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A B S T R A C T

This research focused on fracture and fatigue response of carbon/epoxy laminates modified with electrospun
nylon 66 nanofibers. For this purpose, AS4/8552 composite laminates interleaved by nanofibrous mat were
considered under mode-I quasi-static and fatigue loading conditions. According to test outcomes, the fracture
toughness increased about 133% under quasi-static tests. On the other hand, the plotted fatigue curves showed
that the crack growth rate significantly decreased in modified samples and the threshold energy release rate
enhanced about 128%. Finally, scanning electron microscopy (SEM) was also conducted to investigate the da-
mage mechanisms.

1. Introduction

High-strength carbon/epoxy laminates are being applied in various
industrial applications, such as automotive and aerospace structures.
One of the most widespread matrices used in these type of materials is
thermoset polymers like epoxy. Notwithstanding many advantages,
such as low density and perfect mechanical performance, laminated
composites can be delaminated easily under mechanical loadings which
is because of the brittle nature of thermosets [1,2]. They can be failed
by interlaminar cracks, which lead to the initiation of delamination and
its propagation, resulting in final fracture.

Although the application of thermoplastics in the form of very thin
film can be regarded as one of the most common toughening methods
[3,4], the associated penalty of sacrificing the elastic modulus of the
final product has limited their use in many industries [5]. Conse-
quently, thermoplastic polymers in the form of nanofibers have gained
rapid acceptance since 2001 which is introduced for the first time to
increase fracture toughness of thermosets-based laminates [6]. High
surface-to-volume ratio and high porosity of nanofibrous mat increased
their capability in comparison with the film layers, and on the other
hand remove their mentioned problem [7,8]. Various types of poly-
mers, such as polysulfone [9,10], phenoxy [11], polyvinylidene fluoride
[12,13], polyethersulfone (PES) [14,15], polyvinyl butyral [16,17],
aramid [18], polycaprolactone [19–21], carbon [22–26] and nylon
[15,27] have been applied as the toughener between composite layers,

but the most attractive one is the latest, i.e. nylon [28].
Different types of nylon, i.e. 6, 66, and 69, have been used for

toughening composite laminates [2,29,30]. Most researchers have fo-
cused on the nylon 66 and its effect during mode-I and mode-II fracture
tests [29,31,32]. Brugo and Palazzetti [33] considered the influence
nanomat thickness and also the laminate type, unidirectional or plain-
woven, on fracture toughness. The outcomes showed that increasing the
thickness led to enhancement of fracture toughness and, on the other
hand, samples made of woven type were more affected by nanofibers.
Gholizadeh et al. [32] investigated the effect of nylon 66 nanofibers on
different damage modes using the acoustic emission method. The re-
sults showed that matrix cracking, debonding, and fiber breakage re-
duced about 82%, 53%, 64%, respectively, by interleaving nanofibers.
Some researchers also conducted low-velocity impact tests on the re-
ference and nanomodified laminates [2,34,35]. Akangah et al. [2] in-
terleaved AS4/3501-6 composite laminates by nylon 66 and impacted
under 0.46–1.8 J. According to the outcomes: threshold impact force
increased about 60% and the rate of impact damage growth rate de-
creased to one-half with impact height. In another study, Saghafi et al.
[35] conducted tests on the curved glass/epoxy laminates. Their results
showed adding nanofibers did not change impact parameters like
maximum load and displacement, but could reduce the delaminated
area significantly (about 60%).

Although many papers have been published regarding fracture and
impact behavior of nanomodified laminates, the study about fatigue
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response of these laminates is very limited [36–38]. For instance, Polat
et al. [36] examined the influence of graphene nanoplates/nylon 66
nanofiber mats on the fatigue life of composite to aluminum single-lap
joint. The tests were done with various maximum stress levels as 20%,
30%, 40%, 50% and 60% of breaking shear tensile strength, and the
results showed that the nanomaterial could increase the life cycle in-
credibly. In this study, pure nylon 66 nanofibers are used as the
toughener of carbon/epoxy to consider the toughening mechanism
under mode-I fracture and fatigue loadings. The fatigue tests were
conducted under constant displacement ratio and various ratios of
fracture toughness, (GIimax/GIC). On the other hand, the aim is to assess
the constant crack growth rate section of the Paris law diagrams for the
reference and nanomodified specimens and also determining physical
strain energy release rate (G*) for both samples. Finally, scanning
electron microscope (SEM) was applied for investigating the fractured
surface of laminates.

