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Abstract

Using epoxy-terminated hyperbranched polymer (E-HBP) to modify epoxy resin (EP) is an effective way to improve the
toughness of EP. In the present study, two different epoxy resin systems with E-HBP are researched: a commercial diglycidyl
ether bisphenol A (DGEBA) resin with anhydride as curing agent and a tetraglycidyl diaminodiphenyl methane (TGDDM) resin
with diamine as curing agent. Characterization results show that the addition of E-HBP could improve the mechanical properties
of the two epoxy resin systems, such as tensile strength, elongation, and modulus of elasticity. Meanwhile, the glass transition
temperature (1) of the two systems does not decrease. However, the morphology of the tensile fracture surfaces of the two
modified systems shows different behaviors. Significant plastic deformation could be observed in the fracture surfaces of the
modified DGEBA/anhydride system, and particle cavitations are clearly shown in the fracture surfaces of the modified TGDDM/
diamine systems. The analysis of the tensile fracture surfaces suggests that firstly E-HBP participates in the curing process of the
modified resin systems, followed by the chemical-induced phase separation; finally, a gradient transition interface layer (GTIL) is
formed. Apart from these, during the external loading process, the mechanical behaviors (deformation or cavitation) of the
separated E-HBP particles in the modified epoxy resins are affected by the properties of the epoxy matrix itself.
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1 Introduction in coatings, adhesives, molding compounds, and polymer
composites. Epoxy resins are a kind of thermosetting ma-
terial, while the application is often limited by the tough-
ness properties which include impact resistance, fatigue
behavior, damage tolerance, etc. Therefore, tougheners
are often used in many epoxy resins, such as
carboxyl-terminated butadiene acrylonitrile (CTBN), ther-
moplastic polymers, inorganic nanoparticles, etc. [1-4].
However, these approaches may seriously affect the mod-
ulus and thermal properties of the epoxy resins, while the
toughness moderately increases. So, finding new
tougheners with fine thermo-mechanical properties and
good processing property is still a main task in the devel-
opment of epoxy resins.

E-HBPs (epoxy-functionalized hyperbranched polymers)

Most of epoxy resins have superior mechanical properties
and excellent processibility, so that they are widely used
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been proven to be a kind of relatively efficient toughener for
epoxy resins [6], which attracted widespread attention in the
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toughening mechanisms of E-HBP-modified epoxy resins.
The controlled chemically induced phase separation (CIPS),
which has been reported elsewhere, is considered to be the key
mechanism, significantly affecting the morphology of
E-HBP-modified epoxy resins [7-9]. The other toughening
mechanism observed in epoxy resins toughened by E-HBP
is particle cavitation [10, 11], which needs CIPS to get the
particles. Under the load conditions, the particles formed in
the CIPS process can induce large stress concentrations,
which lead to extensive shear deformation and a high energy
absorption, thereby improving the toughness of the materials.
Tests on E-HBP-toughened DGEBA-IPD (isophorone di-
amine) resin systems can clearly show the cavitated particles
and extensive shear which is in the form of shear bands ema-
nating from the cavitated particles [12]. However, whether the
particle cavitation is necessary or not for the toughening
mechanism in E-HBP-toughened epoxy resins is still unex-
plained, and the influencing factors of particle cavitation are
not studied until now.

Based on commercial diglycidyl ether bisphenol A
(DGEBA) resin with anhydride as curing agent system
and tetraglycidyl diaminodiphenyl methane (TGDDM)
resin with diamine as curing agent system, the mechanical
behaviors of the phase separated particles in
E-HBP-toughened epoxy resins and the influencing fac-
tors causing particle cavitation were studied in this paper.

2 Experiment
2.1 Materials

Diglycidyl ether bisphenol A (DGEBA, the epoxy equiv-
alent weight of it is 196.1 g/equivalent) (E-51, Jiangsu
Sanmu Chemical Co. Ltd., China), with methyl
tetrahydrophthalic anhydride (MeTHPA, Zhejiang
Qingming Chemical Co. Ltd., China) used as the
cross-linking agent, was selected as one thermosetting
resin. This resin had a glass transition temperature of
103.76 °C and a Young’s modulus of 2.74 GPa after
cure. Tetraglycidyl diaminodiphenyl methane (TGDDM,
Shanghai Institute of Synthetic Resins, China), with
diaminodiphenyl sulfone (DDS, Shanghai Institute of
Synthetic Resins, China) used as the cross-linking agent,
was selected as the other thermosetting resin. This resin
had a glass transition temperature of 196.6 °C and a
Young’s modulus of 3.75 GPa after cure. The molecular
structures of the above materials are all shown in Fig. 1.

