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ARTICLE INFO ABSTRACT
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The study considers the delamination resistance of carbon/epoxy laminates modified with Thermoplastic
Nanoparticles of Polysulfone (TNPs). A new electrospinning nanofiber technique was utilized to convert poly-
sulfone polymer into nanoparticles and uniformly disperse them within the resin. Fracture toughness was
evaluated under loading modes I and II. In mode I, the toughness (Gj¢) increased significantly from 170 to 328 J/
m? with TNPs incorporation. However, mode II showed minimal change, with Gy values of 955 J/m? for virgin

and 950 J/m? for TNPs-modified specimens. Scanning Electron Microscopy (SEM) was employed to depict the
influence of TNPs on damage characteristics and crack propagation patterns. In mode I, crack deviation enhanced
toughness as TNPs bypassed the PSU, while in mode II, cracks propagated through TNPs, resulting in particle
smearing on the epoxy surface. This highlights TNPs’ potential to modify the fracture toughness in mode I
loading, but their effect is constrained in mode II loading scenarios.

1. Introduction

Interlaminar cracks (Delamination) are the significant forms of
damage features in the composite structures [1-3]. Delamination of
composite structures often arises from various factors like with such as
impact loading [4-6], fatigue loading [7-10], thermal effects [11-13],
free edge interlaminar stress [14-17], tapered structures [18-20] and
manufacturing effects like drilling [21-23]. Typically, delamination
behavior is assessed through the examination of resistance to
inter-laminar crack growth and fracture toughness. The fracture
toughness is defined as the rate of strain energy released during crack
propagation [24,25]. Higher fracture toughness values denote enhanced
resistance to crack propagation within the composite. Various fracture
tests, including mode I [26], mode II [27], Mixed mode I & II [28], and
mode III [29], are commonly employed to examine the resistance to
delamination in composite laminates. Additionally, the pull-off test [30]
finds utility in industry and applied structures to evaluate the adhesive
strength between laminates.

Over the past few years, numerous researchers have concentrated on
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enhancing delamination resistance and improving fracture toughness in
composite materials. Strategies employed by researchers include the
utilization of Z-pins [31,32], 3D woven composite [33,34], stitching
[35-371, nanofibers [38-41], and nanoparticles. Various nanoparticles,
including CNT [42], Al,O3 [43] and TiO5 [44] have been employed by
researchers to enhance fracture toughness of composite laminates. For
instance, Liu et al. [45] illustrated the improvement in the fracture
toughness of CFRP materials by adding CNT and graphene oxide nano-
particles. Their findings indicate that the addition of MWCNTs/GO
nanoparticles resulted in an increase in Gi¢ by up to 151 % and Gy by up
to 156 %. Furthermore, Prasad et al. [46] employed titanium dioxide
(TiO2) nanoparticles into flax fiber composite laminates, leading to a
respective increase in fracture toughness by 52 % and 73 % under mode I
and mode II conditions. The SEM images illustrated that the dispersion
of nanoparticles within the fiber matrix interface establishes a me-
chanical interlock, thereby enhancing the adhesion of fiber/matrix
bonding. Consequently, this leads to an enhanced fracture toughness in
both mode I and mode II. The main novelty of this research work is to
consider the effect of thermoplastic nanoparticle on the mode I and

2666-6820/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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mode II fracture toughness of composite laminates.

Most nanoparticles utilized in composite materials are ceramic-based
and possess high hardness, dispersed within the resin via ultrasonic
methods. However, the utilization of polymer-based nanoparticles to
enhance delamination resistance has received much less attention from
researchers. The reasons for this are the limitations in producing ther-
moplastic nanoparticles and the challenge of achieving a uniform dis-
tribution of polymeric nanoparticles throughout the resin. The primary
innovation of this research is the use of thermoplastic nanoparticles to
assess the mode I and mode II fracture toughness of composite lami-
nates. Consequently, this study focuses on employing Thermoplastic
Nanoparticles of Polysulfone (TNPs) in carbon/epoxy laminates to
consider the fracture toughness and evaluate toughening mechanisms.
An innovative method was used to produce nanoparticles from poly-
sulfone pellets as a thermoplastic material, and to uniformly distribute
them within the thermoset resin. To this aim, polysulfone pellets were
first converted into nanofibers and then the nanofibers were placed
between the composite layers.