2. Manufacturing specimens

2.1. Electrospinning method

In order to produce nanofibers, the electrospinning method was
applied. Fig. 1 shows the schematic picture of the electrospinning ap-
paratus and its process. The electrospinning setup consists of four major
components namely, high voltage power supply, a syringe with metal
needle, injection feed rate system, and a conductive collector. By ap-
plying a high voltage electric field between needle and collector, the
polymer solution is wrapped around the collector as nanofibers. To
obtain nylon 66 nanofibers, the main process parameters such as ap-
plied voltage, collector rotational speed, and injection feed rate were
selected 28 kV, 100 rpm and 0.8 mL/h, respectively. In this research,
the nylon 66 provided from DuPont Company, and formic acid (FA) and
2.2.2-Trifluoroethanol (TFE) solvents purchased from Merck Company.
The solution was prepared by adding 20% w/v nylon 66 pellets in the
solvents of (FA/TFE) with the ratio of 30/70 v/v. The final produced

Fig. 1. Schematic picture of the electrospinning process. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 2. A) SEM image of nanofibers B) fiber diameter distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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nanomat was 7.5 gr/m2 weight per area (50 μm thickness) and had a
porosity of 87%. Thermal characterization of nylon 66 is also an im-
portant factor to understand the mechanism applied by nanofibers to
toughen the laminates: melting point: 260 °C and Tg temperature: 55 °C
[39]. On the other hand, Papadopoulou [40] used TGA data to prove
that nylon 66 nanofibers have very good thermal stability until 300 °C
(< 5% mass loss) and the major thermal degradation was after 350 °C.

SEM image of produced nanofibers and their diameter distribution
were depicted in Fig. 2. The diameters were measured by investigating
150 fibers using an image analysis software (ImageJ). As seen in Fig. 2-

Nanofiber

CFRP laminates
Autoclave 

Grinding disk

Samples

(a)

(c)

(b)

(d)
Fig. 3. The steps of fabrication and loading condition: A) laminating of prepreg B) curing in autoclave C) cutting with grinding machine D) schematic of mode-I
loading. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Mode-I test setup. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

1

1

2

2

3

Fig. 5. Load-displacement curves for the reference and modified specimens
under quasi-static mode-I loading. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. The linear relationship between crack length and the third root of
compliance. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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B, the range of diameter is distributed between 100 and 400 nm. The
mean value of normal distribution is about 260 nm.

2.2. Laminating process

Fig. 3 shows the steps of specimen fabrication and loading condi-
tions. The AS4/8552 carbon/epoxy prepreg was employed for the la-
minating and fabricating of composites plates. The 24 prepreg layers
were used for stacking and during the laminating process, a 12.7 µm-
Teflon film was implanted between mid-plies to create an initial pre-
crack. Nanofibrous mat was firstly dried at a vacuum oven and then put
at front of the Teflon layer as seen in Fig. 3-A.

In order to eliminate some fabrication errors and to have a similar
condition during the laminating and curing process, both the reference
and modified specimens were provided from the same palate. After
laminating, the plate was placed in an autoclave (Fig. 3-B) to cure ac-
cording to the datasheet [41]. The heating rate was fixed at 1 °C/min.
The panel was cut to 175 mm length and 25 mm width using a grinding
machine (Fig. 3-C). Then, aluminum block attached to end of the
samples using superglue in order to apply force by machine. Finally, the
specimens were tested under mode-I loading (Fig. 3-D).

3. Quasi-static fracture tests

The fracture tests were conducted according to ASTM D5528 [42]
using Double Cantilever Beam (DCB) specimens. The fracture speci-
mens were loaded under displacement control with constant displace-
ment rate, 1 mm/min. The values of load and displacement were con-
tinuously measured and the crack length was also recorded using a
digital camera (Fig. 4). Four samples for each type of specimens were
tested to investigate the repeatability. V and N represent the reference
and nanomodified laminates, respectively, in the text and figures.

Table 1
Test parameters and fracture toughneses values for all quasi-static specimens.

Specimen codes a0 (mm) B (mm) δcr Pcr (N) Δ (mm) GIC (kJ/m2) Pcr (Ave.) Δ (Ave.) GIC (Ave.)

