymers at temperatures above

Tg ? 100 K, the Arrhenius equation is used

log a Tð Þ ¼ DH

2:303GC

1

T
� 1

T0

� �
ð7Þ

where GC is the gas constant, 8.314 (J/K mol), DH (J/mol)

is the viscoelastic activation energy of the polymer, and T0

is the reference temperature where T0 = Tg. The Arrhenius

equation is usually applicable for rubber-like and liquid

polymers.

The disadvantages of both WLF and Arrhenius equa-

tions are that: first, they are usually suitable for bulk

polymers not composites; second, they are normally

applicable in temperatures above the glass transition tem-

perature of the polymer; and third, to obtain the constants

in either equation, many experimental measurements are

required. Therefore, to predict the mechanical properties of

FRP laminates at various temperatures, it is essential to

develop a model which is applicable to the composites,

valid to a wider range of temperatures and requires less

experimental measurements.

Temperature-dependant relations for monotonic

properties

In viscoelastic polymers, the shift factor a(T) is usually

employed to predict the behaviour of the tensile viscosity

g(T) of a polymer at different temperatures as

g Tð Þ ¼ a Tð Þg T0ð Þ ð8Þ

where g(T0) is the tensile viscosity at the reference

temperature, and a(T) is the shift factor obtained from

Eqs. 6 or 7. It is obvious that a relation such as Eq. 8 can

be written for any mechanical property of a material.

Therefore, by rewriting Eq. 8 for the ultimate tensile

strength and the Young’s modulus of laminated FRP

composites, we have

rult Tð Þ ¼ ar Tð Þrult T0ð Þ ð9Þ

and

E Tð Þ ¼ aE Tð ÞE T0ð Þ ð10Þ

In the above two equations, rult(T) and E(T) are,

respectively, the ultimate tensile strength and the Young’s

modulus at an arbitrary temperature; rult(T0) and E(T0) are

the values of the physical parameters at the reference

temperature, and ar(T) and aE(T) are the shift factors.
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Equations 8–10 are employed to identify material

properties at any arbitrary temperature. These equations

require both the reference temperature and the shift factor

as known parameters. To formulate rult(T) and E(T) in

laminated FRP composites, a new relation for the shift

factor, a(T), is proposed as follows:

a Tð Þ ¼ 1� C

ln 1� T0

Tm

� � ln
1� T

Tm

� �

1� T0

Tm

� �
0
@

1
A

2
4

3
5 ð11Þ

where T is temperature, T0 denotes the reference

temperature and Tm is the polymer melting temperature

of the composites, all in Kelvin. Constant C in Eq. 11

corresponds to the sensitivity of material or mechanical

property to temperature variation and is defined based on

the mechanical property as Eqs. 12 and 13

Cr ¼
rult 0ð Þ
rult T0ð Þ

� 1

� �
ð12Þ

and

CE ¼
E 0ð Þ
E T0ð Þ

� 1

� �
ð13Þ

In these equations, rult(0) and E(0) are the ultimate

tensile strength and the Young’s modulus at absolute zero

temperature (0 K = -273 �C), respectively. Terms

rult(T0) and E(T0) correspond to values of the physical

parameters at the reference temperature. In both cases, by

knowing the amount of the mechanical properties at 0 K

and T0 (T0 is normally assumed as room temperature) the

corresponding constant is achieved.

The measurement of rult(0) or E(0) at absolute zero

(the coldest temperature) is theoretically possible. The

temperatures of liquid oxygen, nitrogen, hydrogen and

helium are about 90, 77, 22 and 4 K, respectively. Using

advanced cryogenic equipment, temperatures as low as

4 K (using liquid helium) are achieved to obtain rult(4) and

E(4), which are close enough to values of rult(0) and E(0).

Based on Eqs. 11–13, Eqs. 9 and 10 can be rewritten as

follows:

rult Tð Þ ¼ rult T0ð Þ 1�
rult 0ð Þ
rult T0ð Þ � 1
� �

ln 1� T0

Tm

� � ln
1� T

Tm

� �

1� T0

Tm

� �
0
@

1
A

2
4

3
5 ð14Þ

and

E Tð Þ ¼ E T0ð Þ 1�
E 0ð Þ
E T0ð Þ � 1
� �

ln 1� T0

Tm

� � ln
1� T

Tm

� �

1� T0

Tm

� �
0
@

1
A

2
4

3
5 ð15Þ

Equations 14 and 15 are the models which predict the

amount of the ultimate tensile strength and the Young’s

modulus of laminated FRP composites at different

temperatures. In Eqs. 12 and 13, where rult(0) C rult(RT)

and E(0) C E(RT), the constants Cr and CE vary between 0

and 1 for almost all laminated FRP composites. In these

cases, Eqs. 14 and 15 are plotted as the diagram presented

in Fig. 2.