Throughout the curing process, the resin permeated the pores of the
nanofibers. Subsequently, as the temperature increased, the polysulfone
nanofiber melted, enabling it to be uniformly and homogeneously
distributed as nanoparticles within the brittle epoxy resin.

Subsequently, both mode I and mode II tests were conducted to
determine the interlaminar fracture toughness. Results showed 1.9 times
enhancement in mode I fracture toughness values (Gy¢), while surpris-
ingly, there was no significant change observed in mode II fracture
toughness (Gyc) values. The SEM micrographs indicated that during
mode I loading, the crack path continuously altered the crack continu-
ously changes its direction due to contact with polysulfone Nano-
particle, thus increasing the delamination resistance. Conversely, in
mode II condition, the crack propagated directly and passed through
polysulfone sphere particles. In this instance, the thermoplastic nano-
particles exhibited weakened resistance due to shear loading, resulting
in their smearing on the fracture surface. Finally, this research demon-
strates that thermoplastic nanoparticles can improve mode I fracture
toughness without altering mode II toughness in composite laminates.

2. Preparation of specimens

The unidirectional carbon/epoxy Prepreg (AS4/8552), was utilized
to produce composite samples. This type of Prepreg is a high-
performance material suitable for applications in aerospace industry.
The epoxy system employed within this Prepreg, HexPly® 8552, un-
dergoes complete curing at 180 °Celsius. The tensile elastic modulus for
this type of prepreg is 141 GPa in the 0° direction and 10 GPa in the 90°
direction [47]. Manual layup was employed, utilizing 24 layers in total.
To facilitate DCB (mode I) and ENF (mode II) tests in accordance with
ASTM standards, an initial pre-crack was introduced. This pre-crack was
generated by incorporating a 13-micron thick Teflon layer in the middle
of laminate. Additionally, in modified specimens, a 60-micron thick
polysulfone nanofiber sheet was positioned along the continuation of
the initial pre-crack. To ensure consistency and minimize manufacturing
errors, all samples were fabricated simultaneously. Subsequently, the
laminates were thoroughly vacuumed and placed in an autoclave for the
curing cycle. Following this process, the manufactured sheets were cut
to standard dimensions of 180x25 mm?. The thickness of the samples
was determined to be 4.5 mm, as measured by a caliper. In order to
uniformly distribute soft polysulfone as a thermoplastic material inside
the brittle epoxy as a thermosetting material, first polysulfone was
produced in the form of nanofibers. For this purpose, the electrospinning
technique was utilized. Further information regarding the preparation of
the solution, choice of solvent, and electrospinning parameters can be
found in [48].

Nanofibers have a porous structure and the resin has the ability to
penetrate into the cavities. While curing the composite laminate at 180°,
the nanofibers are melted inside the matrix and distributed as
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nanoparticles in the brittle matrix. In the Fig. 1, the mechanism of
dispersion and distribution of nanoparticles into the matrix is shown.
Fig. 1-A shows the curing process of Hexply®8552 Prepreg material
according to manufacturer datasheet [47]. As seen the curing process
divided to 5 steps based on temperature graph changes. Initially, the
temperature is raised gradually at a rate of 1 °C/min from the 25 (room
temperature) up to 110 °Celsius, where it is maintained for one hour.
Subsequently, the temperature is increased steadily at a rate of 1° per
minute until reaching 180 °Celsius, and it is held at this level for two
hours.

As depicted in Fig. 1-B, illustrating the relationship between tem-
perature and viscosity changes, the epoxy resin’s viscosity decreases
with rising temperature, facilitating its penetration into the porous
structure of nanofibers, as shown in Fig. 1-C. During steps 2 and 3,
lasting nearly two hours, the resin exhibits minimal viscosity, enabling it
to permeate all the nanofiber porous and achieve complete wetting.
Moreover, the elevation of the temperature to 180 °Celsius and its
maintenance at this level induces the melting of polysulfone nanofibers.
The surface tension of polysulfone causes the molten particles to adopt a
spherical shape, distributing uniformly within the epoxy matrix, as
illustrated in Fig. 1-D.

