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ABSTRACT: In this article, phenolic nanocomposites were prepared using styrene-butadiene rubber (SBR) nanoparticles with an aver-
age particle size of about 60 nm as the toughening agent. The mechanical and thermal properties of phenolic nanocomposites and
the toughening mechanism were studied thoroughly. The results showed that when adding 2.5 wt % SBR nanoparticles, the notched
impact strength of phenolic nanocomposites reached the maximum value and was increased by 52%, without sacrificing the flexural
performance. Meanwhile, SBR nanoparticles had no significant effect on the thermal decomposition temperature of phenolic nano-
composites. The glass-transition temperature (7T) of phenolic nanocomposites shifted to a lower temperature accompanying with the
increasing T, of loaded SBR, which showed there was a certain compatibility between SBR nanoparticles and phenol-formaldehyde
resin (PF). Furthermore, the analysis of Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy indicated that
there existed a weak chemical interaction between SBR nanoparticles and the PF matrix. The certain compatibility and weak chemical
interaction promoted the formation of a transition layer and improved the interfacial bonding, which might be important reasons for

the great enhancement of the toughness for phenolic nanocomposites. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41533.
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INTRODUCTION

Phenol-formaldehyde resin (PF) is a kind of typical thermoset-
ting resin with highly crosslinked network structure, so their
application has been significantly limited by inherent brittleness.
Currently, internal and external toughening are two main meth-
ods to improve the toughness of PE. In the internal toughening
method, flexible molecular chains are introduced into PF to
change the molecular structure. Materials, such as suberic acid,!
epoxidized soybean oil,> and cardanol,” have been used as inter-
nal toughening agents. External toughening method means add-
ing toughening agents to the synthesized PF. The toughening
agents are physically mixed with PF, accompanied by a small
number of chemical reactions sometimes. Materials, such as
poly(2-ethyl hexyl acrylate),* nitrile rubber,” polyamides,® and
p-hydroxyphenylmaleimide (HPMI)/acrylic ester copolymer,’
have been used as external toughening agents. Compared with
the internal toughening, external toughening has a wider range
of applications because of its simplicity and low-cost. However,
external toughening usually sacrifices the heat resistance, flex-
ural strength, and modulus of materials while gaining good
toughening effect.

There have been some studies choosing elastomeric nanopar-
ticles as toughening agents, in which toughness, flexural
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strength, and heat resistance of composites were improved
simultaneously. Phenolic nanocomposites modified by nitrile
butadiene elastomeric nanoparticles (NBENP) and carboxylic
nitrile butadiene elastomeric nanoparticles (CNBENP) have
been investigated by Qiao and coworkers.® In their study, the
impact strength of phenolic nanocomposites with 5 wt %
NBENP or CNBENP was increased by 49 and 67%, respectively.
The flexural strength was also improved. The uniform disper-
sion of rubber particles in the PF matrix with a diameter of
about 100 nm and the influence of rubber particles on some
hydrogen bonds and phenolic hydroxyl groups, contributed to
the enhancement of interfacial adhesion between PF and rubber
particles and further led to the increase of the impact strength.
In addition, in the research of phenolic resin toughened by
nanocarboxylic acrylonitrile butadiene rubber latex (XNBRL),’
Chen et al. found that the impact strength of PF with 10 wt %
of XNBRL was increased by 127%. Moreover, the study indi-
cated that the XNBRL was uniformly dispersed in the PF matrix
with diameters ranging from 200 to 400 nm. A chemical reac-
tion occurred between —COOH of XNBRL and —CH,OH of
PE In addition, CNBENP was used as the toughening agent of
epoxy resin.'®'! In this case, when the content of CNBENP was
12 phr, the impact strength, heat distortion temperature, and T,
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Figure 1. The notched impact strength of phenolic nanocomposites with
various SBR contents. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

of the modified epoxy resin were increased by 96, 1.1, and
3.5%, respectively. And it was confirmed that the nitrile group
participated in the curing reaction of the epoxy resin using
DSC and in situ FTIR. The interaction between the nitrile
group and the epoxy resin resulted in the formation of a
harder interface, which increased both toughness and heat
resistance of the modified epoxy resin. The above analysis

