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Abstract: Particles have been demonstrated to toughen
epoxy resins, especially for fiber-reinforced epoxy com-
posites, and core/shell particles are one of them. It is
known that not all particles toughen the same but most
evaluations are through experimentation, and few stu-
dies have been conducted to accurately predict the par-
ticles’ toughening effect or guide the design of effective
particles. In this study, efforts were made to find the con-
trol factors of core/shell particles, primarily interfacial
compatibility and degree of dispersion, and how to pre-
dict them. Nanocomposites were fabricated by incorporating
core/shell nanoparticles having various shell polymer com-
positions, especially their polarities. Their compatibility was
estimated using a novel quantitative approach via adopt-
ing the theory of Hansen solubility parameters (HSP), in
which the HSP of core/shell nanoparticles and the epoxy
matrix were experimentally determined and compared. It
was found that the HSP distance was a good predictor
for particle dispersion and interfacial interaction. Particles
having a small HSP distance (Ra) to the epoxy resin, repre-
sented by the polybutylacrylate core/polymethyl methacry-
late shell particle having the smallest Ra of 0.50, indicated a
uniform dispersion and strong interfacial bonding with the

matrix and yielded outstanding toughening performance. In
contrast, polybutylacrylate core/polyacrylonitrile shell par-
ticle having the largest HSP distance (6.56) formed aggre-
gates and exhibited low interfacial interaction, leading to
poor toughness. It was also demonstrated that HSP can pro-
vide an effective strategy to facilitate the design of effective
core/shell nanoparticles for epoxy toughening.

Keywords: core/shell nanoparticles, epoxy resins, HSP,
fracture toughness, dispersion, interfacial interaction

1 Introduction

Epoxy resins are one of the most important thermoset
polymers in composites. As thermosettingmaterials, epoxies
exhibit a high degree of crosslinking, which endows them
high rigidity and strength [1]. However, the highly cross-
linked structure also makes epoxies inherently brittle, which
consequently suffered poor crack resistance characterized by
the low fracture toughness [2,3]. For decades, research on
toughening the brittle epoxy resins has been active in both
academia and industry. A major strategy to improve their
fracture toughness is the incorporation of fillers, either soft
or rigid, organic or inorganic. However, in most cases, these
fillers are unsatisfactory because there is a trade-off between
toughness and other important mechanical properties, such
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as strength, modulus, and glass transition temperature
(Tg) [4]. In principle, as a measure for property balances,
adding fillers containing soft and rigid phases into epoxy
resin will improve its toughness without significantly
affecting mechanical properties [5–7], wherein core/
shell particles were proven effective tougheners for brittle
epoxy resin [8–10]. Although core/shell particles can
increase the fracture toughness of epoxy matrix without
significantly lowering other mechanical properties, pre-
vious work is more inclined to focus on the effect of par-
ticle size and particle loading, and there are almost no
established particle design guidelines, and the theoretical
explanation of toughening mechanism involving these
particles is missing. In this work, by carefully controlling
the composition and morphology of nanoparticles, a cred-
ible theory is proposed for the first time to quantitatively
explain and predict the toughening effect and the perfor-
mance of core/shell nanoparticles.

Rubber particles are the most commonly used and
effective toughening additive for brittle epoxy resins,
whether they are amorphous or semi-crystalline [11,12],
thermosets or thermoplastics [13,14]. Nonetheless, the
toughness improvement usually comes at the expense
of a reduction in strength, modulus, and Tg because of
the low modulus of rubber particles [15,16]. Rigid parti-
cles, such as silica [17], carbon nanotubes [18,19], carbon
nanofibers [20,21], and graphene and its derivates [22,23]
are also used as tougheners for brittle epoxy resin due to
low reductions in modulus and strength. However, these
rigid fillers often do not impart significant toughness
improvement.

Fillers containing soft and rigid phases prove effec-
tive to boost the toughness of epoxy resins with a low
reduction in strength and modulus [4,24]. Core/shell
polymer particles, a type of structured composite mate-
rial, formed by at least two substances of different che-
mical composites, are considered as an ideal candidate
as toughening agent [25]. Jiang et al. reported that simul-
taneous reinforcing and toughening effect could be
obtained by adjusting the loading of core/shell particles
and the ratio between the shell thickness and core dia-
meter [8]. It was also demonstrated in an earlier publica-
tion that the critical stress intensity factor (KIC) of epoxy
resins increased by 220% via incorporation of soft poly
(butyl acrylate) core and rigid poly(methyl methacrylate)
shell nanoparticles [26].

