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Abstract In this paper, a new model based on the
micromechanical and normalized stiffness degradation
approaches is established. It has been assumed that during
the fatigue condition, only material properties of compos-
ites (fiber and matrix) were degraded and nanofillers
remain intact under different states of stress. A normalized
stiffness degradation model was proposed for laminated
fibrous composites reinforced with nanoparticles to derive
a novel model to predict the stiffness reduction. The
developed model is capable of predicting the fatigue life of
nanoparticle-filled fibrous composites based on the exper-
imental data of fibrous composites without nanofillers. The
new fatigue model is verified by applying it to different
experimental data provided by different researchers. The
obtained results by the new fatigue model are in very good
agreement with the experimental data of nano-silica glass/
epoxy composites under constant cyclic stress amplitude
fatigue and also for silica/epoxy nanocomposites in various
states of stress with negligible error.

Introduction

Fatigue is a major cause for catastrophic failure in mate-
rials. The fatigue behavior of composite and nanocom-
posite materials is studied by many researchers. For
composite materials, three principal approaches are used
to predict the fatigue life: residual strength [1], residual
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stiffness [2, 3], and empirical methodologies [4]. In each
category, phenomenological, mechanistic, statistical, and
mixed methods are utilized by different authors [5-8].

A set of sudden material property degradation rules, such
as stiffness degradation, for various failure modes of a uni-
directional ply under a multi-axial state of static and fatigue
stress was developed by Shokrieh and Lessard [9] for lami-
nated composite materials. Also, for the quasi-isotropic
carbon fiber-reinforced (CFRPs) laminates, sudden mate-
rial property degradation as damage was investigated by
Vavouliotis et al. [10].

For nanocomposite materials, many researchers have
focused just on experimental methods and added the opti-
mum weight ratio of nanofillers into epoxy polymers and
reported improvements on the fatigue behavior of nano-
composites [11-30].

Dick et al. [11] conducted static and cyclic four-point
bending tests on glass short fiber-filled polycarbonate to
collect results for the evaluation of a theoretic model on its
capability to predict the fatigue life and the residual
strength after cyclic loading. Graphene fillers are shown to
be remarkably effective in suppressing crack propagation
in epoxy polymers. The nano- and microscale dimensions
of the graphene nanofillers give rise to unexpected and
fascinating mechanical properties, often superior to the
matrix including fracture toughness and fatigue crack
propagation resistance [12—14].It was shown [15, 16] that
the addition of small volume fractions of multi-walled
carbon nanotubes (CNTs) to the matrix results in a sig-
nificant increase in the high-cycle fatigue life and an order
of magnitude reduction in the fatigue crack propagation
rate for an epoxy system. Carbon nanotubes show potential
to significantly enhance the reliability and operating life of
structural polymers that are susceptible to fatigue failure.
Boeger et al. [17] evaluated the fatigue properties of glass
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fiber-reinforced epoxy laminates modified with small
amounts of nanoparticles [fumed silica SiO, and multi-wall
carbon nanotubes (MWCNT)]. Juwono and Edward [18]
studied the fatigue performance and fatigue failure mech-
anism of clay-epoxy materials under repetitive bending
loads. Chen and Wong [19] measured the fatigue life with
different displacement ranges under strain control in a
tensile mode and implemented a unified model for nylon 6,
polypropylene (PP) with 20 wt% CaCO3, and strain fatigue
lives were predicted. Gupta and Veeraragavan [20] studied
the benefit of Styrene Butadiene Styrene (SBS) polymer-
modified bituminous mixes on fatigue performance and
evaluated the physical and mechanical properties of poly-
mer-modified and conventional binder mixes. The addition
of small amounts of Silica nanoparticles on the fatigue life
was evaluated in different types of loadings [21-27]. The
cyclic crack growth in both the neat epoxy and the epoxy
filled with urea—formaldehyde (UF) microcapsules was
investigated by Brown et al. [28]. Toshiharu and Nob-
umitsu [29] and Zhao et al. [30] used small amounts of
Alumina nanoparticles to highlight the mechanisms leading
to significant improvements on the fatigue life.

