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A B S T R A C T   

In this study, the fatigue properties of carbon fiber-reinforced polymer (CFRP) composite laminates were 
investigated, specifically focusing on the incorporation of 100-µm polysulfone (PSU) nanofibers as an inter-
leaving material. The PSU nanofibers were produced using the electrospinning technique. Both quasi-static and 
fatigue tests were conducted on both the reference specimens and the modified specimens to evaluate their 
mode-I performance. The results revealed an 85% increase in fracture toughness (GIC) under quasi-static testing. 
The fatigue plots revealed a noteworthy reduction in the fatigue crack growth rate (da/dN) for the modified 
specimens due to new toughening mechanisms. Scanning electron microscopy (SEM) demonstrated that, the PSU 
nanofiber became melted and distributed in the interface, leading to phase separation and a sea-island structure. 
The presence of PSU microspheres caused crack deflection during delamination, which resulted in increased 
fracture and fatigue resistance.   

1. Introduction 

Over the past few decades, composite laminates have been widely 
used in various industrial sectors, including aerospace and wind energy 
systems, owing to their exceptional strength-to-weight ratio. Composite 
laminates are composed of at least two fundamental constituents: rein-
forcement, which includes materials like carbon fiber, glass fiber, etc., 
and matrix, such as thermoplastic and thermoset polymers. Thermoset 
resins, such as epoxy, are commonly utilized as matrices in these ma-
terials due to their numerous benefits, including excellent mechanical 
performance and low density. However, the brittle nature of thermosets 
can render laminated composites susceptible to delamination under 
mechanical loadings [1–4]. 

Delamination is a commonly observed failure mechanism that typi-
cally originates from in-plane cracks and subsequently propagates, 
leading to fracture and ultimate failure [5–8]. In the past few decades, 
nanofibers have emerged as a significant technological advancement 
that has found extensive applications across various research and in-
dustrial sectors. One notable applications of nanofibers is their use as 

toughening agents in composite laminates, offering remarkable efficacy 
in delamination prevention [9–12]. The unique morphology of nano-
fibrous mats makes them ideal for embedding between two plies of a 
laminate, prompting extensive research efforts to investigate their pro-
found influence on the overall behavior of composite laminates [9,13]. 
Different types of polymers, such as polyvinylidene fluoride (PVDF) 
[14], Nitrile Butadiene Rubber [15] polyvinyl butyral (PVB) [1,16,17], 
polysulfone (PSU) [18,19], polycaprolactone (PCL) [20–22], and nylon 
[23–29] have been utilized as toughening nanofibers between compos-
ite layers. 

Based on the toughening mechanisms, the polymeric nanofibers used 
for enhancing interlayer adhesion in composites can be broadly cate-
gorized into two types:  

• Type 1, where nanofibers retain their original structure and 
morphology after the resin has fully cured. Throughout the lami-
nating and subsequent curing process, the nanofibers undergo min-
imal alterations to their initial shape and structure. The resin 
effectively penetrates the pores of the nanofibers, ensuring thorough 
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impregnation and integration with the nanofiber network. In this 
scenario, researchers [30,31] have identified the bridging effect of 
the nanofibers between the layers as the primary mechanism 
responsible for the enhanced toughness observed.  

• Type 2, where nanofibers undergo structural changes during the 
composite fabrication process and curing at elevated temperatures. 
The increased temperature and the exothermic heat generated by the 
resin during the curing process cause the nanofibers to melt and 
disperse within the composite matrix. 

It is worth emphasizing that the classification of a specific type of 
nanofiber can vary depending on the matrix resin employed and its 
corresponding curing temperature. For instance, in a research conducted 
by Saghafie et al. [25], PVDF nanofiber was utilized as Type 2 for 
toughening composite materials. This process entailed the use of an 
epoxy resin with a curing temperature exceeding the melting point of 
PVDF, resulting in the melting of PVDF nanofibers and subsequent 
changes in their morphology. On the other hand, in a separate study by 
Magniez et al. [32], PVDF was classified as Type 1, where the temper-
ature of curing process was lower than the melting point of nanofiber, 
resulting in no significant change in the morphology of PVDF. 

