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Advances have focused on disulfide-based epoxy-covalent adaptable network (CAN) polymer systems, which
leverage reversible disulfide exchange reactions. The evolution from conventional carbon fiber reinforced
thermosetting composites (CFRPs) to disulfide-based epoxy-CAN polymer composites represents a paradigm shift
toward sustainable, high-performance materials. Recently, Teijin Ltd. has developed disulfide-based epoxy-CAN
CFRP (carbon fiber: IMS65; resin: DGEBA/4-APD/PES5003P (disulfide-based epoxy-CAN polymer)). In this
study, the mode-I and mode-II interlaminar fracture properties of the disulfide-based epoxy-CAN CFRP were
investigated. The mode-I and mode-II interlaminar fracture tests were conducted under static loading using a
double cantilever beam and end notched flexure specimens. The values of the mode-I and mode-II interlaminar
fracture toughness of the disulfide-based epoxy-CAN CFRP were 0.293 and 1.054 kN/m, which were higher than
those of conventional epoxy CFRP. The fracture surfaces of the disulfide-based epoxy-CAN CFRP were rougher
than those of conventional epoxy CFRP. These improvements are attributed to enhanced fiber bridging, plastic
deformation, and the dynamic disulfide exchange mechanism, which promote energy dissipation and interfacial
adhesion. Compared to conventional epoxy CFRPs, the novel composite exhibits superior delamination resis-
tance, recyclability, and potential for self-healing.

1. Introduction cannot be reshaped, repaired, or recycled. This characteristic presents

significant environmental and economic challenges [7].

Carbon fiber reinforced thermosetting composites (CFRPs) have been
widely used in the aerospace, automotive, and sports equipment in-
dustries due to their excellent mechanical strength, low density, thermal
stability, and chemical resistance [1,2]. Compared to thermoplastics
and traditional epoxy resins, CFRPs offer superior mechanical strength,
fatigue resistance, dimensional stability, and long-term durability
[3-5]. These composites generally utilize epoxy matrix, which form
permanent covalent crosslinked networks upon curing [6]. The struc-
tural integrity of the material renders it intractable, meaning that it

Conventional disposal methodologies, including incineration and
landfilling, have been observed to result in the inefficient use of valuable
carbon fibers and concomitant contributions to environmental degra-
dation [8]. Mechanical recycling frequently yields products of low value
due to fiber damage [9]. Conversely, thermo-chemical methods, though
more effective, are energy-intensive and may degrade fiber properties
[10].

To address these limitations, the concept of covalent adaptable
network (CAN) polymers emerged, enabling dynamic bond exchange
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reactions within thermoset matrices [11], including vitrimers intro-
duced by Leibler et al. in 2011 [12,13] as a representative class. These
polymers undergo network rearrangement and material melt through
bond exchanging, imparting reprocessability, self-healing, and recycla-
bility. Consequently, they have gained significant attention as new
polymer materials class that bridge the gap between thermosets and
thermoplastics [14].

Compared to traditional epoxy resins, disulfide-based epoxy-CAN
polymers offer improved recyclability, reprocessability, and self-healing
capabilities due to their dynamic covalent bond exchange. While
traditional epoxies form permanent networks, disulfide-based systems
allow for network rearrangement under thermal stimuli, enabling
closed-loop material lifecycles. Advances have focused on disulfide-
based epoxy-CAN polymer systems, which leverage reversible disul-
fide exchange reactions [15]. These systems offer several advantages:
rapid stress relaxation, efficient degradation, and robust mechanical
performance due to the aromatic disulfide structure [15]. For instance,
Zhang et al. developed a disulfide-based epoxy-CAN polymer composite
using glycerol triglycidyl ether and 4,4-diaminodiphenyl disulfide,
achieving stress relaxation within 14 s at 180 °C and complete resin
degradation in 5 h [16]. This enabled effective recovery of carbon fibers
with minimal loss in mechanical integrity. Moreover, these
disulfide-based epoxy-CAN polymer composites demonstrate shape
memory behavior, self-healing capabilities, and closed-loop recycla-
bility, making them ideal candidates for sustainable high-performance
applications [14,17]. The integration of carbon fibers into
disulfide-based epoxy-CAN polymer matrices not only enhances me-
chanical properties but also introduces multifunctionality, such as
electrical conductivity and thermal responsiveness [18]. The evolution
from conventional CFRPs to disulfide-based epoxy-CAN polymer com-
posites represents a paradigm shift toward sustainable,
high-performance materials. These innovations address critical chal-
lenges in composite recycling and repair, paving the way for circular
material economies in advanced engineering sectors.