A direct correlation between the stiffness degradation
and the electrical resistance change under the cyclic loading
has been established, and sudden material property reduc-
tion as a damage index of nanocomposites under fatigue
loading was investigated by many researchers [31-35].
Alexopoulos et al. [31] used the material property degra-
dation method as a damage control parameter and consid-
ered the effect of adding carbon nanotube (CNT) on the
glass/epoxy under dynamic fatigue loading conditions.
In their research, CNTs have been embedded in glass
fiber-reinforced polymers (GFRP) for the structural health

Fig. 1 Schematic flowchart of

the developed model Stiffness of pure
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monitoring of composite materials. The fatigue behavior
and lifetime of Polyimide/silica (Pi/SiO,) hybrid films are
investigated by Wang and Zhao [32] to evaluate the fatigue
property of this class of hybrid films, where the stress-life
cyclic experiments under tension—tension fatigue loading
were performed. A semi-empirical model is proposed based
on the fatigue modulus concept to predict the fatigue life of
this class of hybrid films. An exponential model of fatigue
stiffness degradation was suggested by researchers [33, 34]
to predict the fatigue life of matrix-dominated polymer
composite laminates based on a nonlinear stress/strain
response of most polymers or matrix-dominated polymer
composites under uniaxial tension fatigue loadings. Guo
and Li [35] performed compressive loading on the SiO,/
epoxy nanocomposites under different loading rates and
revealed that the compressive strength of the composites
with silica nanoparticles is higher than that of the pure
epoxy at higher strain rates.

A comprehensive survey in the available literature
reveals the lack of models to predict the property degra-
dation of nanoparticle-filled fibrous epoxy composites. In
this paper, a fatigue model is developed to predict the
stiffness reduction of nanoparticle/fibrous polymeric
composites.

Modeling strategy

A schematic framework of the modeling strategy is shown
in Fig. 1. The model is an integration of two major com-
ponents: the micromechanical (such as Halpin—-Tsai or
Nielsen models) and the normalized stiffness degradation
approaches. The model is able to predict the final fatigue
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life of nanoparticle/fibrous polymeric composites under
general fatigue loading conditions.

As shown in Fig. 1, in the first step, the model predicts
the equivalent stiffness of nanoparticle/epoxy nanocom-
posites by means of a micromechanical approach, like
Halpin—Tsai or Nielsen models. Then, the normalized
stiffness degradation model for polymeric composites
under a fatigue loading condition was used to predict the
stiffness degradation of polymeric composites. By coupling
of the normalized stiffness degradation model for poly-
meric composites and the micromechanical approach, the
normalized stiffness degradation model for polymeric
nanocomposites under fatigue loading was developed.

Equivalent stiffness of nanoparticle/epoxy
nanocomposites

Halpin—Tsai micromechanics model

The Halpin—Tsai model [36, 37] is a mathematical model
for the prediction of elasticity of composite materials,
based on the geometry and orientation of the filler and the
elastic properties of the filler and matrix. The model is
based on the self-consistent field method, although often
consider to be empirical.

The Halpin—Tsai model is used to predict the modulus of
a nanocomposite material, E ., containing nanoparticles as
a function of the modulus of the matrix, E}, containing no
nanoparticles, and of the modulus of the particles, E} in
static loading condition. The predicted modulus of the

nanocomposites, E}_, is given by the following equation

[38]:
) 1+2E7]Vf .
E =——1__F¢ 1
nc l_ﬂVf m ( )
where

E} E} w
=|—=—-1 —+2— 2
” <E >/<E+ ) 2
and

E}, is the stiffness of the matrix without nanoparticles
under static state loading condition, E} is the stiffness of
the nanoparticles under static loading condition, and E}  is
the stiffness of a nanocomposite material under static
loading condition. In above equations, w/t is the shape
factor and V¢ is the volume fraction of the particles.