There have been some studies on evaluating the performance of the 
type 1 modified composites, both for static and fatigue behavior under 
different delamination loading conditions. For example, Brugo et al. 
[13] used PA 6,6 nanofibers to consider the fatigue properties of CFRP 
Laminates under Mode-I loading condition. Their findings revealed 
significant enhancements in delamination resistance for the modified 
specimens. The delamination toughness experienced a significant in-
crease of 130%, and the propagation of cracks occurred at a significantly 
slower rate (36–27 times slower) compared to the reference one. How-
ever there has been little research on the effect of type 2 nanofibers, 
which undergo structural changes during the curing process, on 
delamination behavior of modified composites. Recent studies [33,34] 
have been dedicated to exploring the mode-I and mode-II static loading 
conditions in the context of this subject matter. Their observations 
revealed that when the curing temperature of composite laminates 
surpassed the melting point of the nanofibers (such as PVDF and PSU), 
the nanofibers underwent a melting phase. The porous structure of the 
nanofibrous mats enabled the epoxy to permeate completely, leading to 
a thorough blending with the nanofiber mats during the curing process. 
Due to the thermoplastic nature of nanofibers and their inherent higher 
toughness compared to thermosets matrix like epoxy, the presence of 
nanofiber/epoxy blends demanded a greater amount of energy for crack 
propagation. 

To the author’s best knowledge there has been no study on the mode- 
I fatigue behavior of the type 2 nanofibers and the morphology of the 
associated failure mechanisms. Therefore, in this research, the use of 
PSU nanofibers, a type 2 nanofiber as a toughening agent for carbon/ 
epoxy composites, was investigated for the first time for its effectiveness 
in enhancing the fatigue properties. The quasi-static tests revealed an 
85% enhancement in mode-I fracture toughness (GIC) for the modified 
specimens. Moreover, the fatigue crack growth rate in the modified 
specimens exhibited a substantial reduction, reaching up to 22 times 
compared to the unmodified specimens. Lastly, scanning electron mi-
croscopy (SEM) was employed to analyze the fractured surface of the 
laminates, aiming to investigate the toughening mechanisms. The SEM 
analysis revealed that the inclusion of PSU nanofibers effectively miti-
gated fatigue failure mechanisms, including scarp lines, striation pat-
terns, and fiber–matrix debonding. Consequently, the rate of fatigue 
crack growth was significantly reduced. 

This manuscript comprises seven distinct sections, which are: 1- 
Introduction 2- Specimen Manufacturing 3-Testing procedures 4- Quasi- 
static results 5- Fatigue test results 6- SEM results and 7- Conclusion. 
Additionally, the paper concludes with sections dedicated to Acknowl-
edgments and References. 

2. Specimen manufacturing 

2.1. Production of PSU nanofiber 

In this study, the electrospinning technique was employed to pro-
duce nanofibers. Pellets of PSU polymer were utilized as the source 
material for the fabrication of the nanofibers. Udel® 3500, which has 
the following properties: density of 1.24 g/cm3, melting point of 
316–371 ◦C, and tensile strength of 70.3 MPa (provided by Solvay 
company website). The solution was prepared by dissolving 25 g of 
polysulfone in a 100 ml solvent (see Fig. 1 to more detail). To achieve a 
uniform nanofibrous mat with a targeted thickness of 100 ± 5 µm, the 
solution underwent electrospinning using specific parameters. These 
parameters included an applied voltage of 27 kV, a feed rate of 1.4 ml/h, 
and a distance of 14 cm between the needle tip and collector. 

2.2. Lamination of composite specimens 

The fabrication steps and test method are presented in Fig. 2. The 
AS4/8552 prepreg material was used to create composite plates (Fig. 2- 
A). During the laminating process, a total of 24 layers were stacked, and 
a thin Teflon film was inserted between the mid-plies to introduce a pre- 
crack. Then the PSU nanofiber was positioned at the edge of the Teflon 
film, serving as a pre-crack initiator as shown in Fig. 2-B. The laminated 
specimens were subjected to a curing process in an autoclave, as illus-
trated in Fig. 2-C, following the guidelines provided in the prepreg 
datasheet [35]. Following the guidelines outlined in the provided data 
sheet, the curing process commences by situating the samples inside an 
autoclave. Subsequent to this step, the initial action entails elevating the 
autoclave’s pressure to 7 bars. Subsequently, the temperature is pro-
gressively heightened until it reaches 110 ℃, which is then maintained 
for a duration of 60 min. In the subsequent phase, the temperature is 
further raised until it reaches 180 ℃, and this elevated temperature is 
sustained for a period of 120 min. Finally, a gradual reduction in the 
autoclave temperature ensues, gradually reaching room temperature. 
Once this is achieved, the pressure within the autoclave is released. 