A 3-generation epoxy-functionalized hyperbranched
polyester was synthesized with dimethylolpropionic acid
(DMPA) as monomer, trimethylolpropane (TMP) as ini-
tiator and epichlorohydrin as epoxidation reagent accord-
ing to the patent of Petterson [13]. The synthesis diagram

of the ideal structure of 3-generation E-HBP is shown in
Fig. 2. This synthesized product was used as E-HBP
modifier, with concentrations of 5, 10, and 20 parts per
hundred parts of resin (phr). The epoxy equivalent
weight (EEW, HBP molecular weight divided by the
number of epoxy groups grafted onto its shell) of syn-
thesized 3-generation E-HBP was 327 g/equivalent, as
obtained directly by titration [14].

In order to compare with the traditional modification
methods, a carboxyl-terminated butadiene acrylonitrile rub-
ber (CTBN, Lanzhou Petrochemical Co., China) with acry-
lonitrile content 0f 25% and molecular weight of 2500 and a
poly(ether sulfones) (PES, BASF Corp., Germany) were
used as the modifiers to prepare the modified DGEBA/
MeTHPA resins and TGDDM/DDS resins, respectively.

2.2 Procedures

The samples of DGEBA/MeTHPA resins containing
E-HBP were prepared by direct mixing of DGEBA,
MeTHPA, and E-HBP according to the equivalent stoi-
chiometric ratio of anhydride-to-epoxy groups, and then
degassed for 10 min before being poured into a
preheated mold, followed by being cured at 120 °C for
3 h and post-cured for 1 h at 160 °C. In the preparation
of samples of TGDDM/DDS resins containing E-HBP, a
stoichiometric DDS dissolved in acetone was added to
TGDDM under stirring and heating until a homogeneous
and clear solution was obtained. The acetone was then
removed under reduced pressure, and E-HBP was added
under stirring conditions until a homogeneous solution
was obtained. The mixture was degassed for 15 min,
and then poured into a preheated mold, followed by be-
ing cured for 4 h at 150 °C and post-cured at 220 °C for
1 h. They were then all allowed to cool to room temper-
ature gradually. The stoichiometric ratios of
amine-to-epoxy groups were equivalent in all samples
in order to achieve 100% conversion.

The samples of DGEBA/MeTHPA resins and TGDDM/
DDS resins, modified by CTBN and PES, respectively,
were also prepared according to the above procedures, just
replacing E-HPB with CTBN and PES. Because of the
high melting temperature of PES, it was dissolved in di-
chloromethane first and then added into the epoxy resins.

Infrared spectroscopy (FTIR) used the Nicolet 6700
Fourier transform infrared spectrometer (Thermo Scientific,
USA). The wave number range is 400~4000 cm . The glass
transition temperature of the epoxy systems was determined
by the DSC method, and the apparatus was a TA-60WS dif-
ferential scanning calorimeter manufactured by Shimadzu
Corp. (Japan). The mechanical properties, including Young’s
modulus, of the samples were measured by standard tensile
tests by using a universal material testing system of type
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Fig. 1 Molecular structures of the
materials used in this paper
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AGS-J produced by Shimadzu Corp. (Japan) at a crosshead
displacement rate of 2 mm/min. Scanning electron microsco-
py (SEM, Hitachi S-4800, Japan) was used for morphological
characterization of the samples. Transmission electron micros-
copy (TEM, Hitachi HE-800, Japan) was used for phase struc-
ture characterization of the cured, frozen, sectioned samples
stained by osmium tetroxide (OsOy).

In order to clearly observe the phase structure, a meth-
od of chemical etching was used as well. The etching
agent was a 60 wt% aqueous solution of sulfuric acid.
Before chemical etching, the cured epoxy samples were
placed into liquid nitrogen for several minutes and broken
quickly, and then the etching agent was coated on the
fracture surfaces and allowed to stand for 24 h. After that,
the etched surface was rinsed with distilled water.