Nielsen micromechanics model

The Nielsen model predicts the Young’s modulus of
nanocomposite materials. In this model, the effect of

slippage between the nanoparticle and matrix was evalu-
ated by means of a coefficient factor. The Nielsen model is
used to predict the modulus of a nanocomposite material
containing nanoparticles (E;_) as a function of the modulus
of the polymer containing no nanoparticles (£, ) and of the
modulus of the particles (Ep) in static loading condition.
The predicted modulus of the epoxy polymer nanocom-
posites (E;.) is given by the following equation [38]:

: 1 Kg —1 :
o= o Ke s D o)
1 — ppve

where Kg is the generalized Einstein coefficient and 5 and
u are constants. The constant f§ is given by:

(@ )/(E )

The value of u depends on the maximum volume
fraction of particles, vy,x, calculated by the following
equation:

(1 — Vf)

Vmax

u= 1+ [Vmax Vg + (1 - Vmax)(l - Vf)} (5)

Values of vp,x have been published by Nielsen and
Landel for a range of particle types [39]. Nielsen and
Landel quote a value of v,,x = 0.632 for random close-
packed, nonagglomerated spheres and this value is used in
the present model. The value of Ky varies with the degree
of adhesion of the epoxy polymer to the particle. For an
epoxy polymer with a Poisson’s ratio of 0.5 which contains
dispersed spherical particles, (a) Kg = 2.5 if there is “no
slippage” at the interface (i.e., very good adhesion) or
(b) Kg = 1.0 if there is “slippage” (i.e., relatively low
adhesion). However, the value of Kg is reduced when the
Poisson’s ratio of the polymer is <0.5.

The earlier studies have also shown that at relatively
high values of v, more than 0.1 of silica nanoparticles, the
Nielsen “slip” model gave the best agreement with the
measured values. However, Hsieh et al. [38] show that at
relatively low values of v¢ (i.e., at values of v¢ below than
0.1), the Halpin—Tsai and the Nielsen “no-slip” models
show better agreement. Thus, an overall conclusion is that
the measured moduli of the different silica nanoparticle-
filled epoxy approximately lie between an upper-bound
value set by the Halpin—Tsai and the Nielsen “no-slip”
models and a lower-bound value set by the Nielsen “slip”
model, with the last model being more accurate at rela-
tively higher values of v¢ [38].

Material properties degradation

In the present work, it is assumed that the major reason for
material properties’ reduction of nanoparticle-filled fibrous
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polymeric composites under fatigue loading conditions is
related to the reduction of fibers and matrix properties,
while in cyclic load conditions, nanofillers remain
unchanged under different states of stress. Due to the crack
propagation, material properties of composites are changed
by a set of sudden material property degradation rules.

Sudden material property degradation rules

The sudden material property degradation rules for some
failure modes of a unidirectional ply under a bi-axial state
of stress are available in the literature [40, 41]. A complete
set of sudden material property degradation rules for var-
ious failure modes of a unidirectional ply under a multi-
axial state of static and fatigue stress was developed by
Shokrieh and Lessard [9].

Normalized stiffness degradation approach for fibrous
polymeric composites under fatigue loading

The residual stiffness of the material is also a function of
the state of stress and the number of cycles. Since residual
stiffness can be used as a nondestructive measure for
damage evaluation, the stiffness degradation models have
been developed by many investigators. By means of nor-
malization technique, all different curves for different
states of stress can be shown by a single master curve.
Shokrieh and Lessard [9] developed a method of normal-
ization and the present study follows the mentioned method
to predict the stiffness degradation of nanocomposite
materials by means of micromechanics approaches.

A polymeric composite under a constant uniaxial fatigue
loading and under static loading, or equivalently at
n = 0.25 cycles (quarter of a cycle) in fatigue, is consid-
ered. To present the residual stiffness as a function of the
number of cycles in a normalized form for polymeric
composites in fatigue loading conditions (E"), the following
equation is developed [9]:

- ()] ()

_|__
&

E'(n,0,K) =

(6)

where, Ef(n,0,K) is the residual stiffness for polymeric
composites under fatigue loading condition, E® is the static
stiffness of polymeric composites, ¢ is the magnitude of
applied maximum stress, & is the average strain to failure,
n is the number of applied cycles, N; is the fatigue life at
o, and y, 4 are experimental curve fitting parameters. By
means of the normalization technique [9], all different
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Fig. 2 Normalized stiffness degradation curve [9]

curves for different states of stress in Fig. (4) collapse to a
single curve as shown in Fig. 2.

There are many models [26, 42—44] to predict the
modulus of such modified polymers with nanoparticles in
static state condition. In the present study, the Halpin—Tsai
and Nielsen models are used as these are considered to be
the most applicable for the present systems.