After the composite plates were prepared, specimens were cut to 
dimensions of 180 mm in length and 25 mm in width using a grinding 
machine. To prepare the samples for mode-I testing, two aluminum 
blocks were securely attached to both sides of each sample using epoxy 
glue (Fig. 2-D). 

3. Testing procedures 

This section outlines the methodology for fracture and fatigue 
testing, which follows standard test methods. The following subsections 
provide detailed information on the testing procedures for fracture and 
fatigue. 

3.1. Quasi-static test 

The fracture testing was conducted following the guidelines outlined 
in the ASTM D5528 [36] standard. The specimens were subjected to 
displacement-controlled loading at a constant rate of 1 mm/min. 
Throughout the test, the displacement and load values were continu-
ously monitored, and the growth of crack was recorded using a digital 
camera, as depicted in Fig. 3. Prior to conducting the tests, calibration of 
the testing machine was performed. The load cell and displacement 
measurements of the machine exhibited a relative error of 0.8% and 1%, 
respectively. To ensure repeatability, three specimens of each specimen 
type (Reference and PSU-modified) were tested. Throughout the text 
and figures, “Ref” and “P” denote the reference and modified laminates, 
respectively. 

R. Mohammadi et al.                                                                                                                                                                                                                           



Theoretical and Applied Fracture Mechanics 127 (2023) 104078

3

Fig. 1. Manufacturing PSU nanofiber through the electrospinning method.  

Fig. 2. The manufacturing of composite specimens: A) prepreg cutting B) laminating of prepreg and PSU nanofiber C) curing in autoclave, and D) The pro-
duced specimen. 
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3.2. Fatigue test procedure 

Fatigue test was performed following the ASTM D6115 standard [9] 
under displacement-control condition. The specimens underwent sinu-
soidal cyclic loading at a frequency of 5 Hz with a cyclic displacement 
ratio (R) of 0.3, where R is the ratio of the minimum displacement (δmin) 
to the maximum displacement (δmax). During the test, cycle count, 
displacement and load, were continuously measured and recorded to 
plot fatigue curves. The fatigue test was terminated after 100,000 cycles 
for each specimen. Visual crack length assessment was executed using a 
digital camera with a resolution of 4 MP and a frame rate of 55 fps, 
which was provided by OPTOMOTIVE Company. To capture images of 
the crack tip, the fatigue machine automatically stopped after every 
1000 cycles, went to the adjusted maximum displacement, and triggered 
the camera. Once the photo was taken, the fatigue test was resumed to 
continue testing the specimens. 

4. Quasi-static results 

Fig. 4 illustrates the load–displacement graphs of all quasi-static test 
specimens. Importantly, it should be noted that the slopes of the curves 
remain consistent for all specimens prior to the initiation of cracks, 
indicating that the inclusion of nanofibers does not affect the slope. In 
other words, the effective modulus of all specimens is the same. 

As seen in Fig. 4, once the load reached the maximum (Pcr), the crack 
initiated and subsequently the load started to decrease. The average 
maximum load values were determined to be 80 N for the reference 
specimens and 103 N for the modified specimens, indicating a signifi-
cant improvement of 30%. It is worth mentioning that the reference 
specimens exhibited a sudden decrease in load, which can be attributed 
to the presence of a resin-rich region at the initial delamination point. 
This behavior may indicate a rapid expansion of the crack length. In 
contrast to the reference specimens, the sudden drop in load–displace-
ment curve was prevented in the modified specimens due to the pres-
ence of PSU nanofibers. As a result, the load decreased gradually in these 
specimens, and the compliance increased at the critical moment when 
the crack began to propagate. An increase in compliance is a desirable 
property for structures as it helps to prevent sudden crack growth and 
catastrophic failure. 