H,S0,

- 140C

Fig. 2 Synthesis diagram of the ideal 3-generation E-HBP
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3 Results and discussion
3.1 FTIR and T, analysis of E-HBP

Figure 3 shows the FTIR spectra of aliphatic hyperbranched
polyester (HBPE) and epoxy-terminated hyperbranched poly-
ester (E-HBP). It is found that the characteristic absorption
peaks of epoxy groups appeared at 910 and 847 cm ' in the
E-HBP spectrum but did not appear in the spectrum of HBPE,
indicating that a hyperbranched polyester with epoxy groups
at the end is obtained. The appearance of a hydroxyl peak at
3450 cm ! in the E-HBP spectrum is because the space hin-
drance effect causes the hydroxyl group not to be completely
replaced, yet the intensity of the hydroxyl peak is significantly
lower than that of the HBPE system.
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The glass transformation temperatures (7g/°C) of different
curing systems are shown in Fig. 4, and the changes of T, with
different E-HBP contents are shown in Table 1.

Due to the different chemical nature of the hydroxyl
and epoxy groups, different tougheners have different ef-
fects on the structure of a cross-linked network after par-
ticipating in the curing reaction of the resin matrix. The
addition of CTBN and PES may reduce the cross-link
density of the network and introduce more flexible seg-
ments relatively [15-17], while the addition of E-HBP
may take an effect in increasing the cross-linking density
and thus have a higher glass transition temperature, as is
shown in Fig. 4 and Table 1.

3.2 Mechanical properties of E-HBP-modified epoxy
resins

The stress-strain curves of the two epoxy resins are
shown in Fig. 5, and the effects of E-HBP on the
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Fig. 4 T, of the two curing systems with different E-HBP contents
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tensile properties of the two epoxy resins are shown in
Table 2, including tensile strength, elongation, and
Young’s modulus. They indicate that the tensile proper-
ties are improved significantly by the addition of
E-HBP. At a high content of 20 phr, the elongation of
the two epoxy resins still increased while tensile
strength and Young’s modulus decreased. It can be un-
derstood from two main aspects. Firstly, the higher the
content of E-HBP, the more E-HBP dissolved in the
continuous phase of the epoxy matrix, thence the capa-
bility of the matrix to undergo plastic deformation is
improved since E-HBP cured with a hardener has been
characterized by a rubbery behavior [18]. Secondly, dur-
ing the phase separations, a high content of E-HBP
could cause massive particle coalescence of E-HBP
[19]. That would be expected to be harmful to the con-
tinuity of the epoxy matrix phase and cause the decreas-
ing of tensile strength and Young’s modulus, which are
still higher than those of the non-E-HBP content.
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Table1 The 7, of E-HBP modified epoxy resins with different contents However, as is shown in Table 3, the toughness effects
Epoxy resin systems Content of E-HBP/phr T/C of E-HBP seem to be more.effective th'fm.those of PES
and CTBN because of special characteristics of E-HBP.
DGEBA/MeTHPA 103.76 ~ With multiple epoxy functionality and good miscibility
5 10501  between E-HBP and the epoxy matrix, E-HBP can partic-
10 10296  ipate in the curing reaction and increase the cross-linking
20 10143 density of epoxy systems, which can increase the strength

TGDDM/DDS 0 196.60  and modulus simultaneously.
5 220.82 The tensile fracture surface of the TGDDM/DDS system
10 229.71 is different from that of the DGEBA/MeTHPA system.
20 24137 After the additions of the E-HBP modifier, fracture sur-

3.3 SEM analysis of fracture surfaces

With the addition of E-HBP, the tensile fracture surfaces
of the two epoxy resins were different, as is shown in
Figs. 6 and 7. For the DGEBA-MeTHPA resins, the ten-
sile fracture surfaces become rougher after the addition of
E-HBP (comparison between Fig. 6a, ¢, corresponding to
the plastic deformation of the epoxy matrix phase).
Compared with Fig. 6b and d shows several divergent
crack propagation regions with relatively smooth areas
close to the centers of initiation regions. On the lines of
crack propagation, many protrusions (identified by arrows
in Fig. 6d) with a gradual increase in their numbers and
sizes can be clearly observed. These protrusions were
formed in the process of tensile fracture and caused by
the addition of E-HBP which induced the deformation of
the epoxy matrix. Moreover, it should be noted that no
obvious particle cavitations were observed in the fracture
surface. These indicate that the toughening mechanisms of
E-HBP in DGEBA/anhydride epoxy resins should be the
particle deformation, which is similar with epoxy resins
toughened by rubber materials and thermoplastics.
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faces with many cavities are formed which indicates that
particle cavitation of E-HBP (Fig. 7d) occurs in the
TGDDM/diamine systems during the fracture process.
From Fig. 7d, e, it can be seen that most of cavities exist
on or close to the crack propagation lines, and the sizes of
the cavities are about 1 to 1.5 um. In E-HBP-modified
epoxy systems, the cavities were particles which have been
fully cavitated, i.e., a void has grown within the particles
during the process of particle deformations [10]. The pro-
cess of particle cavitations can absorb the energy of exter-
nal load, and the cavitated particles on the propagation
lines (as is shown in Fig. 7e) can also play a role in
preventing crack propagations. These should be the main
reasons for the improvement of the fracture toughness of
E-HPB-modified TGDDM/diamine epoxy resins.

