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Interlaminar Toughening of
Fiber-Reinforced Polymers by
Synergistic Modification of
Resin and Fiber
The synergistic effect of combining different modiﬁcation methods was investigated in this
study to improve the interlaminar toughness and delamination resistance of ﬁber reinforced
polymers (FRP). Epoxy-compatible polysulfone (PSU) was end-capped with epoxide group
through functionalization, and the ﬁber surface was chemically grafted with an amino
functional group to form a micron-size rough surface. Consequently, the long chain of
PSU entangles into cross-linked thermoset epoxy network, additionally, epoxide group on
PSU further improves the bonding through chemical connection to the epoxy network
and amino group on the ﬁber surface. The combined modiﬁcation methods can generate
both strong physical and chemical bonding. The feasibility of using this method in
vacuum-assisted resin transfer molding was determined by rheometer. The impact of
formed chemical bonds on the cross-linking density was examined through glass transition
temperatures. The chemical modiﬁcations were characterized by Raman spectroscopy to
determine the chemical structures. Synergistic effect of the modiﬁcation was established
by mode I and mode II fracture tests, which quantify the improvement on composites delamination resistance and toughness. The mechanism of synergy was explained based on the
fracture mode and interaction between the modiﬁcation methods. Finally, numerical simulation was used to compare samples with and without modiﬁcations. The experiment results
showed that synergy is achieved at low concentration of modiﬁed PSU because the formed
chemical bonds compensate the effect of low cross-linking density and interact with the
modiﬁed ﬁber. [DOI: 10.1115/1.4043836]
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1 Introduction
Many methods have been used to study and improve the delamination resistance of ﬁber-reinforced polymers. However, the synergistic effect of modiﬁcation methods was rarely investigated.
Many researchers tried to add two or more modiﬁers in the same
epoxy system to overcome and compensate the loss of strength due
to the ductile toughener. Sprenger et al. [1] studied the epoxy resin
using polyamine hardener. In their study, 7.3 wt% rubber modiﬁcation only partially compensated in its loss of strength by the addition
of 3.7 wt% nanosilica but the toughness was still 6% lower than that
of the nonmodiﬁed epoxy system and the glass transition temperature was dropped by 19 °C. Tsai et al. [2] studied the liquid reactive
rubber acrylonitrile and used isophorone diamine as the hardener.
The modulus of the unmodiﬁed system was lowered by 10 wt%
of rubber from 3.25 GPa to 2.63 GPa, and the addition of 10 wt%
nanosilica brought the modulus back up to 3.18 GPa. Gic was
increased by 516% (1170 J/m) but the hybrid system achieved
only 930 J/m, thus there was no synergistic effect. Uddin and Sun
[3] studied SC-79 epoxy resin system and used nanosilisa and
alumna or carbon nanoﬁbers as the third modiﬁer. The modulus
of the matrix improved by 40% with 10 wt% nanosilica; however,
alumna or carbon nanoﬁbers showed no further improvements.
Carboxy-terminated polyurethane-co-polyether block copolymer
was also used as an elastomer toughener with nanosilca. It
showed that 9 wt% elastomer and 9 wt% nanosilica was the best
mixture but there was no synergistic effect of the two modiﬁers
[4]. In another study, amino functional reactive liquid rubbers
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showed synergistic improvement. The long ﬂexible rubber molecules randomly cross-linked into polymer matrix was concluded
as the major reason causing the toughening [5,6]. Core-shell elastomers was another widely studied modiﬁer used to toughen the
epoxy matrix, but the core-shell hybrid system with nanosilica indicated that the behavior is not a synergistic effect [7–9]. The main
disadvantages of this method were the reduced strength and
modulus due to rubber molecules and lower glass transition temperature of the cured epoxy system resulting from low cross-linking
density. The results indicated that physical or chemical interaction
between different modiﬁers must exist to potentially obtain the
synergistic effect.
Besides using additive modiﬁers, other researchers attempted
to ﬁnd methods to toughen the resins through chemical bonding
process. Rajasekaran and Alagar [10] chemically grafted POSS
and tetraethylenepentamine onto the carbon ﬁbers and studied the
interfacial properties and impact toughness of methylphenylsilicone
resin composites. Wu et al. [11] used amino end-capped aromatic
liquid crystalline copolyesteramide to react with the epoxy group.
Alessi et al. used hydroxyl-terminated polyethersulfone on the
epoxy system [12]; Mutua et al. used bismaleimides modiﬁed polysulfone to react and dissolve in the epoxy matrices [13]; Perez et al.
proposed a method to produce polysulfone with an amino group,
which can react with the epoxy [14]. However, the increased viscosity makes it difﬁcult to use in the vacuum-assisted resin transfer
molding and the strong oxidant treatment may inﬂuence the
mechanical behavior.
From the previous study, PSU has shown compatibility with the
epoxy [15,16]. In this study, an interactive modiﬁcation method
is used to obtain a synergistic effect. Epoxide end-capped PSU
is dissolved in the epoxy to chemically react with the amine hardener and the amino group which is grafted on the ﬁber surface.
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Consequently, PSU is able to chemically bond to the cross-linked
epoxy structure and ﬁber surface, which compensates the reduction
of the glass transition temperature of the epoxy. At the same time,
due to the compatibility of the PSU to the epoxy, the long chain of
the thermoplastic is deeply entangled with the cross-linked epoxy,
which results in the improved matrix toughness; the veil-shaped
amino-functionalized ﬁber surface increases the contact area with
the curing epoxy and generates the micromechanical interlocks
and strong chemical bonding to the epoxy, which further lead to
improved interfacial strength.