The ASTM-D5528 standard prescribes the use of equation (1) to 
calculate the fracture toughness (GIC). 

GIC =
3pcrδcr

2B(a0 + Δ)
(1) 

In this equation, the parameter Δ is used to indicate the effective 
delamination extension for adjusting the rotation of beam arms at the 
crack front, where a0 is the initial delamination length, pcr represents the 
maximum force, δcr is the corresponding displacement, and B is the 
width of the specimen as shown in Fig. 2-d. To determine the value of Δ, 
several points need to be selected from the section of continuous crack 
growth in the force–displacement diagram. At these points, the corre-
sponding displacement (δ), force (P), and crack length (a) values are 
recorded. The compliance (C) is determined by dividing the displace-
ment by the force at each point. Subsequently, the third root of 
compliance (C1/3) is calculated and plotted against the crack length. A 
linear relationship is obtained by fitting a line to these two parameters. 
Fig. 5 depicts the linear correlation between these two parameters, along 
with the values of Δ for both the reference (Ref-3) and modified (P-3) 
specimens. 

All fracture test specimens’ key parameters and fracture toughness 
values are presented in Table 1. The results demonstrate that the average 
fracture toughness for the reference specimens is 0.182 kJ/m2, whereas 
for the modified specimens, it is 0.334 kJ/m2. This shows a substantial 
84% improvement in fracture toughness attributed to the incorporation 
of polysulfone nanofibers. 

Fig. 3. Procedure of mode-I fracture test.  

Fig. 4. The result of quasi-static tests for all specimens.  Fig. 5. Calculation of Δ Parameter for Reference and Modified Specimens.  

R. Mohammadi et al.                                                                                                                                                                                                                           



Theoretical and Applied Fracture Mechanics 127 (2023) 104078

5

5. Fatigue test results 

As mentioned in section 3.2, the fatigue test was conducted in 
accordance with the ASTM D6115 standard [9] under displacement- 
control conditions. To determine the minimum and maximum 
displacement in each cyclic test as fatigue parameters, Equation (2) was 
employed. This equation involved selecting a GIimax/GIC parameter of 
0.81, where GIimax represents the maximum energy release rate at the 
first cycle. In addition, the δcr parameter for both the reference and 
modified specimens is known, with values of 1.92 mm and 2.61 mm, 
respectively, as presented in Table 1. So by applying Equation (2), the 
value of δmax was calculated. Furthermore, by considering the known R 
value (δmin/δmax = 0.3), the minimum displacement (δmin) as a fatigue 
input parameter was determined. Table 2 displays the fatigue test pa-
rameters for each specimen type. 

GIimax

GIC
= (

δmax

δcr
)

2 (2) 

As shown in Fig. 6, because of the displacement-control condition, 
the values of δmin and δmax didn’t change throughout the fatigue testing, 
while Pmin and Pmax gradually decreased as the number of cycles 
increased. 

Fig. 7 presents the relationship between crack growth and the 
number of cycles for the P-5 specimen. It can be observed that the crack 
growth rate during the first 10,000 cycles is significantly higher than in 
the subsequent cycles. 

In order to determine the amount of fatigue crack growth, the 
compliance method was utilized. The calculation of compliance and 
subsequent crack length were done using equations (3) and (4): 

Ci =

(
δmax

Pmax

)

i
(3)  

ai =
C

1
3
i

0.0064
− Δave (4) 

The compliance method was employed to calculate the fatigue crack 
length (ai) based on the relationship between compliance and the crack 
length. The average crack length-modified parameter (Δave) obtained 
from the quasi-static tests (refer to Table 1) was also considered. To 
verify the accuracy of the compliance method, the crack length was also 
determined using the digital camera. Fig. 8 demonstrates the calculated 
crack length (a) using both methods, indicating a strong agreement 
between them. 