3.4 The phase structure after CIPS

Epoxy groups on the E-HBP shell are expected to increase
the initial solubility of E-HBP in the epoxy resins. The
magnitude of this effect can be seen from the comparison
between E-HBP and epoxy resins in the solubility param-
eters. By using the group contribution approach [20], the
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Fig. 5 Stress-strain (o-¢) curves of the two curing systems with different E-HBP contents
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Table2  The mechanical properties of E-HBP-, CTBN-, and PES-modified epoxy resins
Epoxy resin systems Content of E-HBP/phr Tensile strength/MPa Tensile elongation/% Young’s modulus/GPa
DGEBA/MeTHPA 63.60 3.25 2.74
82.98 4.65 3.18
10 81.84 5.90 3.37
20 78.14 6.78 3.03
TGDDM/DDS 45.10 2.59 3.75
5 62.33 3.53 3.95
10 64.00 3.70 4.15
20 52.57 4.16 4.00
Epoxy resin systems Content of CTBN/phr Tensile strength/MPa Tensile elongation/% Young’s modulus/GPa
DGEBA/MeTHPA 20 66.27 4.71 1.81
TGDDM/DDS 20 40.70 3.65 2.19
Epoxy resin systems Content of PES/phr Tensile strength/MPa Tensile elongation/% Young’s modulus/GPa
DGEBA/MeTHPA 20 79.5 3.63 2.80
TGDDM/DDS 20 54.12 2.89 3.81

calculated solubility parameters of E-HBP, epoxy matrix-
es, and the curing agents are shown in Table 3. It can be
found that the calculated solubility parameter of E-HBP
match well with those of DGEBA and MeTHPA, and is
close to those of TGDDM and DDS. This indicates that
E-HBP is more soluble in the DGEBA resin than in the
TGDDM resin. However, with increasing miscibility be-
tween E-HBP and the resins, the greater the solubility of
E-HBP in the epoxy resins, the smaller the expected size
of the separated phases [8, 11]. Figure 8 shows TEM
pictures of the fracture surfaces of the E-HBP-modified

Fig. 6 Tensile fracture surfaces of
pure DGEBA curing system and
E-HBP/DGEBA curing system
with content of 10 phr (a, b for
pure DGEBA; ¢, d for E-HBP/
DGEBA)

c(X100)

DGEBA/MeTHPA system and TGDDM/DDS system.
From the comparison between two pictures, it can be seen
that the sizes of the separated E-HBP particle phases in
the DGEBA/MeTHPA system are smaller than those in
the TGDDM/DDS system. In both systems, the bound-
aries between the separation phases and the matrix are
indistinct, especially in the DGEBA/MeTHPA system.
However, in the TGDDM/DDS system, the separated
phases are more spherical.

Figure 9 shows the fracture surfaces of the DGEBA/
MeTHPA systems with and without E-HBP after the

WD15.7mm 5.0kV x5.0k 10um

d(X5,000)
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Fig. 7 Tensile fracture surfaces of pure TGDDM curing system and E-HBP/TGDDM curing system with content of 10 phr (a, b for pure TGDDM; ¢, d,

e for E-HBP/TGDDM)

chemical etching. The main chains of E-HBP contain large
numbers of ester groups which can be hydrolyzed by a
strong acid. Thus, many etched holes could be seen in the
fracture surfaces of the DGEBA/MeTHPA system contain-
ing 10 wt% E-HBP. As is shown in Fig. 9b, the sizes of
these holes are not uniform, several to a dozen microns in
diameter, and most holes are not spherical. Furthermore,
the sizes of some holes are close to, even larger than, those
of the initiation sites shown in Fig. 6d.