To implement the effect of temperature in fatigue

damage Eq. 5, the temperature dependant parameters of

rult(T) and E(T) or Ec(T) have been formulated. The pro-

posed relationships for the parameters have been developed

in Eqs. 14 and 15. Fatigue life data Nf obtained at tem-

perature T was used as an input of the damage equation.

Therefore, considering the parameters, fatigue damage

Eq. 5 is given as

D ¼ 1� F

Ec Tð Þ

� �
1� f �ð Þln N þ 1ð Þ

ln nNfð Þ

� �

þ 1� F

Ec Tð Þ

� �
f �

N

nNf

� �� �

þ F

Ec Tð Þ 1� rmax 1� Rð Þ
2rult Tð Þ

� �ln 1� N
nNf

� �

ln 1
nNf

� �
8<
:

9=
; ð16Þ

Term F in Eq. 16 varies based on composite laminate

lay-up. For unidirectional composites, term F extracted

from the rule of mixtures becomes EfVf cos(h). For

orthogonal woven composites, the rule of mixtures results

in F = KfEfVf. Note that Vf* = KfVf corresponds to the

volume fraction of fibres which are aligned in the loading

direction.

Similar to the previously developed fatigue damage

formulations, Eq. 16 holds terms of damage in three

regions of the matrix, matrix–fibre interface and fibre.

Using Eq. 16, the procedure of damage analysis includes:

T
m

σ
ult

 or E

0

Temperature, T [K]

σ
ult

(0) or E(0)

T
0

σ
ult

(T
0
 ) or E(T

0
 )

Fig. 2 A typical curve of rult–T or E–T plotted with Eq. 14 or 15
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(i) Define input parameters of Ef, Vf, Vf*, Ec(T), f *,

rult(T), rmax, R, n, and Nf.

(ii) Calculate the values of damage cycle-by-cycle.

(iii) Calculate the total damage over fatigue life cycles.

Evaluation of the temperature-dependent parameters

Evaluation of temperature-dependent monotonic

relations

Experimental data extracted from the literature [17–20]

have been used to evaluate the formulations proposed for

the ultimate tensile strength and Young’s modulus. The

tested materials, the type of plies and laminates, the

reported fibre volume fraction of some specimens and the

amount of the mechanical properties at room temperature

have been listed in Tables 1 and 3. The following section

presents two extensive sources of experimental data used in

this paper.

Jen et al. [20] tensile tested samples made of graphite/

PEEK (AS-4/PEEK) prepregs with different lay-ups of

cross-ply [0/90]4S and quasi-isotropic [0/?45/90/-45]2S

laminates. After curing, the laminates were cooled down at

room temperature (RT) and taken out from the hot press. A

cutting machine with diamond blade and water cooling was

used to cut the laminates into L = 240 mm, W = 25.4 mm

and t = 2 mm coupons, according to ASTM D3039-93.

Copper plate was considered as end tabs by NP-50 two-

component adhesive. The fibre volume fraction of the

specimens was reported to be about 61%. The tension tests

on the specimens were performed at RT (25 �C), 50, 75,

100, 125,150 and 175 �C.

Shen and Springer [17, 18] have measured ultimate

tensile strength and buckling modulus of a special kind of

graphite/epoxy specimens called Thornal 300/Fiberite 1034

at different temperatures. The size of the specimens in the

tension test was reported as L = 101 mm, W = 12.7 mm

and t = 0.9 mm, and the size in the buckling tests was

reported as L = 36–318 mm, W = 4.76 mm and

t = 0.9 mm. Shen and Springer have also evaluated the

ultimate tensile strength and Young’s modulus variations

with temperature using different sets of data available in

the literature. The summary of the test data is discussed as

follows: Thornel 300/Narmco 5208 was tensile tested at a

temperature range between 300 and 450 K, reported by

Hofer et al. [21] and Husman [22]. Hertz [23] performed

monotonic tests on HT-S/(8183/137-NDA-BF3:MEA) at

various temperatures of 200–450 K. The experimental

measurements of Browning et al. [24] on the influence of

temperature on rult for Herculus AS-5/3501 ranged from

300 to 425 K. Further experiments were conducted to

obtain the effect of temperature on rult for boron/Narmco

5505 by Kaminski [25]. In addition to rult experiments,

Hofer et al. [21] conducted a new sets of tensile tests to

evaluate E with temperature change between 300 and

450 K.

Evaluation of rult(T) and E(T) results

To calculate rult(T) and E(T) using Eqs. 14 and 15 the

following parameters are required:

(i) The amount of rult and E at room temperature,

rult(T0 = RT) and E(T0 = RT).