The toughening efficiency of nanofillers depends heavily
on their dispersion states and interfacial interaction between
nanofillers and resin matrix [27–29], and core/shell particles
are no exception. A well-dispersed filler in the epoxy matrix
is a prerequisite for epoxy toughening, and strong filler–

matrix interfacial interaction facilitates effective stress
transfer between the two phases [30,31].

Good dispersion and strong interfacial interaction
both require high surface compatibility between the filler
and epoxy matrix [32]. The most commonly used method
to improve the compatibility between a filler and the
epoxy matrix is to introduce the filler surface with func-
tional groups [32,33]. Literature studies showed that
the filler surface modification with amine, carboxylic
or epoxide groups not only improves the dispersion of
filler in an epoxy matrix but also enhances the inter-
facial stress transfer between the filler and epoxy matrix
through interfacial reactions induced by these surface-
reactive groups [27,30].

However, a few studies have been conducted to
explore the relationship among particle compositions,
morphologies and the compatibility of epoxy resin from
the perspective of particle design. In addition, to the best
of our knowledge, most studies on epoxy toughening
with core/shell particles were from the perspective of
particle sizes or particle loading levels, and there is
almost no description of core/shell particle’s toughening
effect based on its composition, especially based on the
shell polymer polarity. Moreover, there is a clear absence
of theories satisfactorily explaining why some particular
core/shell particles toughen epoxy resins well, but the
others do not, and some of them even significantly lower
the toughness.

The design of effective core/shell particles today
remains a work of art, even with the commercialization
of a few successful products. Researchers rely largely on
experience and trial-and-error when it comes to core/
shell particle synthesis, which limited the design space
and prolonged the development cycle. It becomes essen-
tial to establish the design guidelines by building the
fundamental understanding of composite performance
as a function of particle composition and structure.

Therefore, it was the intention of this work, through
careful control of nanoparticle composition and mor-
phology, to obtain important insights into the fundamen-
tals of core/shell nanoparticle toughening, from which
credible theories were proposed for the first time to quan-
titatively explain and predict the toughening performance
of core/shell nanoparticles. Three types of nanoparticles
with the same core but different shell compositions were
prepared. The influence of these three types of core/shell
nanoparticles in epoxy resins was investigated by evalu-
ating their dispersion state, rheological and mechanical
properties. Furthermore, the Hansen solubility parameters
(HSP) of the formulated epoxy resin and the shell compo-
sitions were measured experimentally and were used to
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quantitatively describe the compatibility between core/
shell nanoparticles and the epoxy matrix. The results not
only showed that the performances of the core/shell nano-
particles in the epoxy matrix were greatly affected by the
polarity of the shell polymer but also demonstrated good
quantitative agreement with compatibility predictions based
on the HSP theory. It is further illustrated that nanoparticles
used for epoxy resin toughening could be designed or mod-
ified under the guidance of the HSP theory.

2 Experimental

2.1 Materials

Butyl acrylate (BA, 99%), methyl methacrylate (MMA,
99.5%), styrene (ST, 99%), acrylonitrile (AN, 99%), glycidyl
methacrylate (GMA, 97%) and ethylene glycol dimethacry-
late (EGDMA, 98%) were purchased from Sigma Aldrich
and used without further purification. Sodium 4-dodecyl-
benzenesulfonate (SDBS, 88%) and sodium formaldehyde
sulfoxylate solution (SFS, 98%) were supplied by Adamas
and Macklin, respectively. Ammonium persulfate (APS,
98%) and 2-butanone (MEK, 99%) were purchased from
Sinopharm. E828, a type of diglycidyl ether of bisphenol-
A epoxy (DGEBA)with an epoxy equivalent weight (EEW) of
185 was supplied by SanmuGroup Co, Ltd. Neopentyl glycol
diglycidyl ether (NGDGE, EEW 137) was supplied by Huite
Chemical, Ltd. 2-Ethyl-4-methylimidazole (2E4MI) andmethyl
hexahydrophthalic anhydride (MHHPA, 98%) were pur-
chased from Yuancheng Sichuang Technology Co. Ltd.
and J&K Chemicals Inc, respectively.