Recently, Teijin Ltd. have developed carbon fiber reinforced
disulfide-based epoxy-CAN polymer composites, demonstrating signifi-
cant potential for sustainable material solutions. These composites
exhibit enhanced recyclability and self-healing capabilities, making
them suitable for next-generation structural applications. However,
despite their promising features, the interlaminar fracture toughness—a
critical parameter for evaluating delamination resistance and structural
reliability—has not been sufficiently characterized. This study focuses
on interlaminar fracture toughness because delamination is a critical
failure mode in laminated composites. Understanding and improving
this property is essential for ensuring structural reliability in high-
performance applications.

Interlaminar fracture toughness has been shown to play a significant
role in the damage propagation of CFRPs. As a result, a considerable
body of research has been dedicated to developing methods for esti-
mating it for mode-I [19,20], mode-II [20,21], and mixed modes [22].
Furthermore, previous attempts to enhance the interlaminar fracture
toughness of CFRP laminates have resulted in a variety of useful out-
comes. Previous studies on epoxy-dicarboxylic acid vitrimer composites
have shown that interlaminar fracture toughness can be significantly
improved compared to conventional epoxy systems [23]. For instance,
mode I fracture energies of vitrimer laminates were found to be up to
twice as high as those of standard epoxy laminates, indicating superior
interfacial adhesion and damage tolerance [24].

Nevertheless, the specific interlaminar fracture behavior of Teijin’s
disulfide-based epoxy-CAN polymer composites remains unexplored.
Understanding this property is essential for validating their applicability
in demanding structural environments and for guiding future material
design and optimization.

In the present work, the mode-I and mode-II interlaminar fracture
properties of carbon fiber reinforced disulfide-based epoxy-CAN poly-
mer composites developed by Teijin Ltd. were investigated. Through
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systematic mechanical testing and fracture surface analysis, this
research seeks to elucidate the delamination resistance of these novel
materials and contribute to the broader development of recyclable and
high-performance composite systems. This study is the first to system-
atically investigate the interlaminar fracture toughness of CFRPs rein-
forced with disulfide-based epoxy-CAN polymers, which are emerging as
promising candidates for recyclable and self-healing structural
composites.

2. Experimental procedure
2.1. Materials

The CFRP laminate was produced using a unidirectional CFRP pre-
impregnated material (prepreg) consisting of IMS65 (24 K) as the high
strength (tensile strength of 6 GPa, tensile modulus of 290 GPa) poly-
acrylonitrile (PAN)-based carbon fiber (Teijin Ltd., Tokyo, Japan,) and
bisphenol A diglycidyl ether (DGEBA: jER828, Mitsubishi Chemical
Corp., Tokyo, Japan)/4-aminophenyl disulfide (4-APD, Merck KGaA
(Sigma-Aldrich), Tokyo, Japan)-based epoxy-CAN polymer as the resin,
described as SDC1-09. The disulfide-based epoxy-CAN resin used in the
prepreg was subjected to the same curing cycle (180 °C for 2 h) as the
composite laminate to ensure consistent thermal history and compara-
bility. The dynamic bond exchange reaction within this disulfide-based
epoxy-CAN is shown in Fig. 1(a). In the DGEBA/4-APD epoxy-CAN
polymer system, the dynamic exchange is primarily driven by disulfide
bond metathesis, which enables the rearrangement of the crosslinked
network under thermal stimuli [25]. A hydroxyl (OH)-terminated pol-
yether sulfone (PES5003P, Sumitomo Chemical Co. Ltd., Tokyo, Japan)
was used as the toughener. The mixing ratio is 54.8: 17.9: 27.4 (DGEBA:
4-APD: PES5003P) by weight. The CFRP prepreg, supplied by Teijin
Ltd., Tokyo, Japan, had a nominal thickness of 0.185 mm, a fiber areal
weight of 190 g/m? and a resin content of 35 %; all the sheets were
manufactured via conventional prepreg technology.