Figure 3. The thermogravimetric curves of SBR, PE and PF/SBRX
(X=0.5, 1.5, 2.5, 3.0). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Therefore, in this work, we selected SBR nanoparticles as the
toughening agent of PF and studied the toughening effect and
mechanism of SBR nanoparticles for PE. To start with, the
mechanical and thermal properties of phenolic nanocomposites
were investigated. Second, the toughening mechanism was
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Figure 2. The flexural properties of phenolic nanocomposites with various
SBR contents. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. DMTA test results of PF and PF/SBRX (X=0.5, 1.5, 2.5, 3.0).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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(d) PF/SBR2.5

studied by glass-transition temperature, aggregation structure,
and chemical structure using dynamic mechanical analyzer
(DMA), transmission electron microscope (TEM), Fourier
transform infrared spectroscopy (FTIR), and X-ray photoelec-
tron spectroscopy (XPS).

EXPERIMENTAL

Materials

PE an oxalic acid catalyzed novolac resin, is cured by hexame-
thylenetetramine (HMTA). PF and HMTA are both provided by
Ningbo Anli Electronic Materials Co., wherein PF is a kind of
slight yellow transparent solid and HMTA is a kind of white
powder. SBR nanoparticles with average particle size about
60 nm are prepared from a special irradiation technique'® and
provided by the Beijing Research Institute of Chemical Industry.

Preparation of the Molded Samples

The PF, SBR nanoparticles, and HMTA were weighed propor-
tionally and mixed in a FW100 high-speed mixer (24000 r/min,
Tianjin Taisite Instrument Co., LTD). The content of HMTA
was 11.1% by weight of PE The proportions of SBR nanopar-
ticles were 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 wt % with respect to
PE The mixtures were molded for 20 min at 180°C under a
pressure of 9 MPa.'* Molded samples of pure PF and phenolic
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nanocomposites with different proportions of SBR were denoted
as PF and PF/SBRX (X = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0).

Characterization Methods

Characterization of Mechanical and Thermal Properties. The
notched charpy impact strength of molded samples was meas-
ured by a LEIPZ16 impact machine. The dimensions of speci-
mens are 60 mm X 10 mm X 4 mm and there is a 1 mm X
1 mm notch on the side of 4 mm. The distance between the
supporting points is 40 mm. The three-point bending perform-
ances of molded samples were tested on an INSTRON-5565
universal material testing machine at a deformation rate of
1 mm/min. The size of samples is 60 mm X 10 mm X 4 mm.
The radii of indenter (R1) and supports (R2) are both 5.0
mm * 0.1 mm and the span is 40 mm. The thermogravimetric
analysis of samples was performed with a QS5000IR thermo
gravimetric analyzer (TA, America) from room temperature
(RT) to 600°C at a rate of 10°C/min in synthetic air
atmosphere.

Characterization of Glass Transition Temperature (T,). The
determination of T, was conducted with a Q800 DMA (TA,
America) from —100 to 250°C with heating rate of 5°C/min.
Measurements were performed using a three-point bending
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Figure 6. The diameter distribution of SBR nanoparticles (a) and the
average diameter and average interparticle distance of SBR nanoparticles
dispersed in the PF matrix (b). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

mode at a frequency of 1 Hz. The specimens used for the test
are of dimensions 40 mm X 4 mm X 2 mm. The peak of loss
factor (tand) curve was taken as T,

Characterization of Aggregation Structure. TEM images were
obtained from a JEM-3010 (JEOL, Japan) machine. SBR nano-
particles were dispersed into the ethanol solution and then the
dispersion solution was dropped on a carbon film. The molded
samples were ultramicrotomed at RT and stained in O;0,4 vapor
for 30 min. The morphologies of notched impact fracture surfa-
ces were examined with a CS3400 scanning electron microscope
(SEM). Samples were coated with a thin gold layer under
vacuum.