The crack growth rate (da/dN) was calculated following the guide-
lines outlined in the ASTM E647 standard [37]. The secant method was 

utilized, which involves determining the slope of the straight line con-
necting two consecutive data points. It is defined more precisely as 
follows: 
(

da
dN

)

i
=

ai+1 − ai

Ni+1 − Ni
(5) 

In this equation the crack length and cycle count are denoted by ai 
and Ni, respectively. The subsequent data point is represented as ai+1, 
with its corresponding cycle count as Ni+1. The maximum energy release 
rate (GImax) for each cycle was determined using Eq. (6), as follows: 

(GImax)i =
3(pmax)iδmax

2B(ai + Δave)
(6) 

Fig. 9 displays the variation of energy release rate (GImax) and fatigue 
crack growth rate (da/dN) as a function of cycles for the P-5 specimen. It 
is observed that both parameters exhibit a decreasing trend with 
increasing number of cycles. The figure indicates that there is a sub-
stantial reduction in the crack growth rate during the initial 10,000 
cycles compared to the later cycles. This observation agrees with the 
results obtained using the digital camera recording. 

In Fig. 10, the relationship between da/dN and GImax is plotted on a 
doble logarithmic scale. 

It is evident that the modified samples require more energy for a 
constant crack growth rate compared to the reference samples. This 
indicates a significant improvement in the resistance to fatigue crack 
growth in the modified specimens. This behavior can be described by the 
Paris law, which establishes a power relationship between the maximum 
energy release rate and crack growth rate, as expressed below [38]: 

da
dN

= k(GImax)
m (5) 

The coefficients k and m in the Paris equation are calculated by 

Table 1 
Fracture test parameters and calculated fracture toughness values for all specimens.  

Samples Pcr 

(N) 
δcr B (mm) a0 (mm) Δ 

(mm) 
GIC 

(kJ/m2) 
Pcr 

(Ave.) 
δcr 

(Ave.) 
Δ 
(Ave.) 

GIC 

(Ave.) 

Ref-1  84.77  1.87  25.07 40  8.38  0.196 80 1.92 10.60 0.182 
±0.017 Ref-2  74.58  1.94  25.1 40  13.31  0.162 

Ref-3  80.6  1.95  25.01 40  10.22  0.188 
P-1  102.5  2.62  25.05 40  8.94  0.330 103 2.61 8.22 0.334 

±0.022 P-2  108.2  2.60  25.09 40  6.89  0.363 
P-3  98.5  2.63  25.08 40  8.85  0.320  

Table 2 
Sample specifications and selected parameters for the fatigue test.  

Samples a0 

(mm) 
B 
(mm) 

GIimax/ 
GIC 

R = δmin / 
δmax 

δmin 

(N) 
δmax 

(N) 

Ref-4 40  25.07  0.8  0.3  0.51  1.71 
Ref-5 40  25.08  0.8  0.3  0.51  1.71 
P-4 40  25.08  0.8  0.3  0.7  2.33 
P-5 40  25.05  0.8  0.3  0.7  2.33  

Fig. 6. Reduction of the maximum and minimum loads in P-5 test specimen 
during the fatigue cycles. 
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fitting a line through the data points using the least squares method. As 
shown in Fig. 10 the m values for the PSU modified and reference 
samples were determined to be 3.39 and 9.71, respectively. This finding 
suggests that the presence of polysulfone caused a slope reduction of the 
da/dN-GImax graphs. It is apparent from the figure that the rate of fatigue 
crack growth in the reference samples is notably greater than in the 
modified ones. For example, when the GImax is equivalent to 130 J/m2, 
the value of da/dN is 1.65e-7 m/cycle and 1.49e-6 m/cycle for the 
modified and reference specimens, respectively. This result provides 
evidence that the rate of fatigue crack growth is significantly slower in 
the modified samples, approximately 9 times slower. Table 3 provides a 
comparative analysis of calculated fatigue crack growth rates at 
different GImax values (ranging from 92 to 150 J/m2). The results indi-
cate that as the GImax values increase, the impact of nanofibers becomes 
increasingly pronounced. This is evident from the considerably higher 
coefficient of f, representing the ratio of crack growth rate in the 
reference specimens to that in the modified specimens. So the influence 
of nanofibers becomes more pronounced as the values of GImax increase. 