The CFRP laminate was also produced using a conventional epoxy
unidirectional CFRP prepreg, supplied by Teijin Ltd., Tokyo, Japan,
consisting of IMS65 carbon fiber and Q-11NB 130 °C-cured type epoxy
as a comparison.

2.2. Specimen preparation

Fig. 1(b) shows the schematic representation of CFRP specimen
preparation procedure. The CFRP prepreg sheets were trimmed to the
requisite dimensions and fiber orientation. The sheets were then placed
on a vacuum molding board. CFRP laminates were fabricated through
the hand lay-up, with caul plate, and vacuum bagging technique (non-
bleeder). The fiber and layer orientation of the composites was set to
[0]16, and the fiber volume fraction was 57.6 vol%. This value is within
the typical range (55-65 %) for aerospace-grade unidirectional CFRPs
[3]. The curing conditions (180 °C, 2 h, 0.49 MPa) were selected based
on the prepreg manufacturer’s recommendations and prior optimization
studies to ensure complete crosslinking and optimal mechanical per-
formance. The prepreg sheets were pressed at 0.490 MPa and cured at
180 °C for 2h with a heating rate of 2 °C/min, a cooling rate of
2.5 °C/min (Q-11NB: 0.4 MPa, 130 °C for 2 h) in an autoclave (ACA
Series, Ashida Mfg. Co., Ltd., Nara, Japan). The initial crack observed in
the middle plane of these CFRP laminates was formed during the
stacking process by the insertion of an ethylene tetrafluoroethylene
release film (thickness of 25 pm; A4000R Red Release Film, Airtech
International, Inc., Huntington Beach, United State).

2.3. Interlaminar fracture testing
The orientation of the fiber axis was aligned in accordance with the

longitudinal direction of the test specimens, thereby defining a 0° di-
rection for the specimen. All tests were conducted in a controlled
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Fig. 1. Materials and specimens. (a) Dynamic bond exchange reaction within this disulfide-based epoxy-CAN polymer, (b) Schematic representation of CFRP
specimen preparation procedure, (c) Double cantilever beam (DCB), and (d) End-notch flexure (ENF) specimens.

laboratory environment, with temperature maintained at 23 + 3 °C and
relative humidity set at 50 + 5 %.

2.3.1. Mode-I interlaminar fracture property

To test the mode-I interlaminar fracture properties, double cantilever
beam (DCB) specimen was used [26,27], as shown in Fig. 1(c); this had a
length of 150 mm (initial delamination crack length (ag) of 27.5 mm), a
width of 25 mm, and a thickness of ~3 mm. The experimental procedure
was executed by employing a table-top universal testing machine
(EZ-LS, Shimadzu Corporation, Kyoto, Japan) equipped with a load cell
capacity of 5 kN. The specimen was placed into the testing machine by
means of a tensile jig. Prior to conducting the test, the pin that connected
them was pulled upward at a rate of 1 mm/min to create a naturally
shaped crack from the artificial pre-crack. The delamination crack
length was measured using a digital microscope (VHX-5000 and
VH-ZST, Keyence Corporation, Osaka, Japan). Subsequently, the load
was removed at a rate of 1 mm/min. The tensile jig was pulled upward at
a rate of 1 mm/min to estimate the compliance until a stable crack
formed. At that point, the crosshead was halted and held for a period of
2 min. As the crosshead was maintained in a fixed position, the crack
exhibited a gradual progression. Concurrently, the observed load un-
derwent a slight reduction, attaining the arrest load. The occurrence of
this time-dependent behavior was attributed to the formation of a stable
crack front, a phenomenon that served to mitigate the impact of resin
local plasticity and fiber bridging. This phenomenon was observed in
both specimens. Subsequent to the initial delamination crack length
measurement, the load was removed at a rate of 1 mm/min. Similar
loading/unloading cycles [20] were repeated until the delamination
crack length was reached more than 90 mm. Three specimens of each
CFRP type prepared were tested.