Normalized stiffness degradation model (NSDM)
for nanoparticle/fibrous polymeric composites

The Nano-NSDM based on the Halpin—Tsai model

By coupling of the normalized stiffness degradation
approach for fibrous polymeric composites under fatigue
loading and the Halpin-Tsai micromechanics model, the
normalized stiffness degradation model for polymeric
nanocomposites under fatigue loading, E! (n,o,K),
according to the Eq. 7 was developed.

f _1+2W/t(%—1)/(£—§+2W/[>Vf
"o 1—(%—1)/(%+2w/r)vf
t
’ ll ~ (st eoas) | (£5)
o L+aw(g—1) /(E+2w/)v;
ik NGy

&f 1— (i} _
The Nano-NSDM based on the Nielsen model

E;

After a combination of the normalized stiffness degradation
approach for fibrous polymeric composites under fatigue
loading with the Nielsen micromechanics model, the nor-
malized stiffness degradation model polymeric nanocom-
posites under fatigue loading, E' (n, o, K), according to the
Eq. 8 was developed.
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Results and model verification

In this research, the silica nanoparticles have been employed
to modify the epoxy resin. In general, the dimensions of these
particles are in micron ranges. However, with the advance of
nanotechnology as well as the processing techniques, various
types of particles in nanoscales have recently been developed
and then utilized as reinforcement in polymeric composites
[27]. Experimental results obtained from tension—tension
fatigue tests on a bulk epoxy confirm the reduction of the
epoxy laminated composite stiffness, caused by the presence
of cracks, which can effectively be compensated by the silica
nanoparticles. In their work [27], 185 g/mol of epoxy resin,
LY556, bis-phenol A (DGEBA), was supplied by Huntsman,
Duxford, UK, and the silica (SiO,) nanoparticles were sup-
plied by Nanoresins, Geesthacht, Germany.

For the spherical silica nanoparticles used in the present
work, the aspect ratio is unity, and hence w/t = 1 will be
used. Also, in this case study, v.x = 0.632, v¢ = 0.048, so
the value of K is 2.5 and the Nielsen “no-slip” model was
implemented. Typical stiffness variation curves obtained at
Omax = 225 MPa are shown in Fig. 3. In general, all
materials exhibit a stiffness reduction with fatigue cycles,

1.0
) ' —NR
E = NRR
£ 09 NRS
w . NRRS
-U . s 3
.g R ‘e
T 08}
£
o
=z

0.7 -

0 1000 2000 3000 4000 5000

Number of cycles, N

Fig. 3 The stiffness variation during fatigue cycling in the GFRP
composites at omax = 225 MPa, (i) neat resin (NR), (ii) resin with
9 wt% rubber microparticles (NRR), (iii) resin with 10 wt% silica
nanoparticles (NRS), and (iv) resin with a “hybrid” matrix containing
both 9 wt% rubber and 10 wt% silica particles (NRRS) [27]

as has been previously observed in FRPs [45, 46]. The
stiffness reduction was quite steep and very significant in
the GRP nanocomposites. By means of neat resin (NR)
data of Fig. 3 which was related to the GFRP composites
without nanoparticles and by means of the normalized
technique, curve fitting parameters A and y are obtained and
shown in Fig. 4. The other properties of the GRP com-
posites and nano-silica are shown in Tables 1 and 2.

Normalized stiffness degradation curve for
GFRP composites without nanoparticles

Normalized stiffness

Normalized number of cycles

Fig. 4 Normalized stiffness degradation curve for GFRP composites
without nanoparticles, 1 = 3.348, y = 0.357, & = 0.02

Table 1 Properties of the GFRP composites [27]

Material Condition Tensile properties
Strength, X Modulus, Eg
(MPa) (GPa)
GFRP  Without 365 17.5 £ 0.6
nanoparticles
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Table 2 Properties of the Silica nanoparticles

Tensile properties

Mean diameter, D (nm)  Modulus, E}, (GPa)  Density, p (kg/m3)

20 85 2,400

Stiffness reduction for neat epoxy resin GFRP composites
without nanoparticles

—e— Experimental results of Manjunatha et al. (2009), [27]

E;tb,c (GP a‘)

8
6
4 4 —&-Presentwork
2
0

0 200 400 600 800
n (cycles)