Characterization of Chemical Structure. The in situ FTIR spec-
tra were recorded using a Nicolet 6700 spectrometer (Thermo-
Fisher, America) at a resolution of 4 cm ™! between 4000 and
400 cm™ ', The testing temperature ranged from RT to 300°C.
XPS spectra were performed on an ESCALAB 250 spectrometer
using a monochromated Al Ko X-ray source (150 W). A spot of
500 pum in diameter, 200 eV of pass energy for survey scan and
30 eV for high-resolution scan were used during analysis. A
Gaussian-Lorentzian function was used for curve fitting Ols
and Cls photopeaks. The Cls electron binding energy was refer-
enced at 284.8 eV.
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RESULTS AND DISCUSSION

Mechanical and Thermal Properties

Mechanical Properties. The notched impact strength of PF and
PF/SBRX (X=0.5, 1.0, 1.5, 2.0, 2.5, 3.0) is shown in Figure 1.
The notched impact strength of phenolic nanocomposites with
SBR is better than that of pure PE. When the loading of SBR is
less than 1.5 wt %, the variation of the notched impact strength
for phenolic nanocomposites is not obvious. When the loading
of SBR is between 1.5 and 2.5 wt %, the notched impact
strength of phenolic nanocomposites progressively increases and
reaches the maximum value at the content of 2.5 wt % higher
than that of PF/SBR3.0. The notched impact strength of PF/
SBR2.5 is 0.99 kJ-m~* and increased by 52% compared with
pure PE. A study by Qiao and coworkers® claimed that the
impact strength of phenolic nanocomposites with 5 wt %
NBENP was increased by 49%. In contrast, our data indicate
that better notched impact strength is achieved with a lower
loading of elastomeric nanoparticles.

The flexural strength and modulus of phenolic nanocomposites
with various SBR contents are given in Figure 2. The flexural
strength of phenolic nanocomposites modified by SBR nanopar-
ticles is higher than that of pure PE. For PF/SBRO0.5, PF/SBRI1.0,
and PF/SBRL.5, the changes of flexural strength are slight. The
flexural strength of PF/SBR2.0 reaches the maximum value, 69
MPa, and is increased by 15% compared with pure PE. The

Interface

PF

Figure 7. Magnified TEM image of PF/SBR2.5 disperse morphology (a)
and the schematic illustration (b). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. SEM images of notched impact fracture surfaces.

flexural modulus of phenolic nanocomposites with SBR nano-
particles is lower than that of pure PE. However, the decline of
flexural modulus with the SBR content increasing is not evi-
dent. For PF/SBR3.0, the flexural modulus is decreased by only
5%. Therefore, phenolic nanocomposites with SBR nanopar-
ticles have good impact strength and flexural performance. The
good mechanical properties of phenolic nanocomposites may be
associated with the interface between SBR nanoparticles and the
PF matrix,>'" or the size and dispersion morphology of SBR
nanoparticles,'” which will be considered in the following study.

Thermal Property. Figure 3 shows the thermogravimetric
curves of SBR, PE and PF/SBRX (X=0.5, 1.5, 2.5, 3.0). The
thermogravimetric curve of SBR is divided into four stages.
Below 210°C, SBR exhibits good heat resistance, indicating that
the chemical structure of SBR is substantially not damaged.
From 210 to 350°C, the fracture of SBR occurs,'® which leads
to a rapid weight loss of SBR. From 350 to 420°C, butadiene
components are gradually depleted, thus the rate of weight loss
is slow. Above 420°C, benzenes start to fracture and the weight
loss of SBR accelerates again. The decomposition process analy-
sis of SBR illustrates that SBR nanoparticles may damage the
thermal property of phenolic nanocomposites at higher temper-
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ature. However, the effect of SBR nanoparticles on the thermal
decomposition temperature of phenolic nanocomposites is not
obvious. The thermogravimetric curves of PF and PF/SBRX
(X=0.5, 1.5, 2.5, 3.0) almost overlap with each other and their
trends are as follows. Below 240°C, the loss of weight is small,
about 5%. From 240 to 300°C, weight increases slightly as
shown in the rectangle. Above 300°C, weight loses rapidly. But
it can be seen from the enlarged thermogravimetric curves of
PF and PF/SBR3.0 below 240°C that PF/SBR3.0 has a larger
residual weight, which reveals that the thermal property of PF/
SBR3.0 at lower temperature is improved slightly. The analysis
indicates that the thermal decomposition temperature of pheno-
lic nanocomposites is not affected significantly, on the premise
of improving toughness. The interface between SBR nanopar-
ticles and the PF matrix may be a major factor for the good
thermal property of phenolic nanocomposites.*'°