2 Background
2.1 Chemical Reactions Between Curing Epoxy,
Polysulfone, and Glass Fiber. The proposed modiﬁcation
method includes both chemical and physical bonding in the
epoxy system. In order to understand what factors lead to the synergistic effect, the chemical reaction process in the epoxy system
should be clearly explained ﬁrst. In this study, chemical reactions
mostly occur in the curing epoxy, epoxide end-capped PSU, and
amino group functionalized ﬁber surface. Figure 1 shows the chemical reactions and modiﬁcations in this study. Figures 1(a)–1(c) represent the curing reactions in the epoxy system [17]: the primary
amine from the curing agent opens the epoxide rings and forms a
chemical bond between the carbon and amine nitrogen, leading to
the secondary amine and hydroxyl group; the secondary amine
repeats the epoxide ring opening reaction and forms tertiary
amine and hydroxyl group; the hydroxyl groups can also react
with the unreacted epoxy ring. The repetition of these three chemical reactions leads to the cross-linked network structures. The glass
ﬁber (GF) surface is chemically treated in order to graft the amino
functional group on the surface. Sodium hydroxide (NAOH) solution is ﬁrst used to generate hydroxyl groups on the ﬁber surface,
then with the help of (3-aminopropyl) triethoxysilane (APTES)

and n-propylamine in the ethanol solution, the amino functional
groups replace the hydroxyl groups [13]. PSU is known as a thermoplastic compatible with the epoxy system, which means the
epoxy monomers can swell the PSU [10]. Thus, with a tetramethylammonium catalyst, PSU can dissolve into the epoxy solution at
high temperature, and the two ends of the PSU long chain are
capped with the epoxide ring groups. The proposed chemical modiﬁcation methods lead to three new chemical connections in the
FRP: the chemical connection between epoxide ring capped PSU
to amino-functionalized glass ﬁber surface; epoxide ring capped
PSU to curing epoxy; amino-functionalized glass ﬁber surface to
curing epoxy. The generated chemical bonds not only improve
the semi-interpenetration networks between thermoplastics and
thermosets but also enhance the interface strength between glass
ﬁber and matrix materials, which are expected to compensate for
the reduction of the cross-linked density due to the additive and
to further improve toughness and interface strength.
2.2 Potential Synergistic Effect. With the previous chemical
modiﬁcations, the ﬁbers, PSU, and epoxy can generate strong
bonding among one another. Furthermore, the potential synergistic
effect may exist due to the interaction between individual modiﬁcation methods.
The ﬁrst potential synergistic effect may be induced by the
epoxide end-capped PSU. With the help of the tetramethylammonium hydroxide (TMAH) and high temperatures, PSU is grafted
with epoxide ring groups, which are chemically reactive with the
amino groups in curing agent and on the surface of glass ﬁber.
Thus, strong chemical bond forms to link these three species.
Besides this chemical bond, since the PSU is also a compatible thermoplastic to the epoxy, it creates semi-interpenetration networks
with cured epoxy as shown in Fig. 2, which means that the longchain thermoplastic molecules entangle into the cross-linked thermoset epoxy networks. This physical bonding is considered as a

Fig. 1 Chemical reactions in epoxy curing [17] and modiﬁcation process [10,13]:
(a) primary amine from hardener has open-ring reaction with epoxide group from
epoxy and generates secondary amine, (b) secondary amine reacts with the
epoxide group, (c) etheriﬁcation reaction, (d ) amino group grafting onto glass
ﬁber surface, and (e) epoxide group end-capped PSU
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Fig. 2 Bonding in the cured epoxy matrix. The physical bonding
here is due to the entanglement of long-chain thermoplastics
with the cross-linked thermosets epoxy, which is known as semiinterpenetration network. The chemical bonding due to the modiﬁcations are among glass ﬁber surface to PSU, glass ﬁber
surface to curing epoxy, and PSU to curing epoxy.

strong bonding. In our case, the entangled thermoplastic PSU molecules are also able to form the strong chemical bond in the crosslinked networks and connect to the glass ﬁber surface. This kind of
modiﬁed semi-interpenetration network is expected to have high
toughness without losing the cross-linking density and strong interface strength between network to glass ﬁber leads to high load transfer capability.
A second potential synergistic effect may be induced by the functionalized glass ﬁber. As described in Fig. 1, the amino function
groups are grafted onto the glass ﬁber surface through the hydroxyl
replacement reactions, which make the glass ﬁber able to bond into
the cross-linked networks, generating the bonding between amino
groups and epoxide group from both modiﬁed PSU and epoxy.
Besides this consequence, the strong oxidant NAOH solution also
generates a micron-size rough surface on the glass ﬁber. The original
glass ﬁber surface is clean and smooth, as shown in Fig. 3(a). In this
case, the forces holding ﬁber and epoxy together are mainly the weak
intermolecular forces. Compared with the nonmodiﬁed case, after
oxidization, the rough surface works as mechanical interlocks to
further improve the interface bonding as shown in Fig. 3(b).
Fracture mechanism in the laminate structure also inﬂuences the
synergy of different modiﬁcations. The delamination in the laminate
structures always starts in the interlaminar region near the interface
between ﬁber matrix and interlaminar epoxy resin, since the epoxy