2.2 Preparation of core/shell nanoparticles

Formulations for nanoparticle synthesis are given in
Table S1 (Supplementary Information ). A particle with
a soft polymer core and a hard polymer shell was selected
as the core/shell configuration because it provided the
largest toughness improvement, based on the published
work [26]. For the precise control of the particle composi-
tion, all core/shell particles were synthesized with the
same soft core and different rigid shells via a two-stage
polymerization. Furthermore, to minimize the effect of
varying Tg of the shell composition, three polymers having
almost the same Tg while exhibiting significant differences
in polarity were selected to construct the shell, namely poly-
methyl methacrylate (PMMA, designated as M), polystyrene

(PST, designated as S) and polyacrylonitrile (PAN, desig-
nated as A). The resulting core/shell structures were
denoted B/M, B/A, B/S, wherein B was the poly(butyl
acrylate) core and M was the poly(methyl methacrylate)
shell, and so on. The B/S particles that were surface-
modified with GMA at different loading levels were
named B/S-5, B/S-10 and B/S-15, wherein the number
denoted the percentage of the functional monomer GMA
in the shell polymer composition. The synthesis method
and procedure were the same as reported in a previous
study [26].

2.3 Epoxy composites fabrication

In order to maintain the particle morphology, the core/
shell nanoparticles were re-dispersed in the epoxy resin
using a phase-transfer method, described in an earlier
publication [26]. The epoxy resins were mixed with the
anhydride hardener, with a 1:1 stoichiometric ratio of
epoxy groups/anhydride groups. For all samples, the load-
ings of core/shell particles and cure accelerator (2E4MI)
were kept at 10 and 0.5 wt%, respectively. The resin mix-
ture was poured into aluminum molds with specific
dimensions and degassed for 1 h at 60°C. All the particles
were incorporated into the same resin formula and cured
under the same profile, which was 120°C for 1 h, plus 140°C
for 2 h and finally 170°C for 1 h.

2.4 Determination of HSP

HSP of core/shell particles and epoxy matrix were deter-
mined based on the observation of the interaction between
the material and solvents [32,34]. In the case of formulated
epoxy resins, 0.5 g of the resin was added into 18 different
solvents with known HSP and dwelled for 24 h. The mix-
ture was rated either as “1” or “0”, based on the observa-
tion of the dispersion state of epoxy resins in the solvent. A
rating of “1” represented a resin being fully dissolved in
that particular solvent, while a rating of “0” denoting a
resin that was insoluble. Due to the crosslinked structure
and particulate form of the core/shell particles, they were
dried into films and the film’s degree of swelling was used
for the rating. For higher precisions, the degree of swelling
was rated according to six grades. A rating of “5” desig-
nated the highest degree of swelling in a particular sol-
vent. A rating of “0” denoted no swelling or minimal
degree of swelling. It was important that the particles be
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completely dried at a temperature higher than their
minimum film formation temperature (MFFT), so that a
film, instead of powder, could be obtained. However, by
experimentally determining the degree of swelling for
core/shell particles, two assumptions were made: (1) the
synthesized core/shell particle had a perfect core/shell
structure, that is, the core layer polymer was completely
wrapped in the shell layer polymer, and (2) the swelling
of core/shell particles was only related to the shell polymer
and the contribution of the core layer polymer was neglected.
The ratings for the resin and the core/shell particle film in
the selected solvents were processed by HSPiP Software
(Hansen Solubility Parameters in Practice, 5th Edition), and
the HSP components (δD, δP, and δH), and the radius value
(Ro) of the sphere of interaction were calculated and fitted.

2.5 Characterization

The particle size and size distribution of the core/shell
particles in their original aqueous medium were charac-
terized by dynamic light scattering (DLS) on a Malvern
Nano-ZS analyzer. Particle morphology was observed
using a JEOL JEM-2100transmission electron microscope
(TEM), in which the particles were first stained with phos-
photungstic acid (PTA) before subjecting to TEM. Fourier
transform infrared (FTIR) spectra were recorded on a
Nicolet 6700 FTIR spectrometer using the attenuated
total reflection (ATR) mode. The rheological properties
of epoxy resins containing core/shell particles were inves-
tigated on a TA DHR Rheometer with frequency ramping
from 0.1 to 1,000 s−1. The degree of dispersion of core/shell
particles in the epoxy matrix was qualitatively character-
ized by TEM on a thin composite section with the thickness
ranging from 30 to 50 nm, which were prepared by freezing-
ultramicrotome. Tests on tensile properties and fracture
toughness were performed on a Wance ETM104B-EX elec-
tronic universal testing machine with a 2 kN load cell, using
appropriate fixtures. The dog-bone-shaped tensile samples
were prepared according to ASTM D638 and an extens-
ometer was used to measure the strain. Fracture toughness
was conducted according to ASTM D5045 using a single-
edge-notch bending geometry. A pre-crack was initiated by
tapping a sharp chilled blade in the notch. The critical stress
intensity factor (KIC) and critical strain energy release rate
(GIC) were calculated according to the equations given in
ASTM D5045. Each reported value for the tensile and frac-
ture toughness test was the average of at least six speci-
mens. The morphologies of fracture surfaces from tensile
tests were coated with gold and inspected on a Hitachi
S4800 scanning electron microscope (SEM).