The fracture surfaces were observed with a high-resolution digital
microscope (VHX-8000 and VHX-7100, Keyence Corporation, Osaka,
Japan) and a high-resolution scanning electron microscopy (SEM) de-
vice (Quanta 200FEG, Thermo Fisher Scientific K.K., Tokyo, Japan) at an
operating voltage of 5 kV.

2.3.2. Mode-II interlaminar fracture property

To assess the mode-II interlaminar fracture properties, an end-notch
flexure (ENF) specimen was utilized [27,28], as depicted in Fig. 1(d).
This specimen possessed dimensions of 150 mm in length, with an ay
value of 10 mm, a width of 25 mm, and a thickness of approximately
3 mm. The test was conducted under three-point bending conditions,
with a span length of 100 mm. The apparatus utilized an XY stage,
supports with a radius of curvature of 3 mm, and a table-top universal

testing machine (Autograph, Shimadzu Corporation, Kyoto, Japan) with
a load cell capacity of 5 kN. The specimens were then positioned on the
supports, after which a load (with a radius of curvature of 6 mm) was
applied quasi-statically at a crosshead speed of 0.5 mm/min. Three
specimens of each CFRP type were prepared for testing.

The fracture surfaces were observed with a high-resolution digital
microscope (VHX-8000 and VHX-7100, Keyence Corporation) and a
high-resolution scanning electron microscopy (SEM) device (Quanta
200FEG, Thermo Fisher Scientific K.K., Tokyo, Japan) at an operating
voltage of 5 kV.

Mode-I fracture testing (DCB) evaluates crack propagation under
tensile opening (peel) mode, simulating delamination due to out-of-
plane tensile stresses. In contrast, mode-II testing (ENF) assesses shear-
driven crack propagation, representing in-plane sliding delamination.
These complementary tests provide a comprehensive understanding of
interlaminar toughness.

3. Results
3.1. Interlaminar fracture properties

3.1.1. Mode-I interlaminar fracture properties

Fig. 2(a) shows the load (P)-displacement (U) curves of the SDC1-09
disulfide-based epoxy-CAN polymer and Q-11NB conventional epoxy
CFRP DCB specimens. Representative curves from one of the three tested
specimens are shown for each material. For each loading/unloading
cycle, the load exhibited a near-linear relationship with the displace-
ment at the onset of loading, characterized as the linear deformation
region. However, the absolute values of the load varied among cycles. A
transition from linear to nonlinear deformation was observed as the
applied load increased, coinciding with the initiation of the crack. The
load reached its maximum at this point. Subsequently, the load
decreased gradually, resulting in an increased displacement as the crack
further propagated during the loading stage. When the crosshead was
held, the crack gradually grew and the observed load slightly decreased
and reached the arrest load, P, Finally, the load exhibited a linear
relationship with the displacement, indicating that the crack did not
propagate during the unloading stage. The compliance (C; = dU/dP) was
calculated, and the delamination crack length (a) was recorded. The
crack grew with an established zone of small (Q-11NB) and large
(SDC1-09)-scale fiber bridging. Load in SDC1-09 was higher than that
in Q-11NB. However, stick-slip behavior in SDC1-09 was lower than
that in Q-11NB. It was thought to be the effects of the fiber bridging and
toughener on crack growth behavior.
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Fig. 2. Mode-I interlaminar fracture properties of the SDC1-09 disulfide-based epoxy-CAN polymer and Q-11NB conventional epoxy CFRP DCB specimens. (a)(c)
Representative curves from one of the three tested specimens are shown for each material. (a) Typical load—displacement curves, (b) Relationship between cube root
of compliance and delamination crack length, (c) Relationship between mode-I interlaminar energy release rate and delamination crack length (R-curve), and (d)

Histograms of corresponding calculated mode-I interlaminar fracture toughness.