(ii) The amount of rult and E at 0 K, rult(0) and E(0).

(iii) Room temperature, RT, and the polymer melting

point of the tested FRP laminate, Tm.

To evaluate Eqs. 14 and 15, over 10 different composite

materials [17–20] were examined. All the parameters

required to calculate the proposed relations were taken

from the literature and are listed in Tables 1, 2, 3 and 4.

Table 1 The experimental information used for the evaluation of the proposed rult–T relation

Composite Reference Plies/laminates Fibre volume

fraction, Vf (%)

Ultimate tensile strength

at RT, rult (RT) (MPa)

Boron/epoxy [19] 0� 50 1,400 (295 K)

S-glass/epoxy [19] 0� – 1,600 (295 K)

E-glass/epoxy [19] 0� 70 1,100 (295 K)

Alumina/PEEK [19] 0� 45 800 (295 K)

AS-4/PEEK [20] [0/90]4S 61 1,068.4 (298 K)

AS-4/PEEK [20] [0/?45/90/-45]2S 61 730.4 (298 K)

Thornel 300/Fiberite 1034 [17] 90� – 58.6 (300 K)

Thornel 300/Narmco 5208 [17] 90� – 40.4 (300 K)

HT-S/(8183/137-NDA-BF3:MEA) [17] 90� – 49.5 (300 K)

Herculus AS-5/3501 [17] 90� 63 54.8 (300 K)

Boron/Narmco 5505 [17] 90� – 109.9 (300 K)
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The calculated mechanical properties at various oper-

ating temperatures were compared with the experimental

values in Figs. 3, 4, 5 and 6. The figures show a good

correlation between the experimental data and the

predicted values. In the figures, the ultimate tensile strength

shows a steeper decay than Young’s modulus as operating

temperature increases. These figures verify that the

Young’s modulus of on-axis composites is less sensitive to

Table 2 The experimental information (extrapolated and reported) used for the evaluation of the proposed rult–T relation

Composite Reference Plies/laminates rult(0) (MPa)

(extrapolated)

Cr Polymer melting point,

Tm (K) (extrapolated)

Boron/epoxy [19] 0� 1,820 0.3 450

S-glass/epoxy [19] 0� 2,000 0.25 450

E-glass/epoxy [19] 0� 1,320 0.2 450

Alumina/PEEK [19] 0� 1,000 0.25 616

AS-4/PEEK [20] [0/90]4S 1,496 0.4 616 (Reported)

AS-4/PEEK [20] [0/?45/90/-45]2S 877 0.2 616 (Reported)

Thornel 300/Fiberite 1034 [17] 90� 82 0.4 431

Thornel 300/Narmco 5208 [17] 90� 57 0.4 532

HT-S/(8183/137-NDA-BF3:MEA) [17] 90� 65 0.3 457

Herculus AS-5/3501 [17] 90� 65 0.2 474

Boron/Narmco 5505 [17] 90� 143 0.3 546

Table 3 The experimental information used for the evaluation of the proposed E–T relation

Composite Reference Plies/laminates Fibre volume

fraction, Vf (%)

Young’s Modulus at

RT, E(RT) (MPa)

Boron/epoxy [19] 0� 50 210,000 (295 K)

S-glass/epoxy [19] 0� – 57,000 (295 K)

E-glass/epoxy [19] 0� 70 43,000 (295 K)

Alumina/PEEK [19] 0� 45 90,000 (295 K)

AS-4/PEEK [20] [0/90]4S 61 77,680 (298 K)

AS-4/PEEK [20] [0/? 45/90/-45]2S 61 55,010 (298 K)

Thornel 300/Fiberite 1034 [18] 90� – 7,375 (300 K)

Thornel 300/Narmco 5208 [18] 90� – 9,042 (300 K)

HT-S/(8183/137-NDA-BF3:MEA) [18] 90� – 3,433 (300 K)