V1 40 25.07 1.87 84.77 8.36 0.196 79.72 10.40 0.181 ± 0.014
V2 40 25.09 1.88 79.21 9.69 0.179
V3 40 25.1 1.94 74.58 13.33 0.162
V4 40 25.01 1.95 80.6 10.22 0.187
N1 40 25.09 2.88 118.13 6.75 0.435 114.42 6.04 0.423±0.013
N2 40 25.06 2.67 112.57 3.71 0.411
N3 40 25.07 2.92 112.57 7.83 0.411
N4 40 25.1 2.9 114.43 5.89 0.432

Fig. 7. Delamination resistance curve for V2 and N2 specimens. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 2
The characteristics of fatigue tests specimens and procedure.

specimen a0 (mm) Width (B)
(mm)

Thickness (h)
(mm)

GIimax/GIC δmax (N) δmin (N)

V5 40 25.07 4.57 0.8 1.79 0.54
V6 40 25.08 4.56 0.7 1.66 0.5
V7 40 25.06 4.59 0.5 1.4 0.42
V8 40 25.09 4.55 0.8 1.79 0.54
N5 40 25.06 4.58 0.8 2.6 0.78
N6 40 25.08 4.57 0.7 2.4 0.72
N7 40 25.05 4.58 0.5 2.03 0.61
N8 40 25.08 4.56 0.8 2.6 0.78

Fig. 8. A) Decrease in maximum load during cycles. B) Increase of crack length per cycle and verification of compliance method with the visual method. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.1. Quasi-static results

Load-displacement curves of the reference and nanomodified lami-
nates tested under quasi-static conditions are shown in Fig. 5. As seen,
the slope of curves is the same for all samples before crack propagation
which proves the presence of nanofiber does not affect the slope. When
the load reached the maximum load (pcr) (Point 1), the crack started to
propagate. The maximum load corresponds to 79.7±4.2 N and
114.4±2.6 N for the reference and modified laminates, respectively,
which shows 44% enhancement. Then, because of the resin-rich area at
initial delamination tip, a big drop occurred in the load which re-
presents the crack length increased suddenly (Point 2). This force drop
is significantly more in the nanomodified sample which is because of
this fact that the presence of nanofibers caused further rise of pcr .
Therefore, more stress is in front of the crack tip in the nanomodified
laminate. When the nanofibers could not withstand more stress, higher
amount of energy released in the modified laminate in comparison with
the reference. After Point 2, the curve trend of the reference and
modified laminates are different. The nanofibers were again active and
so the force increased until Point 3.

€According to ASTM-D5528 standard, Eq. (1) is applied for ob-
taining mode-I interlaminar fracture toughness (GIC):

=
+

G
p δ

B a
3

2 ( Δ)IC
cr cr

0 (1)

Fig. 9. Decrease of: A) crack growth rate and B) maximum energy release rate versus number of cycles. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 10. Fatigue crack growth rate vs. ΔG for all reference and nanomodified
specimens. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 11. Determining the threshold energy release rate (GIth) for the reference and modified specimens. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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where pcr is the maximum force, δcr is the displacement corresponding
to pcr , a0 is the initial crack length (40 mm), B is the specimen width
(25 mm) (Fig. 3-D) and Δ is the crack length correction. According to
the ASTM D5528 standard, the Δ parameter is determined experimen-
tally by generating a least squares plot of the cube root of compliance
(C1/3) as a function of delamination length. The compliance, C, is the
ratio of the load point displacement to the applied load, δ/P. As an
example, Fig. 6 shows the linear relationship between crack length and
third root of compliance and the value of Δ for V1 specimen.

Table 1 shows the mode-I fracture toughness values and other main
parameters for all fracture test specimens. As it can be seen, the average
of GIC is 0.181 ± 0.014 kJ/m2 and 0.423 ± 0.013 kJ/m2 for the
reference and modified specimens, respectively, which shows 133%
increase of fracture toughness by adding nanofibers. Delamination re-
sistance curve (R-curve) was also plotted in Fig. 7. As seen, all GR values
for the modified specimen are significantly more than the reference one
(53% increase in the average values).