Fig. 2(b) illustrates the relationship between cube root of compliance
and a of the SDC1-09 and Q-11NB CFRP DCB specimens. The energy
release rate for mode-I interlaminar deformation of the DCB specimens
was derived from the established relationship between compliance and a
[26,27]. The deformation of the DCB specimens was thus modeled as a
cantilever beam with the same length as the crack. The compliance,
which encompasses local deformations such as deflection and rotation in
proximity to the crack tip, was delineated as follows [29]:

2 2
VC = ———a+—=y, 1)
1= VEBu" " VEB”

where B, E, and H are the width, elastic modulus, and thickness of the
adherends of the DCB specimens, respectively, and y is a constant, whose
value is 0.56 for isotropic materials [30].

The relationship between cube root of compliance and a was linear
for all the DCB specimens, as follows:

V/Ci =A1a+A;, 2

where A; and A, are experimental constants, obtained separately for
each DCB specimen, through a least-squares fitting procedure. Subse-
quently, the mode-I interlaminar energy release rate (Gy) was deter-
mined by referencing the experimental A; and A values.

The average A; and A, values were 0.00859 and 0.0537 (Q-11NB)
and 0.00825 and 0.0521 (SDC1-09), respectively. The average tensile
modulus, E were 137.6 and 163.7 GPa as obtained from tensile test. The
average width, B and thickness of adherends, H were 25 mm and
1.5 mm, respectively. Using Eq (1), A; and A, were estimated to be
0.00859 and 0.00746 (Q-11NB), and 0.00825 and 0.00704 (SDC1-09)

when the y was 0.56. The estimated A; was consistent with the experi-
mental value, while the estimated A exhibited a discrepancy from the
experimental value. This phenomenon appears to be attributable to the
impact of anisotropy on y. As indicated by the equations proposed by
Williams [30], y is predominantly influenced by the ratio of tensile
modulus, E, and shear modulus, G. When the estimated A, was fitted to
the experimental result, it was determined that y and G were 2.25
(Q-11NB) and 2.53 GPa (SDC1-09), respectively. It has been determined
that the predicted shear modulus is within an order of magnitude of that
of unidirectional CFRPs.

The compliance calibration for DCB specimens initially used the
isotropic correction factor (y = 0.56). However, discrepancies in the A
parameter suggested anisotropic effects. We empirically adjusted y
based on the experimental data, and the derived shear modulus values
were consistent with typical unidirectional CFRP properties, as pre-
dicted by Williams” model.

The relationship between compliance and a was articulated by the
following cubic formula:

Cr=A%a® +3A,%A,a% + 3A,A5%a + A° 3)

The mode-I interlaminar energy release rate (Gy) of the CFRP speci-
mens was calculated using the following equation:

_P2dC, P
" 2Bda 2B
Fig. 2(c) displays the relationship between G; and a (R-curve) for the
SDC1-09 and Q-11NB CFRP DCB specimens. For each loading/unload-
ing cycle, G; was almost constant with respect to a. The slope of the R-
curve for SDC1-09 was steeper than that of Q-11NB, indicating a more

(3A1°a® + 6A1°Ara + 3A1A5%). Q)

1



K. Naito et al.

extensive fiber bridging zone and higher resistance to crack propaga-
tion, as shown in below discussion section. The mode-I interlaminar
fracture toughness (Gyc) of the CFRP specimens by the arrest load, Py, is
defined as

P 2
Gie =5 (3A:%a® + 6A1%Aza + 3A1A,°) 5)

The Gjc was defined as the average Gic (Gic.ave) Of the observed step
of a.

Fig. 2(d) presents the histograms of corresponding calculated inter-
laminar fracture toughness, Gic of the SDC1-09 and Q-11NB CFRP
specimens. The SDC1-09 showed a Gi¢ of 0.293 + 0.0095 kN/m, which
was 1.7 times higher than that of Q-11NB (Gyc of 0.165 + 0.0100 kN/
m), demonstrating the effect of the higher fiber-bridging and toughener
on the interlaminar fracture toughness [24,31].

Although only three specimens were tested per condition, the results
showed consistent trends. Further testing with larger sample sizes will
be conducted in future work to improve statistical significance.

3.1.2. Mode-II interlaminar fracture properties

Fig. 3(a) shows the relationship between load (P) and defection (5) at
the central loading point of the SDC1-09 and Q-11NB CFRP ENF spec-
imens. Representative curves from one of the three tested specimens are
shown for each material.