Because of the random growth of branched chains, the
molecular shape of E-HBP is not like that of dendrites,
i.e., it is not spherical. Thus, not all of the termination
epoxy groups of E-HBP are in the outermost layers of
the molecules, and some termination epoxy groups could
be embedded in adjacent branched chains (as is shown in
Fig. 2). When these embedded epoxy groups participated
in the curing reaction, an interesting interface structure—
gradient transition interface layer (GTIL)—may be
formed between the separated E-HBP particles and the
epoxy matrix during both processes of the curing reaction
and the CIPS (Fig. 10). This led to the concentration of

Table 3 Calculated solubility parameters of E-HBP, DGEBA,
MeTHPA, TGDDM, and DDS

Materials E-HBP DGEBA MeTHPA  TGDDM  DDS

5/(J/em>)? 21.56 21.86 21.66 22.28 27.72

@ Springer

the DGEBA/MeTHPA resin increasing gradually from the
interior of separated E-HBP particles to the DGEBA/
MeTHPA matrix, and the phase interface also became
indistinct. During the process of chemical etching, all of
the molecules with ester groups including branched chains
of E-HBP in the interface layer and separated E-HBP
particles could be etched. These were the main reasons
for the larger size of some etched holes than the initiation
sites, as is shown in Fig. 6d.

Actually, in the fracture surface pictures of the
DGEBA/MeTHPA system (containing E-HBP), three
main different deformation zones can be identified,

lum - lum

b

Fig. 8 The TEM pictures of cured epoxy resins modified by E-HBP with
content of 10 phr (a for TGDDM/DDS system; b for DGEBA/MeTHPA
system)
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Fig. 9 Comparison of of tensile
fracture surfaces after chemical
etching (a blank; b DGEBA/
anhydride system containing E-
HBP with content of 10 phr; the
samples were put into liquid
nitrogen and became brittle and
fractured)

including the particle deformation zone, the transition lay-
er deformation zone, and the matrix deformation zone, as
is shown in Fig. 11. The particle deformation zone with
semi-diameter of 2 to 2.5 um is smooth, corresponding to
the deformation of the separated E-HBP particle phase,
and several cracks developed from the deformation center
can be observed. The transition layer deformation zone
surrounded the particle deformation zone, with the width
of which is about 2 pum. In this zone, under the load
condition, both the matrix and E-HBP phases would de-
form. Because of the concentration gradient of E-HBP
and different deformation sizes between the two phases,
the transition layer deformation zone gradually becomes
rough along the radial direction of separated particles.
Outside the transition layer deformation zone is the matrix
deformation zone, corresponding to the bulk deformation
of the epoxy matrix. Apart from the intrinsic nature of the
DGEBA/MeTHPA matrix, the deformation of the separat-
ed E-HBP particle phase is another reason which induces
a sufficient deformation of the matrix. From the features
of the fracture surfaces, it can also be seen that the exter-
nal load was transferred along the radial direction of sep-
arated E-HBP particles in the DGEBA/MeTHPA systems.

Due to the much higher modulus than that of the DGEBA/
MeTHPA resins, the TGDDM/DDS resins with different

Fig. 10 Schematic diagram of
GTIL structure

Epoxy matrix

WD15.6mm 5.0kv x1.0k 50um

E-HBP contents are not easy to deform under external load-
ing, and no significant GTIL structure could be observed on
the fracture surfaces except for fully cavitated E-HBP parti-
cles, as is shown in Fig. 7d. However, there are some other
circumstantial evidences which indicate the existence of the
GTIL structure in E-HBP-modified TGDDM/DDS resins. We
occasionally posted cured samples of the TGDDM/DDS sys-
tems containing E-HBP at a temperature higher than 300 °C
for 30 min, and then the cured samples were put into liquid
nitrogen, became brittle, and were fractured. The fracture sur-
face is shown in Fig. 12. Due to the better thermal stability of
the TGDDM/DDS resin matrix [21], many obvious holes can
be seen in the fractured surface as a result of thermal degra-
dation of separated E-HBP molecular chains. From Fig. 12, it
can be seen that the area, which was composed of numerous
holes, is not spherical and larger in size than that of the sepa-
rated particle in Fig. 9b. These effects should be the results of
the coalescing of several E-HBP particles. However, the size
distribution of the holes shows a gradient from the interior to
the edge of the area. The gradient size distribution of the holes
and the indistinct boundaries between the separation phases
and the matrix both indicate a gradient concentration distribu-
tion of E-HBP molecular chains within this region and the
existence of the GTIL structure in TGDDM/DDS systems
containing E-HBP.