is weaker than the ﬁber matrix. When the crack initiates, it generates
a crack tip yield zone ahead of the crack tip, where the material
yields and undergoes plastic deformation, and the crack tends to
propagate to the weakest region within the yield zone. The size of
the crack tip yield zone is typically one to several hundred
microns in epoxy [18], which is almost always larger than the interlaminar thickness in real applications since the weak interlaminar
region is reduced as much as possible. Thus, the crack is considered
to always approach the interface between the epoxy resin and ﬁber
matrix as shown in Fig. 3. In mode I fracture, shown in Fig. 3(a), the
interface between glass ﬁber and the epoxy is only due to the intermolecular forces in the case without any modiﬁcations. The smooth
interface is a weak region in the structure and when a crack propagates, it essentially grows along the weak interface. By comparison,
as shown in Fig. 3(b), the rough glass ﬁber surface will generate
more resistance for the crack to propagate, and the formation of
chemical bond between glass ﬁber and modiﬁed epoxy (not shown
in the ﬁgure) also consumes more fracture energy because the
crack needs to break both the ductile thermoplastic and brittle thermosets, which would not happen if individual modiﬁcation method
is used. In the case of mode II fracture, the crack will undergo a
crack bridging phenomenon, in which the crack will jump through
the upper and bottom interface by passing the interlaminar region
(Fig. 3(c)). In this case, more modiﬁed epoxy will participate in
plastic deformation compared with the case with mode I fracture.

3 Numerical Simulation
The way in which crack propagates through the interlaminar
region is considered the major contribution to the delamination
resistance in both mode I and II fractures as described in Sec. 2.
A numerical method is proposed to simulate the crack growth in
the interlaminar region to predict the crack propagation and to
investigate the effect of the modiﬁcations to the interface and interlaminar regions.

3.1 Simulating Crack Growth in Composites Using
XFEM. The conventional ways to simulate the crack growth in
the composites are using cohesive zone model [19] or virtual
crack closure technique [20]. The limitation of these two modeling
methods are the predeﬁned crack path: the propagation of the crack
location is considered as known and the crack is only able to propagate along this path. The extended ﬁnite element method (XFEM)
is developed to overcome this limitation by enriching the shape
function with additional displacement functions according to the

Fig. 3 Schematic of crack propagation between glass ﬁber surface and cured epoxy under different conditions. (a) With no modiﬁcations, the crack lies on the interface between nontreated glass ﬁber surface and
epoxy. Weak intermolecular forces are the only major factors holding two materials together. (b) Under
mode I fracture, the crack propagates through the interface between chemical treated glass ﬁber and modiﬁed
epoxy. The surface of treated glass ﬁber becomes rough. The increased contact area not only improves the
adhesion strength but also generates micromechanical interlocks. (c) Under mode II fracture, the crack propagates through the interlaminar region with crack bridging phenomenon.
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partition of unity [21]:
u=
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where u is the displacement vector; NI(x) is the usual nodal shape
functions; the ﬁrst term on the right-hand side of the above equation, uI, is the usual nodal displacement vector associated with the
continuous part of the ﬁnite element solution; the second term is
the product of the nodal enriched degree of freedom vector aI,
and the associated discontinuous jump function H(x) across the
crack surfaces; and the third term is the product of the nodal
enriched degree of freedom vector, bαI , and the associated elastic
asymptotic crack tip functions, Fα (x) [22]. The XFEM does not
require the mesh to match the geometry of discontinuity, thus the
crack propagation and initiation along arbitrary path can be more
realistically simulated.
In order to simulate a moving crack, a traction–separation behavior of the crack model is used [23]:
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where t is the traction stress vector in the normal direction (n) and
shear direction (s), δ is the corresponding separation in normal and
shear directions, and K is the stiffness of the enriched element.
The crack propagation direction is determined by J-integral
around the crack tip [24]:
J = lim

Γ0 Γ

n · WI − σ

du
· qdΓ
dx

(3)

where Γ is the contour around crack tip, n is normal to the contour,
q is the unit vector of virtual displacement direction of the crack,
W is elastic and plastic strain energy, I is identity tensor, σ is
stress, and u is displacement. In any direction around the crack
tip, if the stress approaches the yield stress, J will approach its
minimum. The value of J around the crack tip indicates the difﬁculty level, at which the crack propagates in that direction,
meaning the crack prefers to propagate in the direction where less
energy is required to generate a new crack surface. In the plane
strain case, the value of J-integral equals to the critical energy
release rate [24].
3.2 Interface Modeling. From Sec. 2, the crack is likely to
propagate near the interface between interlaminar and ﬁber matrix
regions. Therefore, the way to model the region near this interface
becomes important. The geometry of the model is treated as one
body with different regions on it. The epoxy resin in the interlaminar region is considered as isotropic materials, the material properties are collected and modiﬁed according to the concentration of
PSU [25]. The ﬁber matrix region is treated as anisotropic material
since its material properties are dependent on the orientation of the
ﬁbers. The material properties of unidirectional ﬁber matrix used in
this study are obtained and modiﬁed from the literature [26]. The
micromechanical interlocks and formed chemical bonding on the
ﬁber surface are treated as two exceedingly thin layers between
ﬁber matrix and interlaminar epoxy resin, of which the thickness
is chosen based on the experimental observation in Sec. 5.2. The
critical energy release rate of the interface region and epoxy resin
for fracture criteria is determined experimentally from mode I and
II tests because the formed chemical bonding on the ﬁber surface
is the same as the one in the epoxy thermosets.