The load exhibited a nearly linear relationship with the deflection
during the initial loading phase, which corresponded to the linear
deformation region. A transition from linear to nonlinear deformation
was observed as the applied load increased, coinciding with the initia-
tion of the crack. The load subsequently reached its maximum. Subse-
quently, the load exhibited a precipitous decline as the crack propagated
to the central loading point. The energy release rate for the mode-II
interlaminar deformation of the ENF specimens was expressed as fol-
lows [27,28]:

9a,%P*Cpy

G = 2B(2L® 1 30,9)

©

where a; and Cp;; denote the estimated delamination crack length and
compliance at the maximum load point, respectively. The variable B
corresponds to the width of the ENF specimen, while L signifies the
distance from the maximum load point to the supported point. The a;
value was calculated as [27]

1

Cm 3 2(C111 )3}§

a = | a +o (213, )
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where Cyyg is defined as the initial compliance at the loading point for the
linear deformation region. Cyjp and Cyjj represent experimental constants
that are obtained separately for each ENF specimen. The mode-II
interlaminar fracture toughness (Gyc) of the CFRP specimens was
defined as that which corresponded to the maximum Gy;.

Fig. 3(b) illustrates the histograms of corresponding calculated
interlaminar fracture toughness, Gy of the SDC1-09 and Q-11NB CFRP
ENF specimens. The SDC1-09 showed a Gy of 1.054 + 0.045 kN/m,
which was 1.2 times higher than that of Q-11NB (Gyyc of 0.852 + 0.065
kN/m), demonstrating the effect of the higher fiber-bridging and
toughener on the interlaminar fracture toughness [31]. Although the
Q-11NB specimens exhibited higher initial load values in Fig. 3(a), this is
attributed to their higher initial stiffness. However, the SDC1-09 spec-
imens demonstrated greater energy dissipation during crack propaga-
tion, resulting in higher overall fracture toughness as shown in Fig. 3(b).

Although only three specimens were tested per condition, the results
showed consistent trends. Further testing with larger sample sizes will
be conducted in future work to improve statistical significance.

4. Discussion

To understand the mechanisms behind the enhanced fracture
toughness observed in the disulfide-based epoxy-CAN CFRP, we
analyzed the interfacial bonding behavior and the molecular charac-
teristics of the resin matrix.

Fig. 4(a) displays the relationship between Gic and Gyyc, including the
Gic and Gyyc values in various thermoset unidirectional CFRP (IMS60
PAN-based/180 °C-cured type epoxy, T300 PAN-based/180 °C-cured
type epoxy, T700SC PAN-based/130 °C-cured type epoxy, T800SC PAN-
based/180 °C-cured type epoxy, M60JB PAN-based/cyanate ester, and
K13C pitch-based/cyanate ester), showing that the almost former
increased along with the latter [20]. However, no clear relation could be
demonstrated in the Gjc and Gyc values.

Fig. 4(b) illustrates the relationship between Gic+Gyc and Grc-Gic,
incorporating the Gjc+Gyc and Gyc-Gic values in various thermoset
unidirectional CFRP, demonstrating that the former increased concom-
itantly with the latter, thereby exhibiting an almost linear relationship
[32].

The superior fracture toughness of the SDC1-09 composite can be
attributed to the dynamic nature of the disulfide-based epoxy-CAN
matrix. The reversible disulfide exchange reactions facilitate stress
relaxation and network rearrangement under loading, which promotes
localized plastic deformation around the crack tip. This behavior en-
hances energy dissipation during crack propagation. Furthermore, the
dynamic covalent bonds improve interfacial adhesion between the
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Fig. 3. Mode-II interlaminar fracture properties of the SDC1-09 and Q-11NB CFRP ENF specimens. (a) Relationship between load and defection at the central loading
point. Representative curves from one of the three tested specimens are shown for each material, and (b) Histograms of corresponding calculated mode-II inter-