3. Methodology of fracture test

This section presents the methodology for conducting mode I and
mode II tests, which established by ASTM standard. Mode I tests, were
performed by ASTM D5528-13 [49] guidelines. In accordance with this
standard, the tests were carried out in the form of displacement-control
at 1 mm per minute. During tests, the values of displacements and loads
were recorded, and crack growth was also documented by a camera.
Aluminum and steel parts were employed at the ends of the arms to
apply the load, as depicted in Fig. 2-A. Mode II fracture tests were also
carried out following ASTM D7905 [50] guidelines. These tests utilized
End Notched Flexure (ENF) specimens and were carried out using a
3-point bending test setup (Fig. 2-B). To ensure stable crack growth
during mode II tests, a lower displacement rate of 0.5 mm/min was
chosen. All testing procedures were conducted in the DASML laboratory
at Delft University of Technology, utilizing a 10 kN hydraulic test ma-
chine (MTS 810 model).

4. Mode I test results

Fig. 3 shows the load-displacement graphs for all mode I tests.
Notably, it’s observed that in the linear area the slope of curves is same
for all specimens, suggesting that the presence of nanoparticles has no
impact on slope, indicating an equivalent effective modulus across all
specimens. Upon reaching the maximum or critical load (P), crack
initiation occurs, followed by a subsequent decrease in load. The critical
load values averaged 75 N for reference samples and 101 N for TNPs-
interleaved samples, representing a noteworthy 1.34-fold enhance-
ment. Notably, reference specimens experienced a sudden load drop
after the maximum load, attributed to an enrichment of resin at the
initial crack tip, suggesting rapid crack length growth. Conversely, this
sudden load drop was mitigated in TNPs-modified samples due to the
inclusion of thermoplastic nanoparticles. In other words, in this type of
sample, as the load gradually decreases, the compliance parameter,
defined as displacement divided by load (C=6§/P), gradually increases. In
the elastic region, compliance remains constant, but when a crack begins
to propagate, the load decreases, leading to an increase in compliance
(see table 1). In reference specimens, a sudden load drop causes a sharp
rise in compliance values, which is less favorable for a structure. A
gradual increase in compliance near the fracture point is beneficial for
materials, as it aids in diagnosing failure time and helps prevent cata-
strophic structural failure.

To calculate the fracture toughness (Gjc), the instruction recom-
mended by ASTM D5528 was employed. Eq. (1) illustrates the
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Fig. 1. Penetration mechanism of epoxy resin within porous PSU nanofiber mat and its melting into nanoparticles distributed in the resin.

calculation of Gic. In this equation, P, shows the maximum load, &
indicates the value of displacement at maximum load, B denotes the test
sample width, ay signifies the pre-crack length, and A represents the
crack length correction parameter, all of which are further detailed in
ASTM D5528 [49].

3P6cr

~ 2B(ap + A) 0

1c

To calculate the A values, specific points have been chosen from the
segment of crack propagation in the load-displacement curves. At these
points, the crack growth (Aa) was initially identified using images
captured by a digital camera (See Fig. 4). Subsequently, the crack length
(a) was calculated as ap + Aa. Additionally, the corresponding values of
displacements (5) and loads (P), recorded by the testing machine, were
extracted. The compliance was then calculated by dividing displacement
by load (C=6/P) for all selected points. Next, the cube root of compli-
ance (C?) was computed. Table 1 presents the calculated values of
important factors for PSU-1 sample (as an example), including crack
growth, crack length, displacement, force, and compliance at each

recorded moment.

Finally, the third root of compliance (C/3) is graphed against the
delamination crack length. Fig. 5 depicts the linear correlation between
these factors, accompanied by the A values for the TNPs-modified
sample (PSU-1).

Table 2 presents key factors and also calculated Gj¢ values for all
mode I test samples. The data indicate an average fracture toughness of
170 J/m? for virgin samples and 328 J/m? for TNPs-modified samples.
This represents a significant 1.9-fold improvement in fracture toughness
resulting from the inclusion of thermoplastic nanoparticles.