4. Fatigue test procedure

ASTM D6115 [43] standard was employed to conduct fatigue tests.
According to this standard method, specimens were tested under the
sinusoidal cyclic loading condition at a frequency of 5 Hz and a cyclic
displacement ratio R = δmin/δmax = 0.3. Eq. (2) was used for obtaining
of maximum displacement (δmax) for GIimax/GIC ratios of 0.5, 0.7, and
0.8.

=G
G

δ
δ

( )Ii

IC cr

max max 2
(2)

where GIC is the mode-I fracture toughness which is 0.181 and
0.423 kJ/m2 for the reference and modified specimens, respectively.
GIimax is the maximum Strain Energy Release Rate (SERR) during the
first cycle. According to Table 2, the values of δcr are 1.91 ± 0.04 mm
and 2.84 ± 0.11 mm for the reference and nanomodified specimens,
respectively. The values of displacement, load, and cycle count were
recorded at each cycle during the fatigue test. These data were used to
plot all fatigue curves. Each specimen was tested until N = 100000
cycles.

4.1. Fatigue test results

Due to displacement - control condition, δmax, and δmin were con-
stant during the cyclic test while Pmax and Pmin continuously decrease
with increasing the number of cycles. Fig. 8-A shows this matter for N5
and V5 specimens. In order to calculate the crack length during the
fatigue test, the compliance method was applied. In this method,
compliance (δmax/Pmax) is calculated at each cycle, then crack length is
achieved using the relation mentioned in Fig. 6. Fig. 8-B illustrates the
calculated crack length (a) using this method and digital camera tech-
nique. As seen, there is good agreement between these two methods.

According to ASTM E647 [44], da/dN is determined from Eq. (3):

⎛
⎝

⎞
⎠

= −
−

+

+

da
dN

a a
N Ni

i i

i i

1

1 (3)

Fig. 12. The method of calculating potential energy at each cycle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 13. A) The relationship between G* and fatigue resistance B) da/dN - dU/dN graph for the reference and modified specimens. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

R. Mohammadi, et al. Composites Part A 137 (2020) 106015

6



where ai and Ni are the crack length and cycle count. ai+1 is the next
available data point and Ni+1 is the cycle count corresponding to ai+1.
The maximum SERR (GImax), the minimum SERR (GImin), and the SERR
range (ΔG) in the current cycle are obtained from Eq. (4), (5), and (6),
respectively.

=
+

G
p δ

B a
( )

3( )
2 ( Δ )ax i

i

i ave
Im

max max

(4)

=
+

G
p δ

B a
( )

3( )
2 ( Δ )Imin i

i

i ave

min min

(5)

= −G G GΔ ( ) ( )I i I imax min (6)

where Δave is the average of crack length correction parameter achieved
from quasi-static tests (See Table 1). Fig. 9 illustrates the crack growth
rate (da/dN) and the maximum energy release rate (GImax) vs. cycle for
V5 specimen. As shown, with increase of cycles both parameters de-
creased. Note that Fig. 9-A has been drawn at a log-linear scale (Y-axis
is a logarithmic scale).

Fig. 10 presents da/dN versus ΔG in the logarithmic scale. As ob-
served, da/dN decreased when the reference and nanomodified lami-
nates tested under a constant ΔG. A typical Paris law can be established
between the crack growth rate and ΔG values as follows:

=da
dN

α G(Δ )n
(7)

where α and n can be calculated by fitting a curve on experimental
data (Fig. 10). The n values for the reference and nanomidified lami-
nates are 10.9 and 6.57, respectively, which shows the presence of
nylon 66 could decrease the slope of the da/dN- ΔG curve. With a quick
glance at this figure, it is obvious that the crack growth rate is sig-
nificantly more in the reference laminates. Another point regarding this
figure is that the curves of nanomodified specimens transfer to the
right. It means that modified laminates require more ΔG for propa-
gating the crack with the same da/dN value. As an example, using Paris
relationship, ΔG values corresponding to da/dN = 1e-6 m/cycle, are
107 J/m2 and 252 J/m2 for the reference and modified specimens,
respectively, which means modified specimen has 135% more re-
sistance to crack growth, and can be loaded with higher ΔG values.