3 Results and discussion

3.1 Core/shell nanoparticle characterization

Three types of nanoparticles with the same core but dif-
ferent shell compositions were prepared via emulsion
polymerization. The DLS analysis on the particle size
and distribution are shown in Figure 1a–c. The Z-average
intensity particle diameters (d) and polydispersion index
(PDI) are presented in Table S2 (Supplementary Informa-
tion). The particle size distribution curves all had a single
peak, indicating that the particles were of monomodal
distribution. Moreover, the increase in particle sizes rela-
tive to the core composition indicated that the shell
monomers were polymerized on top of the cores without
new particle nucleation during the second polymeriza-
tion stage, namely the shell-forming stage.

The synthesized nanoparticles were subjected to TEM
to observe their morphologies. The PTA negative staining
technique was employed to improve the weak contrast
between different polymer phases in the nanoparticles.
Figure 1 presents images of B/M (d), B/S (e), and B/A (f)
nanoparticles, wherein the light and dark domains corre-
sponded to the core and shell phases, respectively. It is
evident from Figure 1(d–f) that the nanoparticles synthe-
sized were spherical with relatively uniform sizes, showing
no signs of undesirable secondary particle nucleation.

The particle compositions were verified by FTIR. As
shown in Figure 1(h), all three particles exhibited a sig-
nificant peak at 1,730 cm−1, ascribed to the –C]O stretching
vibration ester groups. As expected, the peak in B/A parti-
cles at 2,242 cm−1 represented the characteristic absorption
of –C≡N fromPAN. The B/S particles had strong absorptions
at 3,027, 1,602, 1,494, 761, and 700 cm−1, which could be
attributed to the characteristic bands of –CH and C]C
bonds on the benzene ring in PST.

3.2 Dispersion of nanoparticles in epoxy
resin

To obtain a uniform epoxy–nanoparticle mixture without
compromising its morphology and particle size distribu-
tion, the aqueous medium was replaced by an epoxy
resin via a phase-transfer process, which was a proven
technique described in an earlier study [26]. It is worth
noting that due to the large difference in the shell polymer
polarity of the three types of particles, the actual phase
transfer processes might be slightly altered in terms of
solvent water ratios. Therefore, it was also necessary to
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verify whether the particle morphology and degree of dis-
persion were preserved after the phase transfer.

The TEM images of the epoxy resins containing var-
ious core/shell nanoparticles are shown in Figure 2.
As can be seen the three types of shell polymers, which
were significantly different in polarities led to three sig-
nificantly different particle dispersibility in epoxy resin.
The B/M particles in Figure 2(a), having moderate polarity
PMMA as the shell polymer, were well dispersed. In con-
trast, both particles having shell polymers of lower polarity
(B/S) and higher polarity (B/A), as shown in Figure 2(b)
and (c), exhibited aggregations, with the aggregation of
B/A particles to be the most significant.

The degree of nanoparticle dispersion in a resin
depends on their mutual compatibility. Since the shell
polymer is in contact with the resin, it determines the
particles’ compatibility with and the degree of dispersion
in the epoxy resin. In order to quantitatively characterize,
describe and predict the particle compatibility with the
epoxy resin, the authors adopted the theory of solubility
parameter. According to the principle of “like dissolves
like”, the solubility of a given polymer in various solvents
is largely determined by its chemical structure [35]. Therefore,
the HSP are extensively used as a method to quantita-
tively characterize the structure–property relationship of
polymer materials. In addition, HSP are used to predict

Figure 1: Core/shell nanoparticle characterization. Size distributions: (a) B/M, (b) B/S, (c) B/M. TEM images: (d) B/M, (e) B/S, (f) B/M, and
FTIR spectra (h).
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the compatibility of polymers and to characterize the sur-
faces of fillers to improve their dispersion and adhesion
[32,36–38]. Based on a similar principle of “like seeks
like,” materials with similar HSP values would exhibit
high mutual physical affinity or rather compatibility [37].
Thus, a comparison of HSP of the core/shell nanoparticles
and the epoxy resin potentially provides insights into the
compatibility between them as well as a quantitative view
of nanoparticles’ degree of dispersion.