6. The SEM results 

Fig. 11 presents SEM pictures depicting the fractured surfaces of 

specimens under quasi-static conditions. As illustrated in Fig. 11-A, a 
region characterized by an abundance of resin can be observed at the 
initial crack propagation area in the reference specimen. In contrast, this 
resin-rich region is not present in the modified specimen (Fig. 11-C). 
Consequently, when analyzing the displacement force behavior, the 
modified specimens exhibited an elevated level of compliance. 
Conversely, in the reference specimens, the existence of the resin-rich 
area resulted in a sudden decline in strength. 

Moreover in the reference samples, the fracture surface exhibits a 
brittle nature, with notable failure modes including fiber breakage, 
matrix cracking, and fiber/matrix debonding. The fracture surface 
shown in Fig. 11-B exhibits distinct fiber imprints resulting from the 
aforementioned debonding. Conversely, in the PSU-modified laminates 
shown in Fig. 11-C and 11-D, the interface layer experienced phase 
separation, leading to the creation of a distinct sea-island region 
composed of PSU and epoxy constituents. These findings suggest that 
within the continuous epoxy phase, spherical PSU particles are present, 
as visually indicated by the yellow arrows in the accompanying image. 
The high viscosity of PSU, a thermoplastic polymer, prevents the 
generated spheres from deviating significantly from the original nano-
fiber direction and maintains their initial positions [19]. Based on the 
analysis of SEM images, the improved fracture toughness associated 

Fig. 7. Detection of the fatigue crack growth in P-5 test specimen using a digital camera.  
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with PSU can be attributed to the following mechanisms:  

1- The pull-out of PSU particles leads to the formation of numerous core 
and cavity shapes, represented by the red and yellow arrows, 
respectively. These particles create bridges between adjacent layers, 
effectively absorbing energy during their displacement from one 
layer to another.  

2- The presence of PSU microspheres contributes to crack deflection 
during delamination. Due to the higher toughness of PSU compared 
to epoxy, the cracks are redirected instead of propagating through 
the PSU particles. This mechanism enhances energy absorption, 
resulting in an increased fracture toughness (GIC). These two mech-
anisms are schematically illustrated in Fig. 12.  

3- The localized plastic deformation observed in the PSU, represented 
by the light areas indicated by the blue arrows in Fig. 11-D, can be 
attributed to its thermoplastic nature. This deformation played a 
significant role in absorbing energy. 

Fig. 13 illustrates fracture surfaces of the fatigue tests, comparing the 
reference and modified specimens. One of the failure mechanisms 
observed on the fracture surfaces is known as the “scarp” phenomenon 
[39]. This mechanism involves the formation of micro cracks within the 
matrix, located ahead of the crack front and occurring on various planes. 
Subsequently, these micro cracks converge onto a single plane. Typi-
cally, localized cracking develops in regions susceptible to initiation, 
such as around the fibers, and extends through the surrounding resins. 

Due to the growth of cracks in different planes, they ultimately 
intersect and form distinct sharp edges referred to as scarps. These 
scarps exhibit alignment parallel to the fibers, generally following their 
direction. In Fig. 13-A, these scarps are visually represented as promi-
nent white edges. Notably, matrix micro cracks initiate at the fiber in-
tersections and propagate as “textured micro flow” inclined towards the 
primary direction of crack growth within the matrix and at the inter-
section points of the scarps. This characteristic sharpness is conse-
quently generated. Moreover, the orientation of textured micro flow 
lines observed within matrix microcracks can be utilized as a method to 
anticipate the path of propagation for the main crack. 

The mode I fatigue failure surfaces also exhibit another notable 
phenomenon known as striation [40]. These striation patterns emerge 
because of cyclic fatigue on the fracture surfaces, manifesting either on 
the matrix or the fibers. These patterns form parallel to each other and 
perpendicular to the direction of crack growth. Typically, striations 
appear as thin lines, varying in lightness or darkness. 