Fig. 5 Stiffness reduction for neat epoxy resin GFRP composites
without nanoparticles, g, = 225 MPa

Stiffness reduction for GRP composites with 10% wt.
Silica nanoparticles

22 4 —e— Experimental results of Manjunatha et al. (2008), [27]
~ 20 4 — £ -The Nano-NSDM based on Halpin.Tsai model
u Y
Ry "
o 18 A& t=-- The Nano-N SDM based on Nielsen model
e
o
B 16
S
e S 14 4
23]
12 4
10 T T T T
0 500 1000 1500 2000
n (cycles)

Fig. 6 Stiffness reduction for GRP composites with 10 wt% silica
nanoparticles, oy = 225 MPa

Table 3 Results and value of error for modified models

For evaluating the accuracy of the derived equations for
the neat resin, according to Fig. 5, the trend for stiffness of
neat resin of GFRP composites without nanoparticles ver-
sus the number of cycles is depicted, and good agreement
with experimental data was obtained. This compatibility
shows that obtained curve fitting parameters are suitable
for this composite.

Figure 6 shows that the reported stiffness versus the
number of cycles for 10 wt% silica-nanoparticle-filled
epoxy polymers is in a good agreement with the modified
normalized stiffness degradation models. Also, the behavior
of the modified Nielsen “no-slip” model is nearer to the
result of the experiment compared with the modified Halpin—
Tsai model. In Table 3, the results and value of error for each
modified model are presented. When the number of cycles
was 705 cycles, according to the experimental reported
results, Egb_c was 16.13 GPa. The predicted stiffness by the

present model for fibrous polymeric composite material
(Efib’c) was 14.40. Then, the Nano-NSDM based on the
Halpin—Tsai model and Nielsen model was used and the
stiffness of the fibrous polymeric composite (Egb’c) with
10 % silica nanoparticles was found equal to 16.59 and
15.90 GPa with 2.84 and 1.43 % error, respectively. Also, a
drastic trend of stiffness reduction in the primary level of
cycles has been observed.

As the second verification of the model, the results
presented in [27] are considered. The fatigue limit, i.e., the
maximum applied stress for a life of 10° cycles of the neat
epoxy, is about 95 MPa (Please see [27]; Fig. 1). At this
state of stress, the N is 2000226 cycles. By means of the
classical lamination theory (CLT), the equivalent stiffness
and strain for composites without nanoparticles were
obtained. After finding the stiffness of the composites
without nanoparticles by applying the normalized stiffness
degradation model for polymeric nanocomposites under
fatigue loading condition (The Nano-NSDM based on
Halpin—Tsai model), the equivalent stiffness of fibrous
polymeric nanocomposites (Elfcibyc) was obtained equal to
5.54 GPa. Then, at the previous strain, the tensile stress

n (cycles) Present model Experimental results Present work based on Error (%) Present work based Error (%)
Egb_c (GPa) [27] Efib,c (GPa) Halpin—Tsai model on Nielsen model
Efy e (GPa) Efy e (GPa)
11 17.19 18.82 19.82 5.33 18.85 0.19
118 16.00 17.58 18.45 5.00 17.61 0.18
182 15.67 17.18 18.06 5.11 17.25 0.39
300 15.24 16.88 17.56 4.00 16.79 0.55
589 14.58 16.22 16.80 3.56 16.09 0.79
705 14.40 16.13 16.59 2.84 15.90 1.43
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Define the applied state of fatigue
stress (MPa) for composites without
nanoparticles

Composites material specification (Fiber,
Matrix properties, lay up)

A 4

I
h 4

Based on the selected stress
find the Nf from S-N curve for
composites without nanoparticles

Find the stiffness and the strain for
» composites from classical lamination theory
(CLT) under static loading condition

¥

Nanoparticles, matrix properties and
volume fraction

Normalized stiffness degradation model for polymeric nanocomposites under fatigue loading

condition

Calculation the equivalent tensile strength for nanocomposites from the
obtained strain using classical lamination theory (CLT)

under fatigue loading condition

Fig. 7 Schematic flowchart to generate the equivalent tensile strength

has been achieved equal 111.92 MPa for nanocomposites.
This process is demonstrated in Fig. 7 as a schematic
flowchart to find the equivalent tensile strength.