The solubility or degree of swelling of a polymer can
be measured using a series of solvents with known HSP,

and its HSP can be calculated, accordingly, and conve-
niently by HSPiP. The results are summarized in Table 1,
together with the relative energy difference (RED, calcu-
lated by HSPiP) values of materials in various solvents.
The RED value provides an estimate on whether two
materials will be miscible or not, i.e., miscible when
RED <1, partially miscible when RED = 1, and immiscible
when RED >1 [39,40].

Figure 3 presents the HSP spheres of neat epoxy resin
and various core/shell nanoparticles, with each color
representing one composition. The HSP values are

Figure 2: TEM images showing the dispersed nanoparticles in epoxy resin: B/M (a), B/S (b) and B/A (c).

Table 1: The rating results and RED values of solubility or swelling of epoxy matrix and core/shell nanoparticles in various solvents with
known HSP

Solvent δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) Neat epoxy B/M B/S B/A

Ra RED Rb RED Rb RED Rb RED

Water 15.5 16.0 42.3 0 3.022 0 3.007 0 3.381 0 2.955
Ethanol 15.8 8.8 19.4 1 0.951 1 0.972 0 1.298 0 1.221
Acetone 15.5 10.4 7.0 1 0.361 5 0.325 4 0.395 4 0.673
Ethylene glycol 17.0 11.0 26.0 0 1.523 0 1.531 0 1.895 0 1.617
Chloroform 17.8 3.1 5.7 1 0.554 5 0.566 5 0.423 3 0.708
Methylene dichloride 17.0 7.3 7.1 1 0.179 5 0.178 5 0.230 4 0.530
Methyl ethyl ketone 16.0 9.0 5.1 1 0.379 5 0.343 4 0.194 4 0.621
Trichloroethylene 18.0 3.1 5.3 1 0.581 5 0.590 5 0.438 2 0.699
Toluene 18.0 1.4 2.0 1 0.873 4 0.869 5 0.607 1 0.889
Tetrahydrofuran 16.8 5.7 8.0 1 0.246 5 0.277 4 0.316 3 0.646
Ethyl acetate 15.8 5.3 7.2 1 0.372 5 0.390 4 0.290 2 0.777
Dimethyl sulfoxide 18.4 16.4 10.2 1 0.757 2 0.712 0 1.007 5 0.557
Acetonitrile 15.3 18.0 6.1 1 0.932 5 0.874 1 0.988 4 0.887
Dimethyl formamide 17.4 13.7 11.3 1 0.521 5 0.492 3 0.836 4 0.574
Pyridine 19.0 8.8 5.9 1 0.435 3 0.405 5 0.480 3 0.220
Cyclohexane 16.8 0.0 0.2 0 1.055 0 1.048 1 0.731 0 1.111
Benzene 18.4 0.0 2.0 1 0.977 2 0.976 3 0.739 1 0.972
Ethane 15.5 0.0 0.0 0 1.100 0 1.092 1 0.758 0 1.218

a Rating for solubility of neat epoxy as the matrix resin.
b Rating for the degree of swelling of core/shell nanoparticles.
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presented in Table 2. The solubility parameter compo-
nents, δD, δP and δH, correspond to the three types of
interactions, namely dispersion, polar and hydrogen bond
[37,40,41]. The radius Ro of the sphere is the interaction
radius. Solvents that fall within Ro are expected to dissolve
or swell the corresponding polymer [42]. As shown in Table 2,
the δD, δP and δH values for B/S particles were the smal-
lest among the three types of particles, suggesting a weak
particle–particle interaction, while the highest values of
δD and δP for B/A particles indicated a strong particle–
particle interaction.

Good compatibility generally requires that the respec-
tive HSP values for the two polymers are close to each
other, thus their Ra, corresponding to the distance between
the center of the two polymer spheres, is considered to be a
good measure of their compatibility [32,43]. The HSP dis-
tance Ra was calculated by the following equation:

( ( ) ( ) ( ) )= − + − + −

/R δ δ δ δ δ δ4 ,a D1 D2
2

P1 P2
2

H1 H2
2 1 2 (1)

where subscripts 1 and 2 represent the two different poly-
mers, respectively. In addition, the extent of the overlap-
ping of HSP spheres is an intuitive way to represent

compatibility [32]. Therefore, the HSP distance Ra and
the overlapping of the spheres were combined to estimate
the compatibility between two polymers (Figure 4).