laminar fracture toughness.
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carbon fibers and the matrix, as evidenced by the rougher fracture features indicate strong interfacial bonding and a larger plastic zone,
surfaces and extensive fiber bridging observed in SEM images. These both of which contribute to improved crack resistance.
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Fig. 5. Digital micrographs (DM), three-dimensional views of the corresponding to the digital micrograph images (3D-DM), and SEM micrographs (SEM) of the
mode-I interlaminar fracture surfaces of the SDC1-09 and Q-11NB CFRP DCB specimens. Red arrows indicate fiber bridging at the bundle level. (a) DM, SDC1-09, (b)
DM, Q-11NB, (¢) 3D-DM, SDC1-09, (d) 3D-DM, Q-11NB, (e) SEM, SDC1-09, and (f) SEM, Q-11NB.
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The observed relationship between Gjc and Gy, and linear rela-
tionship between Gic+Gyc and Gyc-Gic are likely due to the shared
toughening mechanisms—namely, fiber bridging and matrix plastic
deformation—which contribute similarly to both opening and shear
fracture modes.

Fig. 5(a)(b) presents the digital micrographs and (c)(d) shows the
three-dimensional views of the corresponding to the digital micrograph
images (a)(b) of the mode-I interlaminar fracture surfaces of the
SDC1-09 and Q-11NB CFRP DCB specimens. The traces of fiber bridging
[33] were observed in both specimens. At the SDC1-09 specimen, larger
fiber bridging was also observed, as indicated by the red arrows in Fig. 5.
This larger fiber bridging is characterized by its occurrence at the bundle
level.

Fig. 5(c)(d) presents the SEM micrographs of the mode-I interlaminar
fracture surfaces of the SDC1-09 and Q-11NB CFRP DCB specimens. The
fracture surfaces of the SDC1-09 specimens exhibited a greater degree of
roughness compared to those of the Q-11NB specimens.

The fiber bridging exhibited a greater magnitude at the SDC1-09
specimen in comparison with the Q-11NB specimen (see Fig. 5(a)(b)(c)
(d)). This larger fiber bridging most likely formed prior to the delami-
nation cracking that occurred due to an early resin yielding around the
crack tip [34], although the appropriate fiber bridging formed before the
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delamination cracking that occurred due to an early resin yielding in the
Q-11NB specimen. As the plastic yield increased, microscopic damage
accumulated at the wider areas on both sides of the delamination crack.
When the delamination crack propagates into a large area of plastic
yielding and damage previously formed ahead of it, there is an increase
in fiber bridging, along with the degree of plastic deformation/damage
and the size of yielding/damaged zone [35]. Consequently, the fracture
surfaces exhibited a roughened texture, as illustrated in Fig. 5(e)(e). In
the specimen designated Q-11NB, the delamination crack exhibited a
propagation pattern that did not extend to the resin but rather to the
interface between the carbon fiber and the resin, as illustrated in Fig. 5
(f). Consequently, the degree of plastic deformation/damage and the
size of the yielding/damaged zone, as well as the extent of fiber
bridging, were smaller than those of the SDC1-09 specimen. Conse-
quently, the fracture surfaces exhibited a smooth appearance (see Fig. 5
(d)(f)). The mode-I fracture toughness trend exhibited a strong depen-
dence on the degree of plastic deformation zone, as evidenced by the
increasing trend in mode-I fracture toughness of the SDC1-09 DCB
specimens.

Fig. 6(a)(b) presents the digital micrographs and (c)(d) shows the
three-dimensional views of the corresponding to the digital micrograph
images (a)(b) of the mode-II interlaminar fracture surfaces of the

Fig. 6. Digital micrographs (DM), three-dimensional views of the corresponding to the digital micrograph images (3D-DM), and SEM micrographs (SEM) of the
mode-1I interlaminar fracture surfaces of the SDC1-09 and Q-11NB CFRP DCB specimens. Red arrows indicate fiber bridging at the bundle level. (a) DM, SDC1-09,
(b) DM, Q-11NB, (c) 3D-DM, SDC1-09, (d) 3D-DM, Q-11NB, (e) SEM, SDC1-09, and (f) SEM, Q-11NB.
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SDC1-09 and Q-11NB CFRP ENF specimens. The presence of a hackle-
like fracture feature [36] was observed in both specimens, as shown in
Fig. 6(e)(f). In addition, at the SDC1-09 specimen, larger fiber bridging
was identified at the bundled level, as illustrated by the red arrows in
Fig. 6.