The mechanism behind the formation of these lines involves the 
initial appearance of cracks between the fiber and the matrix. Subse-
quently, these cracks continue to propagate and extend. The expansion 
of these cracks does not occur entirely perpendicular to the fiber di-
rection; instead, they tend to grow in alignment with the primary crack 
growth direction. Consequently, when observed under a microscope, the 
striation lines appear curved. Moreover, the spacing between these 
striation lines can provide valuable information about the rate of fatigue 
crack growth. Actually, with each cycle, a new line is formed, and the 

Fig. 8. Calculation of the crack length using two different methods (P-5 
test specimen). 

Fig. 9. The variation of fatigue crack growth rate and energy release rate 
during the cycles (P-5). 

Fig. 10. Double-log plots of da/dN vs. GImax for the investigated specimens.  

Table 3 
Comparative analysis of the rate of fatigue crack growth at different GImax 
values.  

GImax (J/m2) da/dN (m/cycle) The ratio of crack growth rate (f) 

Reference Modified 

92 5.19712E-08 5.13E-08  1.01 
100 1.16784E-07 6.81E-08  1.72 
110 2.9465E-07 9.41E-08  3.13 
120 6.85856E-07 1.26E-07  5.43 
130 1.49201E-06 1.66E-07  9.00 
140 3.06398E-06 2.13E-07  14.38 
150 5.98727E-06 2.69E-07  22.24  
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distance between these lines serves as a valuable indicator of the rate at 
which the crack is growing. 

Based on the observation in Fig. 13-B, which presents the fatigue 
micrograph of PSU modified specimens, none of the aforementioned 
failure mechanisms are apparent in these particular specimens. The 
presence of PSU nanofibers acts as an impediment, preventing the 
continuous and regular micro cracks growth, thus inhibiting the for-
mation of scarp and striation lines. In other words, the steady and 
continuous growth of this micro cracks and then the formation of scarp 
and striation lines is considered a kind of resonance phenomenon, in 
which the presence of PSU nanofibers interrupts this chain. 

Furthermore, upon comparing Fig. 13-A and B, it becomes evident 
that both figures exhibit visible carbon fiber imprints, thus indicating 
the occurrence of fiber/matrix debonding. In the reference specimens, 
the fiber imprints appear remarkably smooth and continuous, implying 
weak adhesion between the epoxy and fibers, facilitating easy separa-
tion of the fiber from the resin. Conversely, the modified specimens 
exhibit fiber imprints with an uneven and discontinuous surface. This 
study demonstrates that the presence of nanofibers effectively hinders 
the fiber/matrix debonding mechanism, resulting in improved adhesion 
between the fibers and the matrix. This enhancement can be attributed 
to the strong adhesive properties of the polymeric sizing of the carbon 

Fig. 11. The SEM microgragh of fracture surface of quasi-static specimes A,B) reference C,D) PSU-modified.  

Fig. 12. The schematic of crack deflection mechanism by PSU particles.  
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fiber with PSU. Consequently, this finding should be considered for 
future research endeavors. 

7. Conclusion 

In this investigation, the mode-I fatigue performance of carbon/ 
epoxy laminates was studied with the incorporation of a 100-µm elec-
trospun nanofibrous mat (PSU) between mid-layers. The fatigue tests 
maintained consistent energy release ratios and GIimax/GIC values (δmin/ 
δmax = 0.3 and 0.8, respectively). The findings reveal an 85% 
enhancement in fracture toughness, because of introducing PSU nano-
fibers. The fatigue plots demonstrated that the inclusion of PSU nano-
fiber resulted in a notable reduction in the slope of the GImax - da/dN 
curve. This reduction in slope indicated a significant decrease in the 
fatigue crack growth rate (da/dN) for the modified specimens. In fact, 
the fatigue crack growth rate was reduced by up to 22 times compared to 
the unmodified specimens. The utilization of scanning electron micro-
scopy (SEM) allowed for the characterization of damage and toughening 
mechanisms, uncovering that nanofibers contribute to the improvement 
in mechanical properties through bridging between layers at the crack 
tip, crack deflection, plastic deformation due to their thermoplastic 
nature. Moreover, the SEM micrograph analysis revealed that the in-
clusion of PSU nanofibers functions as a successful deterrent against 

primary fatigue failure mechanisms, including scarp lines, striation 
patterns, and fiber–matrix debonding. This beneficial effect leads to a 
notable decrease in the fatigue crack growth rate. 
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