4 Experiment Materials and Procedures
The ﬁber fabric is Saertax unidirectional ﬁber preform. The
epoxy resin is purchased from EPOKOTE resin MGS RIMR 135,
of which the major component is bisphenol A diglycidyl ether
081008-4 / Vol. 141, SEPTEMBER 2019

(DEGBA). The hardener is EPIKURE curing agent MGS RIMH
137. The 0–5 wt% polysulfone (Udel 1700) is dissolved in epoxy
at 140 °C with TMAH (Sigma-Aldrich) catalyst for 2 h to generate
a homogeneous solution and to form epoxide end-capped polysulfone [10]. 0.5 mol/L NAOH (Sigma-Aldrich) aqueous solution is
prepared and ﬁber fabric is submerged into the solution at 60 °C
for 1 h to generate hydroxyl group. APTES (Sigma-Aldrich) in
200 ml ethanol with 0.2 g n-propylamine (Sigma-Aldrich) catalyst
solution is to replace the hydroxyl group by amino group [13].
The specimens were produced by vacuum-assisted resin transfer
molding (VARTM). A Teﬂon sheet is inserted as a precrack. The
VARTM produced glass FRP panel is cut and trimmed to the
mode I and mode II specimens according to ASTM D5528 and
ASTM D7905 test methods. The viscosity of the modiﬁed epoxy
is measured by Haake Mars III Rheometer from room temperature
to 120 °C. Netzsch STA 449 F3 Jupiter TGA-DSC is used to determine the change of glass transition temperature of the specimens
under different modiﬁcations. Renishaw inVia Raman microscopy
is used to characterize the formation of functionalized groups on
the glass ﬁber surface. Instron 5569A mechanical testing machine
is used to perform mode I and end notched ﬂexure test. Zeiss Scanning Electron Microscopy is used to examine the morphology and
fracture surface.

5 Results and Discussion
5.1 Viscosity Behavior of the Epoxy System. Viscosity
changes due to the modiﬁcation were examined from room temperature to 120 °C with the concentration of PSU from 0 to 5 wt%
(Fig. 4(a)). The diamond symbols represented the nonmodiﬁed
epoxy, showing that the epoxy with a viscosity of 1.571 Pas was
considered as a reference value that the viscosity of the epoxy
was not too high to infuse into the ﬁber fabrics. With increasing
concentration of PSU in the modiﬁed epoxy, at 20 °C, the viscosity
of the modiﬁed epoxy signiﬁcantly increased from 1.57 to 7.2 Pa s.
This result indicated that the modiﬁed epoxy may not be suitable for
resin infusion method at room temperature. Figure 4(b) showed the
curing kinetics of the epoxy under 80 and 120 °C. Under high
curing temperature, the curing process was much faster than that
at low temperature. Thus, it is important to study the viscosity behavior of the curing epoxy. The viscosity rose signiﬁcantly with
increasing degree of curing. The degree of curing inﬂuences the viscosity of the curing epoxy [27]
α = mK(T)ln

η − η0
η0

(4)

α is the degree of curing, m is the coefﬁcient, K(T ) is the reaction
rate coefﬁcient shown in Eq. (5), η is the current viscosity, and η0
is the initial viscosity [27].
K(T) = K0 exp −

Eo
RT

(5)

Eo is the activation energy related to K and R is the constant.
The curing process was assumed to follow the ﬁrst-order kinetics law. By ﬁtting the data from two different temperatures, the following constants were obtained: K0 = 46.94 (1/s) and Eo = 35.73
(kJ/mol) and mK(120 °C) ≈ 0.082. Considering the reference as
neat epoxy, if epoxy cannot ﬂow when viscosity is higher than
1.57118, at 120 °C, then the neat epoxy would take around
10 min to reach this viscosity and the degree of curing is 0.41.
On the other hand, the PSU-modiﬁed epoxy would only take less
than 4.5 min to ﬁnish the infusion. Based on Haake Mars III rheometer measurements, the viscosity of nonmodiﬁed resins at room temperature is 1.571 Pa s and the viscosity of modiﬁed resins at 120 °C
is 0.0264 Pa s, which is low enough to be used in VARTM. Thus,
the proposed toughening method could apply in the resin transfer
molding [16].
Transactions of the ASME

Fig. 4 (a) Viscosity for epoxy with various concentrations of
modiﬁed PSU from room temperature to 120 °C and (b) curing
kinetics of neat epoxy under 80 and 120 °C