Courtaulds HMS/Herculus 3002M [18] 90� – 6,979 (300 K)

Table 4 The experimental information (extrapolated and reported) used for the evaluation of the proposed E–T relation

Composite Reference Plies/laminates E(0) (MPa)

(extrapolated)

CE Polymer melting point,

Tm (K) (extrapolated)

Boron/epoxy [19] 0� 239,400 0.1 450

S-glass/epoxy [19] 0� 62,700 0.1 450

E-glass/epoxy [19] 0� 47,300 0.1 450

Alumina/PEEK [19] 0� 99,900 0.1 616

AS-4/PEEK [20] [0/90]4S 85,448 0.1 616 (Reported)

AS-4/PEEK [20] [0/?45/90/-45]2S 60,511 0.1 616 (Reported)

Thornel 300/Fiberite 1034 [18] 90� 8,850 0.2 431

Thornel 300/Narmco 5208 [18] 90� 10,850 0.2 532

HT-S/(8183/137-NDA-BF3:MEA) [18] 90� 4,464 0.3 457

Courtaulds HMS/Herculus 3002 M [18] 90� 7,677 0.1 550
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temperature change. For composites with the lay-up of 90�,

the degradation of the Young’s modulus becomes more

pronounced as the temperature increases.

Evaluation of the fatigue damage model

Hiwa et al. [26] tested composite samples of plain-woven

glass cloth (WF 350) and glass mat (MC 300S) as the

reinforced fibres embedded within the matrix of polyvinyl

ester resin. The FRP composite samples made by the

materials have been laminated by the hand lay-up method.

The number of plies in the polyvinyl ester/glass cloth and

polyvinyl ester/glass mat were 5 and 3, respectively. Also,

the volume fraction of the glass fibres in the cloth and mat

were 48% and 35%, respectively. To measure the fatigue

damage of the composites versus number of cycles at

various temperatures, different fatigue tests with the load-

ing frequency of 16.7 Hz and the stress ratio of 0 were

performed on the specimens. The composites with glass

cloth fibres were tested with the maximum stress of

130 MPa at RT (25 �C), 50 and 70 �C. However, the glass

mat-reinforced polyvinyl ester composites were tested with

the maximum stress of 90 MPa at RT (25 �C), 100 and

150 �C. In this paper, to evaluate the proposed fatigue

damage model, six sets of D–N data have been extracted

from the described fatigue damage experiments. A sum-

mary of the tested materials and some conditions of the

fatigue tests are listed in Table 5.

In this study, to evaluate the proposed fatigue damage

model of Eq. 16, its parameters have been extracted from
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Table 5 The experimental information extracted from Hiwa et al. [26] for glass cloth/polyvinyl ester and glass mat/polyvinyl ester used to

evaluate the proposed temperature-dependant fatigue damage model

Material at (T (K)) Ec (MPa) rult (MPa)

Cloth (298) 24,000 431

Mat (298) 13,900 251

Material at (T (K)) Tm (K) Kf Ef (MPa) CE Cr Vf f* rmax (MPa) R f (Hz) nNf (Cycles)

Cloth (298) 433 0.5 78,400 0.1 0.2 0.48 0.5 130 0 16.7 67,000

Cloth (323) 433 0.5 78,400 0.1 0.2 0.48 0.3 130 0 16.7 52,000

Cloth (343) 433 0.5 78,400 0.1 0.2 0.48 0.1 130 0 16.7 45,500

Mat (298) 433 0.375 78,400 0.1 0.2 0.35 0.5 90 0 16.7 98,939

Mat (373) 433 0.375 78,400 0.1 0.2 0.35 0.3 90 0 16.7 95,000

Mat (423) 433 0.375 78,400 0.1 0.2 0.35 0.1 90 0 16.7 16,000
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Ref. [26] and listed in Table 5. Figures 7 and 8 present the

evaluation of fatigue damage over life cycles at various

temperatures. These figures show the fact that the experi-

mental data and predicted damage values using the pro-

posed damage model are in good agreement.

Discussion of results

Temperature and the monotonic properties

As illustrated in Figs. 3, 4, 5 and 6, the curves generated

using the proposed rult–T and E–T relations show a good

correlation with experimental data. To more clearly illus-

trate the deviation of the experimental data from the

models, the diagrams have not been shown from 0 to Tm. It

is obvious that the models can predict the behaviour of the

mechanical properties in the entire temperature range.