5. The result mode II tests

Fig. 6 illustrates the load-displacement diagram related to mode II
tests conducted on both the reference and the nanoparticles TNPs-
interleaved samples. As depicted in this figure, unlike mode I loading,
mode II loading exhibits a sharp and sudden decrease in load curve after
reaching the maximum point, indicative of rapid crack growth and
propagation in this loading condition. Additionally, force values at the
fracture moment are notably higher than those observed in mode I
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Fig. 2. Schematically test setup for Mode I (A) and Mode II (B) loading.
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Fig. 3. The load-displacement graphs of all mode I test specimens.
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Table 1

Calculateing of mode I fracture test parameters at different selected point versus time (PSU-1 sample).
Time (S) Aa (mm) a (mm) Displacement (mm) Load (N) Compliance (mm/N) cl3 (mm/N)l/3 Ggr (J/mz)
0 0 40 0 0 - - -
160 1 41 2.66 106.37 0.0250 0.2924 361
200 5 45 3.33 87.09 0.0382 0.3369 334
250 11 51 4.16 79.21 0.0525 0.3746 341
300 17 57 5.00 69.95 0.0714 0.4150 327
350 21 61 5.83 67.17 0.0868 0.4428 345
400 27 67 6.66 61.15 0.1090 0.4777 330
450 31 71 7.50 57.90 0.1295 0.5059 333

A)

(B)

©

(D)

(G)

(H)

Fig. 4. The crack length propagation during the mode I test for PSU-1 specimen over time: A) t =0 s, B) t = 160 s (crack starts to propagate), C) t = 200 s, D) t = 250

s,E) t=300s,F)t=350s,G)t=400s, H) t =450s.

surprisingly, the force and displacement values at the fracture moment
for both the reference and TNPs modified samples show minimal vari-
ation. In fact, in mode II, unlike mode I, the presence of polysulfone
nanoparticles does not contribute to an increase in maximum fracture
load. The average maximum load values are 1096 N for virgin samples
and 1100 for TNPs samples, with corresponding average displacement
values of 2.05 mm and 2.07 mm, respectively, indicating minimal
variation between the two. However, a notable observation is the
presence of non-linearity in the load-displacement graph before the
significant drop in load, leading to increased compliance in the Nano-
modified samples. This increase in compliance is beneficial in prevent-
ing catastrophic failure in composite structures. Additionally, the slopes
of curves for both reference and modified samples are almost same,
suggesting that Polysulfone nanoparticles have negligible effect on the
effective stiffness.

In order to determine the mode II fracture toughness (Gyc), it is done

according to the recommended instructions outlined in ASTM D7905
[50] standard. This standard provides the following relationship (Eq.
(2)). Where P, is the maximum force, ay is the initial crack length, m is
the compliance calibration (CC) parameter obtained in the subsequent
section and B is the specimen width.

2 42
Srnpcrao

B (2)

Gne =

As observed, the parameter "'m" is required to calculate the mode II
fracture toughness using Eq. (2). This parameter is established through
compliance tests conducted on samples as per standard procedures.
Initially, samples are subjected to loading by crack length of 20 mm until
reaching a force of 500 N, followed by unloading without any failure or
crack growth within specimen. This process is replicated for crack
lengths of 30 mm and 40 mm. Subsequently, force-displacement dia-
grams are plotted for these three states. The non-linear sections of the
graphs are eliminated, and the slope of the linear segment is calculated
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Fig. 5. Calculation of crack length correction parameter (A) using the third root of compliance for TNPs modified Specimen (PSU-1).

Table 2
Fracture toughness results of test specimens in mode I loading condition.