5.2 Chemical and Morphology Determination of Modiﬁed
Epoxy System. Figure 5 showed the Raman spectra of PSU
before and after TMAH treatment. Figure 5(a) showed the nonmodiﬁed PSU spectra, and some typical peaks represent the speciﬁc chemical structures in the polymer. 788 cm−1 is C–H deformation and was
used to measure the PSU concentration; 1073 and 1108.3 cm−1 are
attributed to symmetric and antisymmetric SO2 stretching;
1148 cm−1 is C–O–C asymmetric vibration; 1587 and1606 cm−1
represent phenyl ring vibration; 3070 cm−1 is C–H vibration; 790,
1140, 1580, and 3065 cm−1 correlate to the asymmetric C–S–C,
asymmetric C–O–C vibration, aromatic ring chain vibrations, and
C–H vibration [28,29]. Figure 5(b) showed the PSU after the chemical treatment. The new peak appeared around 1240 cm−1 and is the
evidence of the epoxide ring grafting onto the polymer chain; 1112
and 1186 cm−1 associated with phenyl and gem-dimethyl resin backbone vibration, do not change, and use as Refs. [30,31]. Figure 6
showed the Raman spectra of glass ﬁber before and after APTES
treatment. Figure 6(a) showed the spectra of original glass ﬁber.
The broad Raman bands at around 500, 604, and 810 cm−1 originate
from the SiO2 support. Several samples exhibit broad bands at around
1077 cm−1 which are characteristic of Si (–O−)2 and Si–O− functionalities. 487 cm−1 and around 800 cm−1 represent the Si–O–Si
stretching, around 1060 cm−1 is the longitudinal optical stretching
of the silica network [32]. Figure 6(b) showed the spectra after the
chemical treatment. The rising peak around 996 cm−1 is attributed
to the vibration of the aromatic ring carrying the amine group in
Journal of Manufacturing Science and Engineering

Fig. 5 Raman spectroscopy for (a) PSU and (b) epoxide
end-capped PSU. The new peak appeared ∼1240 cm−1 was the
evidence of the epoxide ring grafting onto the polymer chain.

m-position [33], which indicated the grafting of amino functional
group on the ﬁber surface. As described in Sec. 2.1, the amino
group was expected to react with the epoxide group and form the
bond between carbon and nitrogen, of which the bond energy is
from 276 to 615 kJ/mol. As comparison, for the intermolecular
forces, for example, of hydrogen bond, the bond energy is from 6–
30 kJ/mol. Thus, the formed bonds were strong covalent bonding.
The surface morphology of glass ﬁber was also examined before
and after the chemical treatment. From Fig. 7(a), it showed the original glass ﬁber before the chemical treatment. The surface was clean
and smooth. As a comparison, Fig. 7(b) showed the glass ﬁber
surface changed to a thin layer of the spongy veil. The high magniﬁcation image (Fig. 7(c)) showed that the chemical treatment made
the glass ﬁber surface covered with veil-shaped residues. As known
from the Raman spectra results, the treated glass ﬁber surface was
formed amino groups and they were detected from this rough and
veil-shaped surface. The rough and chemically active surface was
expected to improve the interfacial strength by increasing the
contact area between the glass ﬁber and epoxy, generating the
mechanical interlocks. The amino functional groups grafted on
the glass ﬁber were also chemically active with the epoxide
groups in the epoxy and modiﬁed PSU, which simultaneously
made the glass ﬁber chemically bond to the matrix.
5.3 Glass Transition Temperatures of the Epoxy System.
The glass transition temperature was an important property of a thermosetting polymer system because it represents the cross-linking
SEPTEMBER 2019, Vol. 141 / 081008-5

Fig. 7 SEM images of glass ﬁber surface morphology (a) before
chemical treatment, (b) after chemical treatment, and (c) after
chemical treatment at high magniﬁcation
Fig. 6 Raman spectroscopy for (a) nonmodiﬁed glass ﬁber
surface and (b) chemically treated glass ﬁber surface. The peak
appeared ∼995 cm−1 is the evidence of the amino functionality
group.

density, which inﬂuences the mechanical behavior of the cured
epoxy system. Generally, with the existence of the additives, the
degree of cure is limited and the cross-linking density is lower
due to the incomplete formation of cross-linking networks. In this
paper, the epoxide end-capped PSU was the additive to the epoxy
system. Figure 8 shows the glass transition temperatures of cured
epoxy with different concentrations of modiﬁed PSU. The trend
increased with PSU concentration before leveling off. The additive
normally reduces the glass transition temperature; however, in this
study, the glass transition temperatures of cured epoxy with 0–
5 wt% modiﬁed PSU were higher than that of the cured epoxy
with no additive. The main reason was that the covalent bonds
formed between the epoxide ring from the modiﬁed PSU to the
curing agent made the additive chemically bond to the epoxy
network during the curing. The chemical bonding between the additives and the epoxy limited the movement of molecule chains, the
bonding also compensated for the inﬂuence of enlarged free
volume by PSU which provided more space for polymer chain to
move at low temperature [34]. With the increasing concentration
of modiﬁed PSU, the trend started to level off, which indicated
that the advantage of bonding between additives and epoxy can
only compensate the negative effect at low concentration. It was
believed that if the concentration of modiﬁed PSU kept increasing,
the glass transition of cured epoxy would be lower.
081008-6 / Vol. 141, SEPTEMBER 2019

Fig. 8 Glass transition temperatures of cured epoxy with different concentrations of modiﬁed polysulfone. Error bars represent
the standard errors. The advantage of bonding between additives and epoxy can compensate for the inﬂuence of additive at
low additive concentration, leading to increased glass transition
temperature.