As illustrated in Fig. 6(e)(f), the SEM micrographs reveal the mode-II
interlaminar fracture surfaces for both SDC1-09 and Q-11NB CFRP ENF
specimens. The fracture surfaces of the SDC1-09 specimens exhibited a
greater degree of roughness in comparison to those of the Q-11NB
specimens.

At the SDC1-09 specimen, ductile hackle pattern was observed. It is
hypothesized that ductle hackle was likely formed prior to the onset of
delamination cracking, a phenomenon attributed to early resin yielding
around the crack tip [37]. As the plastic yield increased, microscopic
damage accumulated at the broader regions on both sides of the
delamination crack. This phenomenon also occurred in the DCB speci-
mens, along with yielding and microscopic damage [38]. The mode-II
fracture toughness trend exhibited a strong dependence on the degree
of plastic deformation zone, as evidenced by the increasing trend in
mode-II fracture toughness of the SDC1-09 ENF specimens.

Quantitative analysis of the fracture surfaces revealed that the
average fiber bridging lengths in SDC1-09 were approximately 150 pm
(mode-I in Fig. 5) and 100 pm (mode-II in Fig. 6), compared to 80 pm
(mode-Iin Fig. 5) and 50 pm (mode-II in Fig. 6) in Q-11NB. The bridging
densities were also higher in SDC1-09.

The enhancing mechanisms for the mode-I and mode-II interlaminar
fracture toughness were found to be analogous, and a linear relationship
was observed between the two interlaminar fracture toughness types, as
illustrated in Fig. 4.

The results revealed that the Teijin’s disulfide-based epoxy-CAN
polymer composite exhibit enhanced delamination resistance, indi-
cating improved structural reliability. Fracture surface analysis further
confirmed strong interfacial adhesion and energy dissipation mecha-
nisms, contributing to the material’s superior damage tolerance. The key
innovation lies in the integration of disulfide-based epoxy-CAN polymer
chemistry into CFRP systems. By leveraging reversible disulfide ex-
change reactions, these composites demonstrate: reprocessability and
recyclability without significant degradation of fiber or matrix proper-
ties, self-healing capabilities through dynamic covalent bond rear-
rangement, shape memory behavior and thermal responsiveness,
enhancing multi-functionality. This represents a paradigm shift from
traditional, intractable thermoset composites to adaptive, sustainable
materials with closed-loop lifecycle potential. The disulfide-based
epoxy-CAN CFRPs are highly suitable for next-generation structural
applications in: Aerospace and automotive industries, where light-
weight, durable, and repairable materials are critical, sports equipment,
benefiting from the material’s toughness and recyclability, sustainable
engineering systems, supporting circular economy goals through mate-
rial reuse and reduced environmental impact. The improved interlam-
inar fracture toughness further validates their use in high-performance,
load-bearing components where delamination resistance is essential.

Although this study focuses on fracture behavior, future work will
investigate the self-healing and reprocessability features of the disulfide-
based epoxy-CAN matrix to directly demonstrate its adaptive
functionality.

5. Conclusions

This study presents the first comprehensive evaluation of interlam-
inar fracture toughness in disulfide-based epoxy-CAN CFRPs. The mode-
I and mode-II interlaminar fracture properties of unidirectional, high
strength PAN-based carbon fiber and disulfide-based epoxy-CAN CFRP
were investigated. The results are summarized below.

Materials Today Communications 51 (2026) 114737

1) The disulfide-based epoxy-CAN CFRP exhibited significantly higher
mode-I and mode-II interlaminar fracture toughness compared to
conventional epoxy CFRP.

2) The enhanced toughness is attributed to fiber bridging, plastic
deformation, and dynamic disulfide bond exchange.

3) The mode-II interlaminar fracture toughness increased along with
the mode-I one, and the addition of mode-I and mode-II interlaminar
fracture toughness increased along with subtraction one, revealing a
linear relationship between them.

4) Fracture surface analysis revealed rougher textures and larger
bridging zones in the disulfide-based system.

5) These findings support the potential of disulfide-based epoxy-CAN
CFRPs for sustainable, high-performance structural applications,
including aerospace, automotive, and recyclable engineering
systems.
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