It is evident from Figure 4 that the distance Ra

between B/M and the epoxy matrix resin was the smallest
(0.50), and the overlapping was the largest. As a matter of
fact, the HSP sphere of B/M was completely included
in the HSP sphere of the epoxy resin, indicating that the
B/M particles had excellent compatibility with the epoxy
resin. Differently, the overlap between B/S and the epoxy
resin was smaller and the Ra was larger (4.48), so the B/S
particles and epoxy resin were less compatible. The Ra of
the B/A particles was the largest (6.56), giving the lowest
compatibility between B/A and the epoxy resin.

The above analysis demonstrated that the HSPmethod
satisfactorily described and predicted the compatibility
and the degree of dispersion of the core/shell particles in
the epoxy matrix resin, which agreed with the experi-
mental observations in this study.

3.3 Rheological behaviors

The influence of nanofillers on the rheological properties
is essentially important for the processing of nanocom-
posites. Rheology studies provide a convenient way to
evaluate the resin–filler interactions, filler–filler inter-
actions, as well as the dispersion of fillers in the resin
matrix [44,45]. The shear response is one of the most
important characteristics to evaluate the rheological pro-
perties. Figure 5 shows the viscosity as a function of shear
rate for neat epoxy and epoxy resins containing core/shell
nanoparticles. The neat epoxy resin had the lowest visco-
sity and was mostly Newtonian. As expected, adding
nanoparticles increased the viscosity. More specifically,
the viscosity of epoxy-B/M and epoxy-B/A increased
by about 14 and 17 times, respectively, compared to
the neat epoxy. Moreover, adding the B/A particles
also made the blend significantly pseudoplastic, i.e.,
shearing thinning.

Changes in rheological properties when nanoparti-
cles are added to a matrix resin are determined by known
factors such as particle morphology and the degree of
dispersion, particle–resin and particle–particle interac-
tions. The effect of these factors, however, may not con-
tribute in the same direction or equally. For example,
according to the above conclusions, the B/A particles
had moderate interaction with the epoxy resin but strong
particle–particle attraction due to their high polarity,
which formed large aggregates and associative networks

Figure 3: HSP spheres of neat epoxy and core/shell nanoparticles.

Table 2: HSP values for neat epoxy and core/shell nanoparticles

Material δD
(MPa1/2)

δP
(MPa1/2)

δH
(MPa1/2)

Ro Data fit

Neat epoxy 17.02 8.34 8.85 11.4 1.000
B/M 17.04 8.83 8.46 11.5 1.000
B/S 16.47 7.03 4.71 11.4 1.000
B/A 19.71 11.14 6.35 12.6 1.000
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between particles, leading to high flow resistance, i.e.,
viscosity. Moreover, these networks of physical associa-
tion would break apart under high shear, decreasing the
viscosity and producing the effect of shear thinning. As
for the B/M particles, their good compatibility with epoxy
resin meant strong interfacial interaction, consequently
inducing a significant increase in the viscosity of the resin
mixture. The B/S particles had the least increase in the
resin viscosity due to the relatively weak polar force and
hydrogen bond in its shell polymer, which led to low par-
ticle–particle and epoxy–particle interactions.

3.4 Mechanical properties

Literature studies have shown, similarly to the physical
properties discussed above, that the nanoparticles’

Figure 4: HSP graphs from three-plane projections (front, top and left views). The purple color sphere represents the neat epoxy resin, and
the orange color represents core/shell nanoparticles. The Ra values are shown to the left of the HSP graphs.

Figure 5: Viscosity versus the shear rate of the neat epoxy resin and
epoxy resins containing various core/shell nanoparticles.
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degree of dispersion and their interfacial interaction with
resins significantly influence the mechanical performance
of composite materials via load distribution and interfacial
stress transfer [30,46]. Based on the above understanding
of effects of the shell polymer polarity on the core/shell
nanoparticles’ dispersion and interfacial interaction, it
was expected that the composite mechanical properties
would also be a function of the shell composition.