5.4 Phase Separation of Polysulfone in the Cured Epoxy
System. The modiﬁed PSU was able to dissolve in the uncured
epoxy before mixing with the curing agent because of the high
compatibility between PSU and epoxy at elevated temperatures.
The ﬁnal mixture before curing was homogeneous. When the
Transactions of the ASME

liquid phase epoxy started to cure, it turned into a gel and then
into cured epoxy. Since the cross-linked structures were gradually
generated during the curing process, it reduced the mobility of the
species and decreased the compatibility between PSU and the curing
epoxy. Part of PSU started to separate out, and the other part of
PSU was still entangled in the cross-linked epoxy. PSU molecules
were chemically bonded to the cured epoxy due to the end-capped
epoxide group reacting with the amino group in the curing agent.
Figure 9 showed the phase morphology of modiﬁed PSU in the
cured epoxy at different concentrations after chemical etching. At
low concentration of modiﬁed PSU, a small amount of PSU separated out and formed submicron size clusters (Fig. 9(a)). They
were well distributed in the epoxy matrix. At high concentration
of modiﬁed PSU, more irregular shaped clusters were formed and
the size of the clusters was much larger (Fig. 9(b)). Also, the distribution of the PSU was not even. Supported by the DSC results to be
presented later, it can be shown that at high concentration, the
advantage of the additive started diminishing and the cross-linking
density of the epoxy matrix was reduced. The phase morphology
also supported the trend of glass transition temperatures of cured
epoxy with different concentrations of modiﬁed PSU.

Figure 10 showed the mode I critical energy release rate of the
specimen with both modiﬁcations under different concentrations
of modiﬁed PSU. The average toughness and standard error were
represented by a symbol and an error bar. The toughness of the specimen increased rapidly from nonmodiﬁed specimen to 1 wt%
PSU-modiﬁed specimen. The toughness reached its maximum in
specimens between 1 wt% and 2 wt% PSU. The trend leveled off
toward 5 wt% PSU-modiﬁed specimen. The toughness results
showed strong evidence that with the physical and chemical
bonding in the system, mode I delamination resistance of the specimen was improved. To examine the synergistic effect, three more
conditions were used: 0% PSU-modiﬁed epoxy with chemical
treated glass ﬁber surface, 2% PSU-modiﬁed epoxy with nonchemical treated glass ﬁber surface, and 5% PSU-modiﬁed epoxy with
nonchemical treated glass ﬁber surface. The results are shown
in Fig. 11 and Table 1. Compared with the reference specimen,
under the condition of 0% PSU-modiﬁed epoxy with chemical
treated glass ﬁber surface, the critical energy release rate Gic was
improved by 12.8%. Under the condition of 2% PSU-modiﬁed
epoxy with nonchemical treated glass ﬁber, the Gic was improved
by 19.05%. With 2% PSU-modiﬁed epoxy with chemical treated
glass ﬁber, the Gic was improved by 45.1%, which was 13%

5.5 Mode I Fracture Test. Specimens were prepared with
both modiﬁcation methods or individual modiﬁcation method to
examine the potential synergistic effect on delamination resistance.

Fig. 10 Mode I critical energy release rate of the specimen with
different concentrations of modiﬁed PSU. Error bars represent
the standard errors.

Fig. 9 Optical microscopy of phase morphology in the cured
epoxy etched by methyl chloride to remove the PSU-rich region
(a) with 0.5 wt% PSU and (b) with 5 wt% PSU. The holes on the
surface were due to the removal of PSU, which were highlighted
with arrows.

Journal of Manufacturing Science and Engineering

Fig. 11 Synergistic study of mode I fracture test. Specimens
with individual modiﬁcation method were compared with the
specimens with combined modiﬁcation methods. Slight synergistic effect from two individual modiﬁcations methods was
found in mode I fracture test.
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Table 1 Mode I Gic improvement summary

PSU
concentration

GF
nontreated

GF
treated

Sum of single
modiﬁcation
method

Difference

0%
2%
5%

Reference
19.05%
13.72%

12.8%
45.1%
29.18%

31.85%
26.53%

13%
3%

higher than the summation of the two individual modiﬁcations.
However, the Gic of the specimen with 5% PSU-modiﬁed epoxy
with chemical treated glass ﬁber was only 3% larger than the summation of the two modiﬁcations. The similar Gic with different PSU
concentrations conﬁrmed previous hypothesis stating that the major
contributions to Gic were micromechanical interlocks and interfacial strength. Limited matrix deformation at high PSU concentration
leads to leveling off and thus very limited synergistic effect.
Besides the toughness results, the experimental evidences from
fracture surface morphology also supported the synergistic mechanism for mode I test. Figure 12(a) shows the fracture surface of
the specimen only with 2% PSU-modiﬁed epoxy. The glass ﬁber
surfaces were clean and with few residue particles. As described in
the Background section, the fracture mainly propagated through the
interface between the ﬁber and interlaminar region in mode I fracture. The clean ﬁber surface indicated the poor adhesion between
the ﬁber and epoxy. However, the modiﬁed epoxy showed large
plastic deformation due to pullout ﬁbers, which increased the toughness. As a comparison, Fig. 12(b) showed the specimen only with
chemical treated glass ﬁber surface. The fractured epoxy showed
smaller deformation in this case, indicating the brittle fracture. It
is obvious that in Fig. 12(b) ﬁber surface covered with the pikeshaped residues, which were due to the formed chemical bond
and mechanical interlocks. The brittle resin was of low toughness,
which was not able to transfer the loads into the surrounding materials to make more resin enrolled in consuming the fracture energy.
With both modiﬁcations, in Fig. 12(c), the fracture surface was rough
and the entire glass ﬁber surface was covered with a layer of residue
epoxy. The strong chemical bonds and interlocks between glass ﬁber
and modiﬁed epoxy prevented the crack from propagating through
this interface, and the chemical bond between modiﬁed epoxy and
the glass ﬁber led to more ductile epoxy participating in consuming
fracture energy, which resulted in further improvement of the fracture toughness.
5.6 Mode II Fracture Test. Figure 13 shows the mode II critical energy release rate of the specimens with combined modiﬁcation methods under different concentrations of modiﬁed PSU.
The average toughness and its standard error were represented by
a symbol and an error bar. The toughness of the specimen increased
rapidly from nonmodiﬁed specimen to 1 wt% PSU-modiﬁed specimen, then it kept a small increment from 1 wt% to 2 wt% PSU specimen. The trend reached its maximum for the 5 wt% PSU-modiﬁed
specimen compared with the trend in mode I test. The modiﬁed specimen showed greater resistance to mode II fracture.
Figure 14 and Table 2 shows the synergistic study of mode II
fracture tests. Compared with the reference specimen, under the