The Toughening Mechanism Analysis

The Analysis Based on T, Loss factor versus temperature
curves of SBR,"” PE and PF/SBRX (X=0.5, 1.5, 2.5, 3.0) are
presented in Figure 4(a). There are two peaks in the plots of PF
and PF/SBRX (X=0.5, 1.5, 2.5, 3.0) and the T, of SBR in the
literature'” is —55°C. The peaks at near —45°C, corresponding
to the T, of SBR in phenolic nanocomposites or the secondary
transition of PF segments, reveal that the T, of SBR in phenolic
nanocomposites is higher than the T, of SBR' or that the addi-
tion of SBR leads to a more obvious secondary transition of PF
segments. Furthermore, the T, of phenolic nanocomposites cor-
responding to the peaks at higher temperature and the values of
tand .y are displayed in Figure 4(b). The T, of phenolic nano-
composites decreases from 196 to 160°C, which reveals that
there is a tendency of compatibility between SBR nanoparticles
and the PF matrix. At the same time, the value of tand,.y
increases from 0.24 to 0.31, indicating the movement of PF seg-
ments becomes easier and the mechanical loss'? increases. Given
the above analysis, it is clear that there is a certain compatibility
between SBR nanoparticles and the PF matrix, which plays a
key role in the enhancement of impact strength.

The Analysis Based on Aggregation Structure. The TEM
images of SBR and PF/SBRX (X=0.5, 1.5, 2.5, 3.0) are pre-
sented in Figure 5(a—e). It can be seen that phenolic nanocom-
posites possess a two-phase structure with the uniform
dispersion of SBR nanoparticles. When the content of SBR
nanoparticles reaches 3 wt %, slight aggregation of SBR nano-
particles appears.

Moreover, as shown in Figure 6, Figure 6(a) indicates that the
diameters of SBR nanoparticles themselves range from 21 to
181 nm with an average diameter of about 61 nm. More than
80% of SBR nanoparticles are less than 100 nm. Figure 6(b)
shows that the average diameters of SBR nanoparticles in phe-
nolic nanocomposites with various SBR contents are around
60 nm and the average interparticle distance in phenolic nano-
composites decreases from 154 to 43 nm with the increase of
SBR content. Our data display that SBR nanoparticles are dis-
persed in the PF matrix at a nanoscale. Thus, the notched
impact strength will be improved with the increase of SBR con-
tent because the interaction area between SBR nanoparticles

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41533
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Figure 9. FTIR spectra: SBR, PE, and PF/SBR3.0 at different temperatures (a, b, ¢); PF and PF/SBRX (X= 0.5, 1.5, 2.5, 3.0) at room temperature, 100,
and 300°C (d, e, f). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and the PF matrix increases and the average interparticle dis-
tance decreases. However, the notched impact strength of PF/
SBR2.5 reaches the maximum value higher than that of PF/
SBR3.0, which indicates that there is a critical interparticle dis-
tance between PF/SBR2.5 and PF/SBR3.0. When the average
interparticle distance is greater than the critical value, the
notched impact strength increases with the decrease of the aver-
age interparticle distance.'"® In contrast, the notched impact
strength declines and slight aggregation of SBR nanoparticles
appears in PF/SBR3.0 shown in Figure 5(e).

Meanwhile, in Figure 7(a), a transition layer with a thickness of
about 15 nm between SBR nanoparticles and the PF matrix is
observed in the TEM micrograph of PF/SBR2.5 at higher mag-
nification. The schematic illustration is shown in Figure 7(Db).
The transition layer may be associated with a good interfacial
bonding. Thus, phenolic nanocomposites with SBR nanopar-
ticles have excellent impact strength. At the same time, the ther-
mal decomposition temperature is not influenced significantly.

In addition, SEM micrographs of notched impact fracture surfa-
ces for PF and PF/SBR2.5 are shown in Figure 8. The fracture
surfaces of pure PF exhibit typical characteristics of brittle frac-
ture and are relatively smooth with a clear radiation pattern.
Although the roughness of phenolic nanocomposites with 2.5
wt % SBR nanoparticles increases and multiple crack layers
appear, which indicates SBR nanoparticles play a role in initiat-
ing crack'® and confirms the enhancement of the toughness for
phenolic nanocomposites.