To formulate and calibrate the temperature dependency

of the monotonic properties, various sets of experimental

data were extracted from four different references [17–20].

The type of plies and laminates used in these refer-

ences included 0�, [0/90]4S, [0/?45/90/-45]2S and 90�.

The types of materials used as the specimen also included

boron/epoxy, S-glass/epoxy, E-glass/epoxy, alumina/PEEK,

graphite/PEEK and different types of graphite/epoxy

composites. One of the advantages and strong points of the

proposed rult–T and E–T relations is that they can suc-

cessfully be applied to all the specimens with a variety of

types and laminate structures.

Based on the calculated results presented in Figs. 3, 4, 5

and 6, the effect of temperature on 0� plies is less than
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Fig. 7 Fatigue damage of glass cloth/polyvinyle ester versus number of cycles under rmax = 130 MPa, f = 16.7 Hz and R = 0 at 298, 323 and

343 K. Experimental data have been extracted from Ref. [26]
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[0/90]4S, [0/?45/90/-45]2S and 90�, where as 90� lay-ups

have the highest sensitivity to temperature changes. The

sensitivity to temperature is also different between the

ultimate tensile strength and Young’s modulus of a com-

posite material. Figures 3, 4, 5 and 6 illustrate the fact that

the effect of temperature on the ultimate tensile strength is

more pronounced than that on Young’s modulus. In the

proposed temperature-dependent formulation, the sensi-

tivity of the mechanical properties to temperature is eval-

uated based on constants Cr and CE. The bigger their

values are, the higher temperature sensitivity is, and vice

versa.

Temperature and fatigue damage

To evaluate fatigue damage Eq. 16 as the proposed fatigue

damage model, six sets of D–N data were extracted from

the literature. The data had been obtained by fatigue tests

with the loading frequency of 16.7 Hz and the stress ratio

of 0. The tests were performed on glass cloth/polyvinyl

ester with the maximum stress of 130 MPa at RT (298 K),

323 and 343 K and the glass mat/polyvinyl ester with the

maximum stress of 90 MPa at RT (298 K), 373 and 423 K.

The D–N data modelled with Eq. 16 have been illustrated

in Figs. 7 and 8. In all the graphs of the figures, the

experimental data show a good correlation with the model.

The main point concluded from the D–N graphs is that,

with increasing temperature, the cumulative fatigue dam-

age is increased. The damage increase is due to the damage

growth in each of the three regions of I (matrix cracking),

II (fibre/matrix interface cracking) and III (fibre breakage).

To understand the point more clearly, as an example, all

the three D–N curves for the glass cloth/polyvinyl ester at

298, 323 and 343 K are shown together in Fig. 9. In this

figure, as temperature increases, fatigue life decreases, and

fatigue damage in each of the three regions of I, II and III
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Fig. 8 Fatigue damage of glass mat/polyvinyle ester versus number of cycles under rmax = 90 MPa, f = 16.7 Hz and R = 0 at 298, 373 and

343 K. Experimental data have been extracted from Ref. [26]
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increases. Therefore, the overall cumulative fatigue dam-

age increases.

Conclusions

The cumulative fatigue damage models of Ramkrishnan–

Jayaraman and Varvani-Farahani–Shirazi were further

developed based on the temperature-dependent parameters

of rult(T) and E(T) to assess the fatigue damage of FRP

composites at various temperatures. To characterize the

temperature-dependent parameters, a shifting factor con-

cept was introduced, which is able to predict the mechan-

ical properties of 0�, 90� and the intermediate composite

lay-ups.

The proposed shift factor equation is advantageous over

the WLF and the Arrhenius equations. These two equations

are merely suitable for bulk polymers, and they are appli-

cable at temperatures above the glass transition tempera-

ture of the polymer. However, the proposed shift factor

equation is applicable for laminated FRP composites at

operating temperatures between 0 K and the polymer

melting point (Tm).

Using the proposed shift factor, monotonic mechanical

properties of laminated FRP composites including E and

rult were formulated as a function of temperature. Using

the formulae, the temperature-dependent fatigue damage

equation was proposed. The model was evaluated using six

sets of damage data extracted from the literature.

Comparison of the D–N curve predicted using Eq. 16 and

the D–N experimental values were found to be in good

agreement.

Acknowledgements The financial support by Natural Science and

Engineering Research Council of Canada (NSERC) is very much

appreciated.