The results of tensile and fracture toughness tests are
shown in Figure 6 and the data are summarized in Table S3
(Supplementary Information). Compared to the neat epoxy
resin, the tensile strength and Young’s modulus of the
nanoparticle-containing resins were lower (Figure 6a).
More specifically, when B/M, B/S and B/A nanoparticles
were incorporated, the tensile strengths decreased by 14.6,
40.0, and 51.4%, respectively. However, their Young’s
modulus had little changes (Figure 6b). Since tensile
strengths are normally controlled by the type and number
of defects in the materials and considering that the incor-
poration of particles introduces a different phase that may
act as defects, it would be expected that the tensile
strength of the epoxy resin containing particles would
decrease. As demonstrated in previous sections, the par-
ticle aggregations, both in sizes and severity, were minimal

for B/M, but were significant for B/S and the largest for
B/A; therefore, the cured resin having the B/A particles
would contain the most significant defects and exhibit
the highest tensile strength drop, while the resin having
B/M particles would show the least strength reduction.
Different from the tensile strengths, Young’s modulus is
determined by the rigidity of the material. With the Tg and
themodulus of the shell polymers close to that of the cured
epoxy resin, no significant change in the modulus was
expected.

As for the effect of core/shell nanoparticles on frac-
ture toughness, which is the main focus of this study,
interesting but unsurprising results were observed. It
was apparent from Figure 6c and d that only the nano-
particles B/M significantly improved the fracture tough-
ness, with KIC and GIC increasing by 182 and 852%,
respectively, compared to the control epoxy resin. This
is a higher improvement in toughness than that reported
for leading commercial products, i.e., MX125 from Kaneka
Corp. gave 127 and 674% gain for KIC and GIC, respectively
[47]. Not surprisingly, nanoparticles B/S and B/A showed
a little toughening effect.

Again, the root cause for the mechanical property
discrepancies was the degree of dispersion of the

Figure 6: Mechanical properties of neat and nanoparticle-containing epoxy resins: (a) tensile strength, (b) Young’s modulus and (c and d)
fracture toughness.
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nanoparticles as observed in the aforementioned TEM,
and their compatibility with the epoxy resin as demon-
strated by the theory of HSP. In order to further evaluate
the effect of the shell polymer polarity on compatibility
and interfacial bonding, the fracture surface morpho-
logies were observed by SEM, as shown in Figure 7.

The observation of the fracture surface morphology
confirmed the earlier conclusions by TEM. The nanopar-
ticle B/M was uniformly dispersed in the cured epoxy
resin, and the fracture surfaces exhibited multiplane fea-
tures with numerous microcracks, indicating high-energy
absorption that was favorable for high fracture tough-
ness. Higher magnification images (Figure 7b–c) revealed
that B/M particles were uniformly embedded in the epoxy
matrix and no particle pull-out was observed, denoting
strong interactions between B/M particles and the resin.
In contrast, nanoparticles B/S and B/A both showed aggre-
gations, with a higher level of aggregation for B/A particles
than that of B/S particles. The aggregated particles could
not effectively block or diffract the crack propagation and
absorbed the energy, resulting in no improvement in the

toughness. Moreover, it can be observed from Figure 7f
and j that a large number of B/S and B/A particles were
pulled out from the resin and left empty holes behind
them, indicating weak interfacial bonding between parti-
cles and the epoxymatrix. These aggregations would readily
act as defects that lead to decrease tensile strengths, as
observed earlier.

3.5 Modifying nanoparticles under the
guidance of HSP theory

The above results demonstrated that the degree of disper-
sions of the nanoparticles and their interaction with
epoxy matrix resin could be well described and predicted
by the HSP theory, from which fundamental and reason-
able explanations can be derived to describe the physical
mechanical behaviors of the particle containing resins.
To take this argument further, if the HSP theory truly
holds for these nanoparticle-containing epoxy resin

Figure 7: SEM micrographs of fracture surfaces of cured epoxy resins containing particles: (a–c) B/M, (d–f) B/S and (h–j) B/A with the
particle-rich region in the focus area.
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systems, it shall yield predictions on what constitutes the
most favorable conditions, as well as points to the direc-
tion, toward which modifications could be made to a
“bad” particle to turn it into a “good” one. For example,
if a particle has a much lower HSP than the resin it
intends to toughen, the HSP theory should not only fore-
cast its poor toughening effect but also predict that if the
particle’s HSP can be increased to match that of the
resin’s, resulting in higher toughness.

To test the hypothesis, the B/S nanoparticle was selected
even though the B/A particle was the lowest performer
because the emulsion copolymerization of styrene with a
number of co-monomers could be better controlled than
that of acrylonitrile. The idea was to use a co-monomer to
modify the polarity of the polystyrene shell composition so
that it would fall into the solubility parameter ranges cal-
culated from the HSP theory. The degree of dispersion,
interfacial interaction and mechanical properties were
subsequently studied.