Fig. 12 SEM images of mode I fracture surface morphology of
(a) 2% PSU with nonmodiﬁed glass ﬁber, (b) 0% PSU with modiﬁed glass ﬁber, and (c) 2% PSU with modiﬁed glass ﬁber
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Fig. 13 Mode II critical energy release rate of the specimen with
different concentrations of modiﬁed PSU. Error bars represent
the standard errors.

Transactions of the ASME

Fig. 14 Synergistic study of mode II fracture test. Specimens
with individual modiﬁcation methods were compared with the
ones with combined modiﬁcation methods. The further improvement of delamination in mode II was considered due to the more
modiﬁed epoxy resin participating in the plastic deformation.

Table 2 Mode II Giic improvement summary

PSU
concentration

GF
nontreated

GF
treated

Sum of single
modiﬁcation
method

Difference

0%
2%
5%

Reference
29.18%
37.26%

22.84%
74.97%
84.12%

52.02%
60.1%

23%
24%

condition of 0% PSU-modiﬁed epoxy with chemical-treated glass
ﬁber surface, the critical energy release rate Giic was improved
by 22.84%. Under the condition of 2% PSU-modiﬁed epoxy with
nonchemical treated glass ﬁber, the Giic was improved by 29.18%,
as a comparison, with 2% PSU-modiﬁed epoxy and chemicaltreated glass ﬁber, the Giic was improved by 74.974%, which
was 23% larger than the summation of the two individual modiﬁcations. Furthermore, the Giic of the specimen with 5% PSU-modiﬁed
epoxy with chemical-treated glass ﬁber was 24% larger than the
summation of the two modiﬁcations. The signiﬁcant increasing
Giic with different PSU concentrations conﬁrmed previous hypothesis stating that the major contributions to Giic were both matrix
deformation and high interfacial strength. Thus, more synergistic
effect from two modiﬁcations was found in mode II fracture tests.
By examining the surface morphology of the specimen, synergistic improvement of fracture toughness can be better explained.
From the Background section, the crack in mode II fracture propagates through the interface between the ﬁber and interlaminar region
and jumps within the interlaminar region (crack bridging phenomenon). Figure 15(a) showed the fracture surface of the specimen
only with chemical-treated glass ﬁbers. The glass ﬁber surfaces
contained a few residue particles on it. Small blocks of epoxy
resin indicated that the brittle epoxy did not undergo large plastic
deformation. The limited improvement of delamination resistance
was due to the enhanced interface between epoxy and ﬁber.
Figure 15(b) shows the specimen only with the modiﬁed PSU
epoxy. Compared with Fig. 15(a), the ﬁber surfaces were extremely
clean, almost no residues on them, which means the bonding
between the ﬁber and epoxy was poor. The poor adhesion led to
the low toughness, however, and the modiﬁed epoxy between the
ﬁbers was of higher toughness, which compensated the loss of
toughness. Since the existence of the poor interface, a smaller
amount of modiﬁed epoxy played a role in consuming the energy.
For the specimens with both modiﬁcations (Fig. 15(c)), besides
Journal of Manufacturing Science and Engineering

Fig. 15 SEM images of mode II fracture surface morphology of
(a) 0% PSU with modiﬁed glass ﬁber, (b) 2% PSU with nonmodiﬁed glass ﬁber, and (c) 2% PSU with modiﬁed glass ﬁber

the residues on the ﬁbers throughout the fracture surface, the
epoxy matrix showed large regions where the torn epoxy peeled
from the matrix. The torn epoxy showed ﬁsh scale-shaped deformation, which indicated it underwent large shear deformation during
mode II test. This kind of deformation provided strong evidence
that the modiﬁed epoxy was tougher and was the major reason
for mode II delamination resistance improvement. Unlike mode I,
in mode II, crack propagated through both the interface at epoxy/
ﬁber matrix and interlaminar region. Thus, both the physical and
chemical bonds played important roles in the delamination resistance. It was noted that the crack bridging due to the shear
SEPTEMBER 2019, Vol. 141 / 081008-9

Fig. 16 Simulation of mode I fracture. Specimen was 160 mm in length and 4.15 mm in thickness. The left end was under a
displacement loading. Initially the precrack was 60 mm in length and placed 5 µm above the middle of the interlaminar
region. The contour map in magniﬁed regions represented the status of crack. Value of 1 in that element represented
total fracture and value of 0 in th at element represented zero fracture. The value in between indicated there still existed
traction on the crack surface, which was considered as partial fracture. The crack growth matched the previous crack propagation analysis for mode I in Fig. 3(b).