Sample P, Ser B (mm) ap (mm) A Gic Ave. P, Ave. Gic (J/m?)
™) (mm) (mm) /m? ™)
Ref-1 74.26 1.85 25 40 8.43 170 75.64+2.39 169.6 + 8.5
Ref-2 73.67 1.81 25 40 10.25 159 CV=0.03 CV=0.05
Ref-3 79.01 1.88 25 40 9.36 180
PSU-1 106.37 2.66 25 40 6.90 361 101.04+4.45 328.6 + 23.3
PSU-2 101.27 2.58 25 40 9.16 318 CV=0.04 CV=0.07
PSU-3 95.48 2.61 25 40 8.67 307
1200 thermoplastic nanoparticles don’t significantly affect mode II fracture
a toughness, unlike mode I.
1100
1000 6. Results of fractography method
900
800 The micrographs captured by SEM were utilized to analyze the
Z 700 fractured surfaces and associated damage mechanisms in both reference
€ Ref-4 i -
T 600 samples and samples modified with TNPs. Subsequently, the damage
3 500 Ret-S characteristics of mode I and mode II were compared. Fig. 8 illustrates
400 Ref-6 the fracture surfaces of samples under mode I. In the reference samples
300 } —PSU-4 (Fig. 8-A & B), fiber breakage, fiber/matrix debonding, and matrix
200 PSUS cracking, occurring during delamination and crack propagation, are
100 evident. Matrix cracking in this loading mode appears brittle and
——PSU-6 s
0 . . . . . . cleaved. Generally, the fracture surfaces appear smooth, indicating
0 05 1 15 2 25 3 limited resistance to interlaminar crack propagation and suggesting low

Displacement (mm)

Fig. 6. The Mode II load-displacement graphs for all virgin and TPNs-
modified samples.

by passing a line across the points (see Fig. 7-A). The inverse of this slope
actually shows the amount of compliance for each initial crack length.
Additionally, compliance is graphed against the third power of the
initial crack length, and then a line was fitted through these points, as
illustrated in Eq. (3), which A and m denote the parameters from the
compliance tests.

C=A+md® 3)

Fig. 7-B shows the fitted line and the value of m for PSU-4 modified
specimen. The specifics regarding compliance measurement and the
determination of constants in the compliance equation are outlined in
[501.

Table 3 displays the average Gy values across all specimens, indi-
cating an average fracture toughness of 955 J/m? for reference samples
and 950 J/m? for TNPs-modified samples. These results demonstrate
minimal deviation in fracture toughness values, suggesting that

fracture toughness. Furthermore, the fracture surface images of the
modified samples (Fig. 8-C & D) reveal the presence of polysulfone
nanoparticles dispersed throughout the matrix, forming a secondary
phase with the brittle epoxy. Upon careful examination of these images,
it is evident that the fracture surface exhibits a rougher texture
compared to the reference samples. Additionally, island-shaped regions
have been created on the fracture surface shown by orange ellipsoids
(Fig. 8-C). The presence of these island-shaped areas indicates that the
crack direction continuously changes between the upper and lower
layers, rather than following a straight path. This can enhance the
fracture toughness and also modified the delamination behavior.
Moreover, under a magnification of 1000X, Fig. 8-D illustrates spherical
polysulfone nanoparticles, half of which are embedded within the ma-
trix (core patterns), indicated by red arrows. The presence of hollow
cavities also signifies the imprint left by nanoparticles on the opposing
fracture surface. This pattern of core and cavity indicates that during
mode I loading, the crack, upon encountering a brittle region, diverts its
path upon reaching a softer region, thereby bypassing the spherical
thermoplastic particles before continuing its propagation. Finally pres-
ence of the PSU particles at the crack interfaces, improves the me-
chanical interlocking between layers.
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Fig. 7. Determining compliance coefficients for PSU-4 modified specimen A) load - displacement graphs for three different length of initial cracks and calculation of
specimen stiffness at each crack length B) Compliance vs third power of initial crack length.

Table 3
Mode II test results and related parameters.

Sample P, Ave. P, Smax B (mm) ap (mm) A (mm/N) m (1/N.mm2) Grc Ave. Gy¢

) ) (mm) (J/m?) J/m?

