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nanofibers on the fracture and fatigue behavior of composite laminates and also to investigate the
performance of the Finite Element Method based on the Cohesive Zone Model, in predicting the fatigue
behavior of the laminates. For this purpose, standard specimens were fabricated from carbon/epoxy
Prepregs interleaved with nylon 6,6 nanofibers. The specimens were then subjected to mode I static and

fatigue loading conditions. The results showed that fracture toughness was doubled by adding nanofibers  Keywords:

between composite layers. Under fatigue loading, the crack growth rate of the nanomodified specimens o
was less than the virgin specimens. So, the crack growth rate decreased by 8 times with interleaving . i

. . Composite laminates
the nanofibers at ?:0'9 . The Cohesive zone model method was used to evaluate the efficiency of
finite element in modeling the fatigue crack growth rate in virgin and nanomodified specimens. The Carbon/epoxy

progressive failure model was used to simulate the fatigue behavior. Consistency of finite element results ~ Fatigue

with the experimental results showed that the Cohesive zone model method is a suitable tool to model  Finite element method.

the fatigue behavior of interleaved composite laminates.

1- Introduction

Carbon Fiber-Reinforced Polymers (CFRPs) are among
the most applicable composite materials applied in various
industries, especially in aerospace. Despite their advantages,
such as high specific strength, they are easily damaged under
fatigue loadings. The main damage modes of composite
laminates are matrix cracking, fiber breakage, matrix/
fiber deboning, and finally delamination. Up to now, many
studies have focused on the latest one to remove, or at least
decrease, its influence on the final failure of composite
structures. Various techniques have been presented, but
applying thermoplastic nanofibers as additives in thermoset-
based CFRPs is one of the attractive methods for this aim
[1]. Researchers have applied different types of polymeric
nanofibers, such as nylon 6,6 and Polycaprolactone, and
showed experimentally their excellent effects on toughening
CFRPs [1].

Another technique for considering the behavior of
nanofiber-toughened laminates is numerical methods, like
Finite Element (FE). Although the number of experimental
studies in this field is so high, but very limited publications
focused on numerical studies. For instance, Saghafi et. al
[1] considered the influence of nanofibrous mat position on
damage size during impact loading and in another study, they
considered the effect of nanofibers on cohesive parameters
[2] during fracture loading.
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Fatigue is a very important mechanical loading that
many composite structures experience during their service.
Experimental studies proved that nanofibers are very
effective during fatigue and can increase the life cycle of
the structure. However, there is no study, which considered
this phenomenon numerically. In this paper, Nylon 6,6 are
applied between carbon/epoxy laminates to consider its effect
on crack growth rate. The investigations were conducted
experimentally and simulated in ABAQUS (FE method) and
the results were compared.

2- Methodology
2- 1- Experiments

To produce nanofiber, electrospinning is employed as
the most common method. For this aim, nylon 6,6 polymer
(provided by Solvay) was used and Formic acid and
Trifluoroethanol (purchased from Merck company) were
applied for preparing the solution. The thickness of produced
nanofibrous mat was 50 mm (Fig. 1).

To manufacture the composite laminates, 24 layers of
AS4/8552 prepreg were used. A thin Teflon (with a thickness
of 13 mm) was applied for producing the initial crack, and a
nylon 6,6 nanofibrous mat as a toughener part were placed in
the middle of the sample (between the 12" and 13" layers).
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Fig. 1. Scanning electron microscopy image of the pro-
duced electrospun Nylon 6,6 nanofibers.

After preparing the samples, two test types were
conducted: 1- mode-I quasi-static tests and 2- mode-I fatigue
tests. They were conducted according to ASTM D5528 [3]
and ASTM D6115 [4] standards, respectively. Both tests
were loaded under displacement control. Quasi-static static
were done under the rate of 1 mm/min while the second one
was tested under cyclic loading at a frequency of 5 Hz and a
displacement ratioof R=9 . /6 =0.3.

2- 2- Finite element method

In this study, ABAQUS software and cohesive element
were used for simulating fatigue crack growth. This method
was presented for the first time by Dugdale [5] in which a
cohesive zone is considered in front of the crack tip. The
behavior of the cohesive model is shown by a bilinear shape
which is shown in Fig. 2.

A 2-D model was generated in the software and CPE4 and
COH2D4 elements were used for modeling the composite and
cohesive parts, respectively. The utilized cohesive parameters
are presented in Table 1.

In order to model the fatigue behavior of laminates,
progressive damage equations presented by Turon [6] was
used. For this aim, a USDELD subroutine was written and
introduced to the software.

Table 1. The cohesive element parameters used in the
FE simulation

Parameters Units Virgin ~ Nanomodified
samples samples
o MPa 60 60
GIC N/mm 0.18 0.40
k N/mm? 20000 20000
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Fig. 2. Calculation of the variation of the strain energy
release rate according to the constituent curve of the
cohesive element.

3- Results and Discussion
3- 1- Quasi-static test results

The numerical and experimental results of the reference
and nanomodified samples under quasi-static loading are
illustrated in Fig. 3.
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Fig. 3. Load-displacement curve of the quasi-static
mode I loading, a) the FE results for the virgin speci-
men, and b) the FE results for the modified specimen
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Fig. 4. The fatigue results of mode I loading, a) the FE
results for the virgin specimen, and b) the FE results
for the modified specimen.