The Analysis Based on Chemical Action. FTIR and XPS are

used to further analyze the compatibility and interfacial interac-
tion between SBR nanoparticles and the PF matrix. The FTIR
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spectra of SBR, PE, and PF/SBR3.0 at different temperatures are
shown in Figure 9(a—c), whereas the FTIR spectra of RT, 100,
and 300°C for PF and PF/SBRX (X = 0.5, 1.5, 2.5, 3.0) are dis-
played in Figure 9(d—f). The FTIR analysis is based on the main
IR characteristic bands of SBR and cured PF presented in Table
I. As shown in Figure 9(a), the band at 1640 cm ™' assigned to
C=C gradually disappears as temperature increases, revealing
that the C=C bonds remained in SBR are consumed. As for the

Table 1. The Main IR Characteristic Bands of SBR and Cured PF

Wavenumber/cm ™ Corresponding characteristic bands

3312, 3503 Stretching vibration of phenolic
hydroxyl groups: 3312 for associated
hydroxyl groups, 3503 for free
hydroxyl group®°

3011 Ar—H stretching vibration

2906, 2838 —CHz— antisymmetric and symmetric
stretching vibration

1640 N=C or C=C stretching vibration

1612, 1595, 1507 C—C stretching vibration of aromatic

ring

1471, 1437 In-plane scissor vibration of —CH>—
linking aromatic ring

1230 C—0O—C stretching vibration

1206 C—O stretching vibration of Ar—OH

1100 C—O stretching vibration of
—CH>—0H?t

1008 Ar—H in-plane bending vibration

880~672 Ar—H out-of-plane bending vibration

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41533
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Figure 10. High-resolution Cls XPS spectra: (a) PF, (b) PF/SBR0.5, (c) PF/SBR1.5, (d) PF/SBR2.5, (e) PF/SBR3.0. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FTIR spectra of PF and PF/SBRX (X = 0.5, 1.5, 2.5, 3.0) at dif-
ferent temperatures, they exhibit similar changes. Therefore,
only the FTIR spectra of PF and PF/SBR3.0 are displayed in
Figure 9(b,c). It can be seen that the changes in structure are
mainly in O—H, C—0—C, C—0 of Ar-OH, C=0 and C—O of
—CH,—OH, that is, four phenomena occur with the increase of
temperature. (1) The broad peak of associated hydroxyl groups
at 3312 cm™ ' gradually disappears, whereas the peak of free
hydroxyl groups at 3503 cm™' increases and becomes a sharp
peak. This means that the associated hydroxyl groups are bro-
ken, which produces sharp stretching vibration peak of free
hydroxyl groups, or that the residual moisture in samples evap-
orates, which indicates that the vibrational and rotational peak
of gaseous water (3503 cm ') appears. (2) The peak of
C—0—C (1230 cm™ ') gradually disappears, indicating the
breakage of ether bond in PF occurs. (3) The 1206 cm”~ ! band
attributed to C—O of Ar—OH weakens and shifts to a lower

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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wavenumber (1189 cm™"'). And there is no significant change in
the band of —CH,—. However, a new peak appears at
1735 cm™', belonging to the stretching vibration of C=O.
Overall, some phenolic hydroxyl groups are oxidized, which
explains the slight weight increase from 240 to 300°C in the
thermogravimetric curves of PF and PF/SBRX (X =0.5, 1.5, 2.5,
3.0) (Figure 3). (4) The peak of C—O of —CH,—OH becomes
weaker, implying that the C—O bond may react with the C=C
bond in SBR. Nevertheless, the reaction between C=C bond
and —CH,—OH group cannot be confirmed, because the band
of N=C coincides with the band of C=C.