Table 4 Results of neat epoxy and 10 wt% nano-silica-modified
GFRP composites, ¢ = 95 MPa

For the third verification of the model, the results pre-
sented in [21] are considered. It was assumed that the curve
fitting parameter in normalized stiffness degradation tech-
niques is valid, as shown in Table 4.

This assumption has a negligible error. By applying the
developed model, at 22143 numbers of cycles, the final

Material Condition (Sﬁ;nt‘;"h results are presented in Table 5. The tensile strength for
a . .
10 wt% SiO,/LY556 Epoxy nanocomposites calculated by
GFRP 0 wt% nanoparticles 95.00 the model is equal to 29.24 MPa (in comparison with
10 wt% nano-silica-modified epoxy, [27] 110.00 28.8 MPa presented in [21]). Therefore, the accuracy of the
10 wt% nano-silica-filled epoxy, present 111.92 developed model is acceptable. The results are expressed in
work based on Halpin—Tsai model
Table 5.
Table 5 Properties of . .
nanoparticle-filled GFRP Material Condition ?ﬁ;{gth Error (%)
composites
Bulk epoxy 0 wt% nanoparticles, experimental result [21] 25.00 -
GFRP without nanoparticles 0 wt% nanoparticles, present work 25.30 1.20
GFRP with nanoparticles 10 wt% nano-silica-modified epoxy, 28.80 -
experimental result [21]
GFRP with nanoparticles 10 wt% nano-silica-filled epoxy, present work  29.24 1.50

based on Halpin—Tsai model
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Conclusions 9. Shokrieh MM, Lessard LB (2000) J Compos Mater 34:1056
10. Vavouliotis A, Paipetis A, Kostopoulos V (2011) Compos Sci

The new model developed in this research is an integration
of two major components: the micromechanical and the
normalized stiffness degradation approaches. The model is
able to predict the final fatigue life of nanoparticle/fibrous
polymeric composites under general fatigue loading con-
ditions. In the present work, it is assumed that the major
reason for material properties’ reduction of nanoparticle/
fibrous polymeric composites under general fatigue loading
conditions is related to the reduction of fibers and matrix
properties, while in cyclic load conditions, the mechanical
properties of nanofillers are assumed to remain unchanged
under different states of stresses. Due to the crack propa-
gation, material properties of composites are changed by a
set of sudden material property degradation rules.

The stiffness reduction versus the number of cycle
was obtained based on the Halpin—Tsai and the Nielsen
micromechanical models for a composite reinforced with
nanoparticles. In the developed model, called Nano-
NSDM, material properties and other required parameters
should be obtained by curve fitting techniques.

The developed fatigue model is verified by applying it to
different experimental data provided by other researchers. In
three steps, verifications have been done and the results
obtained by the new fatigue model are in very good agree-
ment with the experimental data for nano-silica/glass fiber
epoxy and also nano-silica/epoxy composites under constant
cyclic stress amplitude fatigue loading. A maximum of
2.84 % error for the modified Halpin—Tsai approach based
on the normalized stiffness degradation model was observed.
For the Nielsen model, the maximum error was 1.43 %. The
results show that the behavior of the modified Nielsen “no-
slip” model in comparison with the modified Halpin—Tsai
model is more compatible with experiment results.

References

1. Saunders DS, Clark G (1993) Mater Forum 17:309

2. Whitworth HA (2000) Compos Struct 48:261

3. Yang JN, Jones DL, Yang SH, Meskini A (1990) J Compos Mater
24:753

4. Epaarachchi JA, Clausen PD (2003) Compos Part A 34:313

5. Van Paepegem W, Degrieck J (2002) Compos Sci Technol 62:
687

6. Yang JN (1978) J Compos Mater 12:19

7. Feng P, Wang D, Du S, Li H (2001) J Appl Mech 18:40

8. Yao WX, Himmel N (1999) Int J Fatigue 21:581

@ Springer

11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.
25.

26.
217.

28.
29.

30.
31.

32.
33.
34.
35.
36.
37.
38.

39.

40.
41.
42.
43.
44.
. Talreja R (1987) Fatigue of composite materials. Technomic,

46.