deformation led to a large amount of epoxy enrolled in crack
propagation. Epoxy properties were the major contributions to
the improved toughness, which is reﬂected in the increasing
trends in Fig. 14.
5.7 Mode I and Mode II Simulation. Both mode I and II
fracture tests were simulated to examine the improvement of the
interlaminar delamination resistance by the modiﬁcation methods.
The model used the same geometry as in the experiment according
to ASTM D5529 and D7905 test methods. The specimen was
160 mm in length and 4.15 mm in thickness. The precrack is
60 mm long from the edge of the specimen and initially placed
5 µm above the middle of the interlaminar region. Between the
interlaminar and ﬁber matrix region, there were two 1-µm thick
layers to represent chemical bonding and mechanical interlocks.
The layer thickness was based on the experimental observation.
With the help of XFEM, the nodes are enriched with an additional
degree of freedoms and the crack path is not limited to the element
boundary but based on the solution; less ﬁne mesh can be used to
estimate the potential crack path. Figure 16 shows the simulation
results of the mode I fracture. The contour map of the entire specimen showed the stress states when the specimen was loaded. It was
clear that at the crack tip region, the stress reached its peak, which
was high enough to form a new crack ahead. After the crack propagated for a certain distance, it approached the interface between the
modiﬁed ﬁber region and epoxy resin, which conﬁrmed our previous experiment observation in Fig. 12, where the crack path located
above the rough glass ﬁber surface in the toughened epoxy resin
region was shown. The color contour in the magniﬁed region represented the value of XFEM status, in which 0 meant no fracture and 1
meant total fracture. The in-between value of this status along
the crack tip path was because there still existed tractions on the
crack surface, considered as partially fractured. By extracting the
reaction force and displacement at the point where the displacement
loading was applied, the simulation results compare to the experimental results in Fig. 17 and they are largely in agreement. The
load and displacement curves increased then leveled off in both
081008-10 / Vol. 141, SEPTEMBER 2019

Fig. 17 Mode I simulation results versus experiment results

simulation and experiments. For the nonmodiﬁcation specimen,
the load reached 80 N then the crack initiated and propagated. As
a comparison, for the specimen with modiﬁcation, the maximum
loads reached 108 N, as in the simulation, the yield strength was
increased by nearly 40%. Also, the higher slope of the curve indicated that the specimen with modiﬁcations showed higher mechanical stiffness, which conﬁrmed the previous conclusion drawn from
glass transition temperatures that with the epoxide end-capped PSU,
the cross-linking density even increased at low additive concentration, leading to higher mechanical performance.
Figure 18 showed the simulation results for mode II fracture. Due
to the shear forces, the specimens showed a sliding phenomenon. The
layer above the crack region extended beyond the layer below the
crack and this deformation led to the shear force concentrated at
the crack tip region. The crack in mode II also approached the
Transactions of the ASME

Fig. 18 Simulation of mode II fracture. The shear deformation was represented by the misalignment of the cells along the
predeﬁned interlaminar region. The contour map in magniﬁed region represented the status of crack.

6 Conclusion

Fig. 19 Mode II simulation results versus experiments results.
The overestimation of the simulation results after the crack initiation was mainly because the crack bridging phenomenon dissipated more energy than single crack growth modeled in the
simulation.

interface between the modiﬁed ﬁber surface and epoxy resin. The
simulation results were in good agreement with the experimental
results at the beginning as shown in Fig. 19. In this case, the yield
strength was 80% higher than the reference specimen. The simulation
results had an overestimation after the crack initiation in both reference and modiﬁcation cases. This was mainly because in mode II,
the crack underwent a bridging phenomenon, which also helped to
dissipate the energy. However, in XFEM, the crack was not able to
branch, leading to the overestimated load and displacement curves
when crack propagated. The mode I and II simulation showed a
more realistic way of crack growth in the interlaminar region and
helped to better understand the effect of modiﬁed interlaminar
region properties and thin layers of chemical/physical bondings,
and potentially could be used as guidance to further ﬁnd optimized
parameters such as modiﬁer concentrations, layer thickness, etc.
Journal of Manufacturing Science and Engineering

Lower concentration of PSU-modiﬁed epoxy showed slightly
higher viscosity than nonmodiﬁed epoxy. Despite the increased
viscosity, PSU-modiﬁed epoxy can still be implemented into the
vacuum-assisted resin transfer molding process. Lower concentration of PSU led to an increased glass transition temperatures
of the cured epoxy modiﬁed by PSU because of the chemical
bonding between thermoplastic and cross-linked thermoset structure. A higher concentration of PSU-modiﬁed epoxy showed
large PSU clusters, and the glass transition temperature increase
leveled off because the dilute effect became dominant. The
reported synergistic modiﬁcation scheme showed more signiﬁcant
toughness improvement on both mode I and mode II fractures
than the sum of improvements due to PSU-modiﬁed epoxy and
glass ﬁber grafting alone. Toughness was improved because
cracks need more energy to propagate through the physical
bonding of micromechanical interlocks and semi-interpenetration
networks, cracks also require more energy to overcome the chemical bonding among epoxy, glass ﬁber, and polysulfone. The large
shear deformation of the cured epoxy matrix, pulled out ﬁbers,
and residues on the ﬁber surface indicated strong interlaminar
strength due to the formed chemical and physical bonding.
Numerical simulation of mode I and II tests agreed with mechanical testing results and crack growth observations in the interlaminar region.
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