References

1. Degrieck J, Paepegem WV (2001) Appl Mech Rev 54(4):279

2. Epaarachchi JA, Clausen PD (2000) In: Hui D (ed) Proceeding of

the seventh international conference on composite engineering

(ICCE/7). Denver, Colorado, p 211

3. Ellyin F, El-Kadi H (1990) Compos Struct 15(1):61

4. Hashin Z, Rotem A (1973) J Compos Mater 7(4):448

5. Ramakrishnan V, Jayaraman N (1993) J Mater Sci 28:5592. doi:

10.1007/BF00367835

6. Varvani-Farahani A, Shirazi A (2007) J Reinf Plast Compos

26(13):1319

7. Hwang W, Han KS (1986) J Compos Mater 20(2):125

8. Whitworth HA (2000) Compos Struct 48(4):261

9. Schön J (2000) Compos Sci Technol 60(4):553

10. Biner SB, Yuhas VC (1989) J Eng Mater Technol 111(4):363

11. Reifsnider KL (1986) Eng Fract Mech 25(5–6):739

12. Nielsen LE (1974) Mechanical properties of polymers and

composites, vol 1. Marcel Dekker Inc., New York

13. Ward IM, Sweeney J (2004) An introduction to the mechanical

properties of solid polymers, 2nd edn. Wiley, New York

14. Miyano Y, Nakada M, Kudoh H (2000) J Compos Mater

34(7):538

15. Aklonis JJ, MacKnight WJ, Shen M (1972) Introduction to

polymer viscoelasticity. Wiley, New York

16. Thorne JL (1996) Technology of thermoforming. Hanser/Gardner

Publications Inc., Cincinnati, USA

17. Shen C-H, Springer GS (1977) J Compos Mater 11(1):2

18. Shen C-H, Springer GS (1977) J Compos Mater 11(3):250

19. Reed RP, Golda M (1994) Cryogenics 34(11):909

20. Jen M-HR, Tseng Y-C, Kung H-K, Huang J-C (2008) Composites

B 39(7–8):1142

21. Hofer KE, Jr, Larsen D, Humphreys VE (1974) Development of

engineering data on the mechanical and physical properties of

advanced composites materials, Technical Report AFML-TR-72-

205, Part II. Air force Materials Laboratory, Air force System

Command, Wright-Patterson Air force Base, Dayton, OH

22. Husman GE (1976) In: Presented at the mechanics of composites

review. Bergamo Centre, Dayton, OH

23. Hertz J (1973) Investigation into the high-temperature strength

degradation of fibre-reinforced resin composite during ambient

aging, Report No. GDCA-DBG73-005, Contract NAS8-27435.

Convair Aerospace Division, General Dynamics Corporation

24. Browning CE, Husman GE, Withney JM (1976) Moisture effects

in epoxy matrix composites, vol 617. Composite Materials:

Testing and Design. Philadelphia, ASTM, STP

25. Kaminski BE (1973) Effects of specimen geometry on the

strength of composite materials. Analysis of the test methods for

high modulus fibres and composites, vol 521. Philadelphia,

ASTM STP

26. Hiwa C, Ueda S-I, Nakagawa T (1986) Mem Fac Eng Kobe Univ

33:15

0

0.2

0.4

0.6

0.8

1

0 2 x 104 4 x 104 6 x 104 8 x 104 1 x 105 1.2 x 105

Glass Cloth/Polyvinyl ester, 
 σ

max
 = 130 MPa, 

 f = 16.7 Hz, and R = 0

298 K

323 K

343 K

D
am

ag
e,

 D

Number of Cycles,  N  [Cycles]

Fig. 9 Fatigue damage of glass cloth/polyvinyle ester versus number

of cycles under rmax = 130 MPa, f = 16.7 Hz and R = 0 at 298, 323

and 343 K. Experimental data have been extracted from Ref. [26]

J Mater Sci (2010) 45:3757–3767 3767

123

http://dx.doi.org/10.1007/BF00367835

	The effect of temperature on fatigue damage of FRP composites
	Abstract
	Introduction
	Fatigue damage analysis of FRP composites
	Temperature-dependant parameters in damage assessment
	Temperature-dependant relations for monotonic properties

	Evaluation of the temperature-dependent parameters
	Evaluation of temperature-dependent monotonic relations
	Evaluation of  sigma ult(T) and E(T) results

	Evaluation of the fatigue damage model

	Discussion of results
	Temperature and the monotonic properties
	Temperature and fatigue damage

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