Ref-4 1110 1096.6 + 50.7 2.02 25 30 1.39E-03 1.41E-08 938 954.6 + 50.4

Ref-5 1029 CV=0.04 1.98 25 30 1.42E-03 1.58E-08 903 CV=0.05

Ref-6 1151 2.16 25 30 1.45E-03 1.43E-08 1023

PSU-4 1086 1099.6 + 25.2 2.07 25 30 1.39E-03 1.46E-08 930 949.6 + 13.9

PSU-5 1135 CV=0.02 2.11 25 30 1.37E-03 1.38E-08 959 CV=0.01

PSU-6 1078 2.04 25 30 1.36E-03 1.53E-08 960

Fig. 9 displays fractured surfaces of samples subjected to mode II unlike mode I. Matrix cracking in this mode is characterized by the form

loading. As depicted in this figure, compared to mode I, the fracture of cusp features (Fig. 9-B). Microscopically, cusps arise from the devel-
surfaces of reference samples appear rougher. Notably, instead of opment of angled matrix cracks within the delamination region. Some
observing fiber fracture, the fiber imprints are prevalent (Fig. 9-A), researchers [51,52] attribute the enhancement in mode II fracture
suggesting the occurrence of fiber/matrix debonding. An important toughness to the development of these cusp features. The formation of
observation is the non-cleavage of matrix fracture in mode II condition, cusps can absorb more energy, consequently increasing fracture
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Fig. 9. The SEM micrograghes of fractured surface in Mode II test A,B) reference C,D) TNPs-modified.
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toughness.

In Figs. 9-C&D, fractured surface of TNPs-modified sample under
mode II loading is depicted. Surprisingly, no cusps are observed in this
case; instead, thermoplastic polysulfone nanoparticles are observed to
be smeared across the fracture surface (Fig. 9-D). Furthermore, unlike in
mode I, the presence of core and cavity patterns is not evident in this
instance. Additionally, in some regions, the polysulfone particles exhibit
severe plastic deformation, as indicated by blue arrows in Fig. 9-D.
Despite the absence of cusps in this scenario, the severe plastic defor-
mation of the soft nanoparticles causes energy absorption, thereby
preventing a reduction in fracture toughness. It appears that the energy
that would typically contribute to cusp formation in this loading sce-
nario is instead utilized for the plastic deformation of nanoparticles.
Consequently, the fracture toughness of mode II remains unchanged in
both reference and modified specimens.

Fig. 10 schematically shows the toughenning mechanism by ther-
moplastic polysulfone nanoparticles in both mode I and mode II. As seen
in Fig. 10-A, in mode I, the interlaminar crack navigates around the
nanoparticles, changing directions successively, thereby enhancing the
mode I fracture toughness. Under mode II conditions (Fig. 10-B), due to
shear stress, the main crack directly passes through the thermoplastic
nanoparticles, causing them to break into two pieces. Because the
nanoparticles have limited resistance to shear stress, their effect on
fracture toughness is minimal.

Load
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7. Conclusion

This work aims to assess the influence of thermoplastic nanoparticles
of polysulfone (TNPs) on the delamination resistance of carbon epoxy
laminates and to comparatively analyze this influence in mode I and
mode II tests. Initially, polysulfone pellets were transformed into
nanofibers mat using the electrospinning method. These nanofibers
were then positioned between the CFRP laminates. With an increase in
temperature, the viscosity of resin decreased, enabling it to flow into the
microcavities of the nanofibers. Subsequently, by raising the tempera-
ture to 180° for the final curing of the epoxy resin, the polysulfone
melted and dispersed uniformly within the brittle epoxy as a matrix.
After preparation of specimens, both mode I and mode II loading were
applied to examine the behavior of thermoplastic polysulfone nano-
particles under these two distinct loading conditions. Results indicated a
1.9-fold enhance in mode I fracture toughness, while no significant
change in mode II fracture toughness was observed. To understand the
reasons behind this phenomenon, SEM analysis was employed. Micro-
scopic images revealed that during mode I test, the crack line continu-
ously altered its direction due to contact with polysulfone nanoparticles,
thereby increasing the fracture toughness. Conversely, in mode II test,
the crack propagated directly through the polysulfone nanoparticles,
resulting in minimal alteration to the fracture toughness.
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Fig. 10. The schematic of interlaminar crack propagation of thermoplastic nanoparticles modified laminates in A) Mode I and B) Mode II.
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