In this study, to find out the number of cycles (N) for the start of
delamination, the suggestion of ASTM standard D6115 was used.
According to this standard, the number of cycles corresponding to 5%
enhancement of the compliance was applied to establish the delami-
nation onset life (N5%). GImax vs. N5% is presented in Fig. 11. The GImax-
N5% relationship is often shown by the following equation [45]:

=G DNImax
k

5% (8)

where D and k can be obtained by fitting a curve on experimental data.
The threshold energy release rate (GIth) was calculated using the Eq. (6)
when N = 106 cycles. Hence, GIth is 79.67 J/m2 and 182.15 J/m2 for
the reference and nanomodified specimens, respectively, which shows

Fig. 14. The fractured surface of reference specimens under quasi-static test A) Resin rich area near the initial crack tip B) fiber bridging phenomenon occurred away
from the initial crack tip. C) making scarp during matrix cracking in the reference laminates. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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128% enhancement.

5. Physical strain energy release rate method

Some researchers [46,47] have used physical strain energy release
rate (PSERR, called by G*) to assess fatigue resistance of composite
materials. This parameter is the actual strain energy release rate that
achieved from measured data, not from the theoretical method. Eq. (9)
is used to calculate the G*:

= =∗G
B

dU dN
da dN

dU
dA

1 /
/ (9)

where U is the potential strain energy and dU/dN is the dissipation of
the potential energy rate per cycle obtained from Eq. (10):

= −
−

+

+

dU
dN

U U
N N

i i

i i

1

1 (10)

where Ui and Ui+1 are the potential energy at ith and i + 1th cycle,
respectively, calculated using Eq. (11) and Fig. 12:

= + −U P P δ δ1
2

( ) ( )i imax min max min (11)

According to Eq. (9) and Fig. 13-A, with decrease of the slope in da/
dN - dU/dN curve, the G* value increased; so, the fatigue resistance
became more. Fig. 13-B shows the da/dN - dU/dN plot for both of the
reference and modified specimens. As seen, there is a linear relationship
between da/dN and dU/dN parameters. Since the G* is the inverse

slope of the curve, see Fig. 13-A; therefore, G* is 133.3 J/m2 and 200 J/
m2 for the reference and modified samples, respectively. Hence, the
fatigue resistance in the modified specimen is 1.5 times higher than the
reference one.

6. SEM micrographs

6.1. Quasi-static test

SEM micrographs of the fractured surfaces are illustrated in Fig. 14,
for the reference, and Fig. 15, for the nanomodified laminates. Fig. 14-A
shows the area near the initial crack tip. As seen, matrix cracking is the
dominant damage mechanism because of the resin-rich area. With in-
creasing the crack propagation, the fiber bridging phenomenon ap-
pears; so the fracture surface becomes rougher compared to the last
stage (onset of crack growth) (Fig. 14-B). “Scarp” is one of the most
important phenomena during matrix failure. When a local fracture
starts along with a defect and spreads into the matrix, consider con-
vergence between two adjacent crack planes. Some sharp steps can be
formed at the boundary between these planes, which called a scarp. As
seen in Fig. 14-C, many scarps were produced in the reference lami-
nates while as it will be shown in the nanomodified laminates, nano-
fibers stopped occurring this phenomenon.

Unlike the reference laminate, carbon fibers or their imprints are
not visible in the fracture surface of the modified samples. On the other
hand, no bridging occurred by carbon fibers. As the curing temperature

Fig. 15. The fractured surface of nanofiber-modified specimens under quasi-static test. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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(A) (B)

(C) (D) 

Scarp

Debonding
Matrix cracking 

Fiber breakage

Bridging by nanofibers

Hackle patterns

Fig. 16. The SEM micrographs of fractured surface under fatigue loading, (A) and (B) subjected to reference specimen, (C) and (D) subjected to nanomodified
specimen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

B) a = 6mm & GImax = 87 J/m2

81.64 /da E m cycle
dN

−=

A) a =1mm & GImax = 134 J/m2

61.76 /da E m cycle
dN

−=

Hackle patterns

Fiber breakage
Hackle patterns

Fig. 17. The fracture surface of the reference specimen in different distance from the initial crack tip.
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was less than melting point of nylon 66 (260 °C), the nanofibers
maintained their initial configuration. Therefore, crack propagated
between nanofibrous mats and the toughening mechanism is the brid-
ging of nanofibers between upper and down layers. An important point
is: if the modified laminates is in a situation in where the enviromental
temperature is more than Tg temperature of nylon 66, it will be possile
to decerease the effectiveness of nanofibers on thoughening the lami-
nate. Because the nanofibers will have a rubbery behaviour; so will not
be able to make bridge as strong as normal condition.