100%

Gradually increased
consentration of
epoxy matrix

Branched chains
of E-HBP
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Particle deformation zone

2um-2.5um

IPC

Fig. 11 The identification of deformation zones in DGEBA/anhydride
resins containing E-HBP

3.5 The effect of epoxy matrix on the particle
cavitations

Through CIPS in the curing process, phase-separated
E-HBP particles were formed in the epoxy matrix with a
GITR structure; thence, the mechanical properties of the
modified system were significantly improved. However,
the mechanical behaviors (deformation or cavitation) of
E-HBP particles in the loading process would be affected
by the properties of the epoxy matrix itself.

Because of the high average functionality, the
TGDDM/DDS resins (the average number of epoxy
groups in TGDDM molecules is 4, while that in
DGEBA molecules is 2, as is shown in Fig. 1) have
much higher cross-linking density than the DGEBA/
MeTHPA resins after the curing reaction. In addition,
the number of benzene rings along the molecular chains
between the two cross-linking points in the TGDDM/
DDS systems is higher than that in DGEBA/MeTHPA
systems because of more benzene rings in the molecules
of TGDDM and DDS than those in the molecules of
DGEBA and MeTHPA. Thus, the rigidity of the

b

$-4800 15.0kV 7.6mm x2/00k SE(M)

cross-linked molecular chains in the TGDDM/DDS
resins was greater than that in the DGEBA/MeTHPA
resins. Studies on the visco-elasticity of polymers have
shown that great rigidity and high cross-linking density
of molecular chains will cause a low hysteresis effect of
the polymers [22]. If this kind of polymers was subjected
to the external load, the loading could be quickly spread
in the cross-linked network and the polymers only de-
formed with instantaneous elastic deformation.
Comparatively speaking, the plastic deformation of the
epoxy matrix, as is shown in Fig. 6b, implies that the
hysteresis effect of the DGEBA/MeTHPA matrix was
obvious because of low rigidity of cross-linked molecular
chains, which would cause the energy loss in the process
of load transmission. Thus, the deformation of separated
E-HBP particles only occurs in DGEBA/MeTHPA resins
and could lead to a greater plastic deformation of the
matrix, thereby improving the toughness of the epoxy
resins. While, because of the great rigidity of the
cross-linked molecular chains, the separated E-HBP par-
ticles in TGDDM/DDS resins could be cavitated quickly
and fully before the fracture of the epoxy matrix under
the external load. In this way, the load energy can be
absorbed, the crack propagation can be stopped, and
the toughness of the modified epoxy resin can be
improved.

4 Conclusions

In the E-HBP-modified DGEBA/MeTHPA systems and
TGDDM/DDS systems, E-HBP participated in the curing
process, and then underwent chemical induced phase
separation, and finally formed the GTIL structure. The
GTIL structure (about 2 pm thick) between E-HBP and
the epoxy matrix can significantly enhance the
inter-facial interactions between the phase-separated par-
ticles (E-HBP) and the epoxy matrix. It is also

S-4800 15.0kV 7.6mm x10.0k SE(M) :\ Lt

Fig. 12 The brittle fracture surface of TGDDM/DDS resins containing E-HBP (cured under high temperature)
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advantageous to the load transmission between the two
phases and the full playing of the role of modification of
E-HBP. This may be the key reason why the properties
of E-HBP-modified epoxy resins are better than those of
other modified epoxy resins. However, the properties of
the epoxy matrix itself will affect the mechanical behav-
iors (deformation or cavities) of separated E-HBP parti-
cles in the modified epoxy resins during the external
loading process, thereby influencing the modification
mechanism of E-HBP-modified epoxy resins and
resulting in the different morphology of fracture surfaces
between the two modified epoxy systems. In order to
obtain a better modification effect, it can be seen from
the above findings that we need to learn how to control
the thickness of the inter-facial layer and the concentra-
tion gradient, which will be the next focus of our study.
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