In this study, GMA was selected as the co-monomer,
for it carried the more polar epoxy functional groups
which happened to be the same as in epoxy resins, and
it copolymerized well with styrene. Three levels of GMA
were used to copolymerize with styrene and the copolymer

became the new shell on the PBA core, producing the
modified B/S nanoparticles. The solubility results are pre-
sented in Table S4 (Supplementary Information). Table 3
presents the HSP of the modified-B/S nanoparticles. It can
be seen from Table 3 that, for the modified B/S particles,
their HSP values increases while their HSP distance Ra

decreases, with increasing GMA levels, indicating their
compatibility with the epoxy resin would become better.

Tensile and fracture toughness tests were performed
and the results are shown in Figure 8 and Table S3
(Supplementary Information). Compared to the pristine
B/S particles, the modified particles produced over 70%
increase in tensile strength, reaching the same strength as
the neat epoxy resin. More importantly, the modified

Figure 8:Mechanical properties of cured epoxy resins containing modified particles. Tensile strengths (a), Young’s modulus (b) and fracture
toughness (c and d).

Table 3: Calculated HSP, Ro of B/S, B/S-5, B/S-10 and B/S-15, and
HSP distance Ra between these particles and the neat epoxy resin

Material δD
(MPa1/2)

δP
(MPa1/2)

δH
(MPa1/2)

Ro
(MPa1/2)

Ra
(MPa1/2)

B/S 16.47 7.03 4.71 11.4 4.48
B/S-5 16.73 7.71 5.45 11.3 3.51
B/S-10 16.91 8.12 6.69 12.7 2.18
B/S-15 16.84 8.14 7.15 12.5 1.75
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particles showed significant 46 and 114% increases in
KIC and GIC, respectively.

The effect of incorporating GMA on the dispersion
state of B/S particles in the epoxy matrix was inspected
under a TEM, as shown in Figure 9. It is noted that due
to the very close performances of these three modified
particles, only the middle-level GMA-modified particle
(i.e. B/S-10) was selected for the TEM observation. As
expected, the GMA-modified-B/S particles showed a much
more uniform dispersion in the epoxy matrix, compared

to the unmodified particles. To further study the effect of
GMA modification on epoxy-particle interaction, the frac-
ture microstructure from the tensile test was examined
using an SEM. In the case of unmodified B/S particles
(Figure 10a and b), evident particle agglomerates were pre-
sent and were pulled out of the resin. However, the modi-
fied particles in the cured epoxy resin not only exhibited a
much more uniform distribution but also showed a much
stronger bonding to the resinmatrix, as illustrated by Figure
10c and d, which displayed no particle pull-outs.

Figure 9: TEM observation of unmodified and GMA-modified B/S particles dispersed in the cured epoxy resin. (a) epoxy-B/S and (b) epoxy-
B/S-10.

Figure 10: SEM micrographs of fracture surfaces of cured epoxy-B/S (a and b) and epoxy-B/S-10 (c and d) composites after tensile tests.
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The above results demonstrated that the HSP theory
provides a fundamental understanding and explanation
of the physical mechanical performances of polymer
composites containing nanoparticles. It further confirms
the validity and application of HSP theory as a guide for
designing and/or modifying polymer compositions, from
which high-performance particles, including but not lim-
ited to core/shell nanoparticles, can be synthesized or
constructed.

4 Conclusions

This study aimed at understanding the core/shell nano-
particles design principles for epoxy toughening. To achieve
this, the composition of core/shell nanoparticles, particu-
larly the shell polymer polarity, was carefully controlled
and their effect on the dispersion, rheological and mechan-
ical properties in the epoxy matrix were investigated.
1. The B/M particles, with PMMA as the shell polymer,

which had the polarity matching with that of the epoxy
matrix resin, would form uniform dispersion, yielding
the most significant toughening effect, which was 220
and 851% enhancement in KIC and GIC, respectively.

2. If the polarity of the shell polymer did not match that
of the epoxy matrix resin, such as the B/S particles
with low shell polymer polarity or the B/A particles
with high shell polarity, the particles would more or
less aggregate, lowering mechanical performance and
leading to little or no toughening.

3. Theoretical HSP compatibility analysis verified that
the experimental observations, i.e., the difference in
polarity of the shell polymer would greatly affect the
compatibility of the core/shell particles with the epoxy
matrix, which in turn determined their dispersibility
and interfacial interaction.

4. The HSP compatibility not only helped to explain the
differences in particle toughening performances but
also facilitated the design of better core/shell nano-
particles for effective epoxy toughening.
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