In addition, Figure 9(d—f) manifests that the structure of PF
varies with the increase of SBR loading. Three main changes are
included below: (1) The associated phenolic hydroxyl groups
are split and the band of free hydroxyl groups at 3503 cm ™'
increases progressively. Moreover, the above changes become
more obvious with the increase of temperature, which is in
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Figure 11. High-resolution Ols XPS spectra: (a) PE, (b) PF/SBRO.5, (c) PE
online issue, which is available at wileyonlinelibrary.com.]

accordance with the analysis of Figure 9(b,c). (2) The relative
intensity of peaks on both sides of 1200 cm™' changes. The
band 1230 ¢cm ! assigned to C—O—C increases, which may be
due to the interaction between —CH,—OH group in PF and
C=C bond in SBR. With the increase of temperature, the break-
age of C—O—C bond weakens the effect of SBR. (3) The varia-
tions in C=C bond at 1640 cm™~ ' and C—O bond of CH,—OH
group are small, showing that the possible chemical reaction
between SBR and PF is weak. As a result, on the one hand, the
association of phenolic hydroxyl groups is broken by rubber
macromolecules. On the other hand, a certain chemical interac-
tion may occur between —CH,—OH group in PF and C=C
bond in SBR, which promotes the interfacial bonding and the
increase of impact strength for phenolic nanocomposites.

Furthermore, to further analyze the formation of C—O—C
bond between —CH,—OH group in PF and C=C in SBR, high-

n“;‘f‘lj WWW.MATERIALSVIEWS.COM 41533 (
ViewS
1

/SBR1.5, (d) PF/SBR2.5, (e) PF/SBR3.0. [Color figure can be viewed in the

resolution Cls and Ols XPS spectra of PF and PF/SBRX
(X=0.5, 1.5, 2.5, 3.0) are displayed in Figures 10 and 11,
respectively. Figure 10 shows that there are two carbon-based
functional groups: the peak assigned to C—C in aliphatic and
aromatic groups (around 284.8 eV), and the peak attributed to
C—O in ether or hydroxy group (around 286.2 eV).>** As the
SBR loading increases, the content of C—C bond in phenolic
nanocomposites gradually decreases from 84.8 to 62.2% and the
content of C—O bond increases from 15.2 to 37.8%, indirectly
indicating the C—O—C bond is produced. Figure 11 reveals
that there are two oxygen-based functional groups including
C—O (ether or hydroxy group, around 532.8 eV),** and O—H
(hydroxy, around 531.6 eV).”> With the increase of SBR loading,
the content of C—O bond in phenolic nanocomposites gradu-
ally increases from 72.9 to 84.7% and the content of O—H
bond decreases from 27.1 to 15.3%, showing that the C—O—H
bond is converted to C—O—C bond. The analysis of high-
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resolution Cls and Ols XPS spectra for PF and PF/SBRX
(X=0.5, 1.5, 2.5, 3.0) further confirms the speculation of FTIR
spectra that there exists a weak chemical interaction between
SBR nanoparticles and the PF matrix, as shown in Scheme 1.
Thus, the chemical interaction may be responsible for the com-
patibility and the transition layer between SBR nanoparticles
and the PF matrix, and promotes the formation of good inter-
face. Accordingly, the impact strength of phenolic nanocompo-
sites is significantly improved without sacrificing the flexural
performance, and the thermal decomposition temperature of
phenolic nanocomposites is not affected significantly.

CONCLUSION

The mechanical and thermal properties of phenolic nanocom-
posites, and the toughening mechanism were studied in detail.
Based on the experimental results, the following conclusions
can be drawn:

1. The phenolic nanocomposites modified with SBR nanopar-
ticles possessed good comprehensive mechanical properties.
The notched impact strength of phenolic nanocomposites
with 2.5 wt % SBR nanoparticles was increased by 52%,
compared with pure PE Meanwhile, the flexural strength
was improved and the flexural modulus only declined
slightly. Moreover, SBR nanoparticles had little influence on
the thermal decomposition temperature of phenolic
nanocomposites.

2. The certain compatibility between SBR nanoparticles and
the PF matrix, which might be due to the weak chemical
interaction between SBR nanoparticles and the PF matrix,
played a key role in the enhancement of impact strength for
phenolic nanocomposites.

3. Phenolic nanocomposites possessed a two-phase structure
with the uniform dispersion of SBR nanoparticles at a nano-
scale and there was a critical interparticle distance between
PF/SBR2.5 and PF/SBR3.0. Furthermore, there existed a
transition layer with a thickness of about 15 nm between

M WWW MATERIALSVIEWS.COM
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SBR nanoparticles and the PF matrix, which might be
responsible for the good interfacial bonding and the great
enhancement of the toughness for phenolic nanocomposites.
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