As can be seen in Fig. 15-A and B, the fracture surface of modified
specimens is rougher and there are some insular areas at the surface. It
means crack was deviated and its direction changed continuously be-
tween these insulars. As the route passed by the crack is longer than the
reference, more energy is required; so the fracture toughness increased
[48]. Another mechanism of toughening is plastic deformation of na-
nofibers during the failure. Fig. 15-C and D show the broken nanofibers.
The rounded area at the fractured part proves the severe plastic de-
formation of nanofibers during failure. Therefore, more energy dis-
sipated by the deformation of nanofibers and then increase fracture
toughness.

6.2. Fatigue test

SEM micrographs subjected to fatigue tests are depicted in Fig. 16
and Fig. 17 for the reference and modified specimens, respectively. By
comparing Fig. 16-A and Fig. 14-B (200× magnification), it can be
concluded that the fracture surface of specimen tested under fatigue
loading is generally smoother than quasi-static one. As seen in Fig. 16-
B, the damage mechanisms such as fiber breakage due to bridging
phenomena, fiber/matrix debonding, and scarp are also occurred
during fatigue loading (like quasi-static test). However, some regular
hackle patterns due to cyclic loading conditions were created at the
fractured surface while there were very limited number ones under
quasi-static test.

Fig. 16-C and D illustrate the SEM micrographs for nanomodified
specimens subjected to fatigue test. According to Fig. 16-C and Fig. 15-
A (400× magnification), the fatigue surface is again smoother than
quasi-static one. Unlike the reference sample, the regular hackle pat-
terns did not exist because of nanofiber bridging between matrix cracks.
Bridging by nanofibers is visible at Fig. 16-D. The toughening me-
chanism in fatigue loading is similar to the quasi-static loading.

As seen in Fig. 9-A and B, the crack growth rate (da/dN) and the
strain energy release rate (Gmax) were decreased with increasing cycles.
Fig. 17 depicts the fracture surface of the reference specimen. In order
to study the effect of the strain energy release rate on damage features,
SEM images were taken at different distances (Δa) from the initial crack
tip. By knowing the actual crack length (a0 + Δa) at each point, the
strain energy release rate (Gmax) and the crack growth rate (da/dN) are
available. As seen in this figure, by decreasing GImax, and da/dN, the
size and the height of hackle patterns became smaller; so, the fractured
surface was smoother. It should be noted that the morphology of the
fractured surface in the nanomodified laminates did not change con-
siderably during crack propagation because of covering by nanofiber.

7. Conclusion

In this study, the influence applying nylon 66 nanofibers on fatigue
and fracture behavior of carbon/epoxy laminates is investigated. In the
first step, the nanofibrous mat was interleaved between mid-layers of
the laminate, then mode-I quasi-static and cyclic loadings were con-
ducted under load-displacement condition. The fatigue tests were done
with the same ratio of displacement (δmin/δmax = 0.3) and three various
GIimax/GIC (0.5, 0.7, 0.8). The following results can be concluded:

1. The results showed that mode-I fracture toughness of AS4/8552
laminates increased 133% using nylon 66 nanofibers.

2. The general fatigue graphs were plotted and observed that crack
growth rate and the slope of da/dN – ΔG significantly decreased in
the nanomodified specimens.

3. The threshold energy release rate (GIth) was obtained from the ex-
trapolation method. It was found that GIth is 79.67 J/m2 and
182.15 J/m2 for the reference and modified specimens (128% in-
crease).

4. G*, physical strain energy release rate, a method based on energy
balance was used to assess fatigue resistance of test samples. The
outcomes showed that fatigue resistance at modified specimens is
1.5 times higher in comparison with the reference ones.

5. Considering fractured surface of the specimens using SEM micro-
graphs proved that nanofibers improved the mechanical properties
by means of 1- bridging between layers at the crack tip, 2- formation
of insular areas at the process zone and increase the surface
roughness 3- severe plastic deformation of nanofiber because of
their thermoplastic behavior.

6. Nanofibers could decrease the main damages that occurred in the
reference specimens such as fiber breakage, fiber-imprint, cusps,
and scarps patterns.
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