Technol 71:630

Dick TM, Jar PYB, Cheng JJR (2009) Int J Fatigue 31:284
Singh V, Joung D, Zhai L, Das S, Khondaker SI, Seal S (2011)
Prog Mater Sci 56:1178

Rafiee MA, Rafiee J, Srivastava I, Wang Z, Song H, Zhong-Zhen
Y, Koratkar N (2010) Small 6:179

Srivastava I, Koratkar N (2010) JOM 2:50

Zhang W, Picu RC, Koratkar N (2007) Appl Phys Lett 91:193109
Grimmer CS, Dharan CKH (2009) J] Wuhan Univ Technol Mater
Sci Ed 24:167

Boeger L, Sumfleth J, Hedemann H, Schulte K (2010) Compos A
41:1419

Juwono A, Edward G (2006) J Nanosci Nanotechnol 12:3943
Chen P, Wong SC (2011) J Mater Sci 46:1902

Gupta S, Veeraragavan A (2009) J Indian Roads Congr, Paper
No. 548:55

Manjunatha CM, Taylor AC, Kinloch AJ, Sprenger S (2009)
J Mater Sci 44:4487

Boonyapookana A, Nagata K, Mutoh Y (2011) Compos Sci
Technol 71:1124

Niinomi M, Uwai K, Kobayashi T, Okaharas A (1991) Eng Fract
Mech 38:43949

Tsai JL, Huang BH, Chrng YL (2011) Procedia Eng 14:1982
Manjunatha CM, Taylor AC, Kinloch AJ, Sprenger S (2010)
Compos Sci Technol 70:193

Johnsen BB, Kinloch AJ, Mohammed RD, Taylor AC, Sprenger
S (2007) Polymer 48:530

Manjunatha CM, Taylor AC, Kinloch AJ, Sprenger S (2009)
J Mater Sci 44:342

Brown EN, White SR, Sottos NR (2006) J Mater Sci 19:6266
Toshiharu Y, Nobumitsu K (1985) IEEE Trans Power Appar Syst
104:1930

Zhao S, Schadler LS, Duncan R, Hillborg H, Auletta T (2008)
Compos Sci Technol 68:2965

Alexopoulos ND, Bartholome P, Poulin MR (2010) Compos Sci
Technol 70:260

Wang ZD, Zhao XX (2009) J Appl Polym Sci 112:3276

Lee CS, Hwang W (2000) Polym Compos 21:798

Hwang W, Lee CS, Park HC, Cho I (1995) J Adv Mater 26:3
Guo Y, Li Y (2007) Mater Sci Eng A 458:330

Halpin JC (1969) J Compos Mater 3:732

Halpin JC, Kardos JL (1976) Polym Eng Sci 16:344

Hsieh TH, Kinloch AJ, Masania K, Taylor AC, Sprenger S (2010)
Polymer 51:6284

Nielsen LE, Landel RF (1994) Mechanical properties of polymers
and composites, 2nd edn. Marcel Dekker, New York

Shokrieh MM, Lessard LB (1997) Int J Fatigue 19:201
Shokrieh MM (1997) Int J Fatigue 19:209

Kerner EH (1956) Proc Phys Soc B 69:808

Nielsen LE (1966) J Appl Polym Sci 10:97

Halpin JC, Pagano NJ (1969) J Compos Mater 3:720

Lancaster

Case SW, Reifsnider KL (2003) In: Milne I, Ritchie RO (eds)
Comprehensive structural integrity volume 4: cyclic loading and
fatigue, Ist edn. Elsevier, Amsterdam



	Fatigue life prediction of nanoparticle/fibrous polymeric composites based on the micromechanical and normalized stiffness degradation approaches
	Abstract
	Introduction
	Modeling strategy
	Equivalent stiffness of nanoparticle/epoxy nanocomposites
	Halpin--Tsai micromechanics model
	Nielsen micromechanics model

	Material properties degradation
	Sudden material property degradation rules
	Normalized stiffness degradation approach for fibrous polymeric composites under fatigue loading

	Normalized stiffness degradation model (NSDM) for nanoparticle/fibrous polymeric composites
	The Nano-NSDM based on the Halpin--Tsai model
	The Nano-NSDM based on the Nielsen model

	Results and model verification
	Conclusions
	References