As seen, there is good agreement between the numerical
and experimental results. The results also show that the
fracture toughness increased from 0.18 kJ/m2 to 0.4 kJ/m2,
which shows more than double enhancement.

3- 2- Fatigue test results

Fig. 4 shows the effect of nanofibers on crack growth rate
under fatigue loading. The comparison between experimental
and numerical outcomes are also presented. Results showed

that adding nanofibers between composite layers could
decrease the rate of crack growth. For instance, when , the
crack growth rate decreased from 0.113 mm/cycle in the
reference laminate to 0.014 mm/cycle in the nanomodified
one. As seen in the figure, the numerical simulation effectively
could anticipate the experiments.

4- Conclusion

Inserting nanofibrous mats between composite layers led
to more than double the enhancement in fracture toughness.

Under the fatigue test, the crack growth rate decreased
about eight times by adding nanofibers.

The FE modeling using Cohesive Zone Model (CZM)
showed that the numerical methods have capable to anticipate
the fracture and fatigue behavior of the reference and
nanomodified samples.
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Table 1. The electrospinning parameters for producing nanofibers [7, 8]
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Fig. 1. Scanning electron microscopy image of the produced electrospun Nylon 6.6 nanofibers
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Fig. 3. The instantaneous and final cohesive zone length

dd - ) Coud g 0dlo &y &5 Witwd (0l M g ¢ lagol)l dlaly opl jo

—_— = dstatic"‘ dfatigue (V) . o .

dt o 2 > (35S 51 o8 Sl € Sl el 5 (R) 63550
ot el SYleo & dgs by Sl Sl 43 apl 15, line oy (Bilp b g 028 gl ) oslisel L clst cpl )l Sty (AG)

VAL 3980 dpmlone yj & )90 & Ole o 2 sl 035 55l o Cesd a5 gloodls el
IYA] 5l canl cyle

ad_ad o,
ON 04, oN ")

Ya+0



YO B YAAR ais VF ) Jlo Y o)l DF 0,93 « S yuel Slo swigen 4 it

o4, _ 4 o4
ON  A_0N

sebl ady 25 o labaly (L3 klgy g daly ol I eslanal |

YAl 0o Conty S5 Coluns 13y £ 5 g o]

ad [6"(A-d)+d6"] o4

od _ 1 o4
ON A 5°s’ oN

sl )3 48 Wl o Cowts Sl SlKe Laslg,y 5 94 YL alaly )
ON
aoleo jl 4 03gil o 0> 4l Colun pizmen g 0 031 s

IYA] ] oo cawd & (V0)

:Bg_ﬂE3Gmax \o
“ "3 (5,) (va)

ool Ay by S5 ab) £ 5 cunsls Sl bly) 1 eslil b
IYA] 35800 Ol 12) S50 &
da

= ¢(AG)" G, >G,
dN ' (V5)

0 Gmax < Gth

g ) Al S0 a4 g5 o 55 |y ] 4l Calue A3, F )

YA]
dA da
44 _pee
dN T dN (W)
Gy pj dblee Oygo a8 5l 0B Ol gl

A o w0y Sy colue by g5 %i Jlis daly ) oS
oN

ol sl )y 55 ;7“] Sl dulre 050l ol a4l colue

b ot oladl S Colus 4 ] apl colus Cuud ST 585 00

¥V ] 255 o0l ung

O _A_y ol-d) @)
G, A 5

[YA] S o Aol % )l..\sm ALNI) U”I )l d)‘f Fiio b
d

od 1 [6'1-d)+ds’]
o, 0% ()

i s ol Colue Ady Fp 39 Cond @ )5&;‘, &

def));uﬁuo)slwldS)y»qua&U)ycu)]4)( )LQJS\M»
Olsse Ml o L8l A4, W PVES RN TP Lo AN CusiS
sdipnd 42l & bgye saglall ) jlie gox jI S5 coluwe 138

IYA] 3] o cawd

o _ 5 oA, o)
oN &

odd o35 Colue A g ok 4ol Colue 4 daly ol

polie bawgio i aSi) (505 b il odins 45l ) 39390 Lol

asb ) e ENwm A, Cizmed g 039 odisus 4l j> 0dy
YA] 225 o 43l )u)wm(\\)ml‘p‘mbcﬂ

vy 04, _ A, 04,

. (OV)
S 0N A° oN

(V) dolre 3 ooliwl b osodeaml Colue (bpusS Fp oplpls

IYA] ] oo vy

4.5



YO B YAAR dxis VF ) Jlo Y o)losd @F 0,93 S yuel Sl pwigen s

T l----

.
- - -
.

.

. .
.

. ¢ o
.
— e A A

(=4
°©

Ty ===

& ¥

8 max 6(

v

&f 5

Db ol dasivn g 31 03wl U ouid S (55, g .:l)‘i 5 Ol gt dpnlins F S

Fig. 4. Calculation the variation of the strain energy release rate according to the constituent curve of the
cohesive element
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Table 2. The cohesive element parameters used in the FE simulation [28]
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Fig. 5. The discretized FE model in ABAQUS software
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Table 3. Specifications of the utilized elements in the FE model.
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the FE results for the virgin specimen, and c) the FE results for the modified specimen
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