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The novel macromolecular copolymers of polystyrene-b-poly(2-hydroxyethyl 
acrylate) (PS-PHEA) and polystyrene-b-poly(2-hydroxyethyl acrylate)-b-poly(γ-
methacryloxypropyltrimethoxysilane) (PS-PHEA-PMPS) were synthesized as

macromolecular coupling agents via atom transfer radical polymerization (ATRP). The
synthetic products were characterized by gel permeation chromatography (GPC) and
Fourier transform infrared spectroscopy (FTIR). The polystyrene (PS) block was 
selected to entangle with homopolymer matrix and form strong interactions with the
matrix due to its compatibility potential with the resins. The poly(2-hydroxyethyl 
acrylate) (PHEA) block is acted as a flexible interlayer and supports some active
groups to react with fibres and introduce functional groups. The block poly(γ-methacryl-
oxypropyltrimethoxysilane) (PMPS) provides silicon hydroxyl to react with fibres. Basalt
fibres (BF) were modified by a commercial silane coupling agent and macromolecular 
coupling agents, respectively, to improve the poor interfacial compatibility between the
fibres and polystyrene. The FTIR confirmed the grafting of the coupling agent on the
fibre. The interaction property of fibres and polystyrene was analyzed by the micro-
droplet test. The interfacial shear strength (IFSS) values verified that the interaction
between the fibre and polystyrene modified with the macromolecular coupling agent
was much stronger than that with a normal silane as coupling agent. The di-block
copolymer modified composites showed the best improvement in interfacial adhesion.
The fibres were treated with 5% PS-b-PHEA solution and reacted at 120°C for 24 h
which were considered as an optimal condition for the BF/PS system. The fracture 
surfaces of the composites before and after treatment were also observed using 
scanning electron microscopy (SEM). The results proved that the di-block PS-b-PHEA
can be used as a good coupling agent for the fibre and polymer composites.

INTRODUCTION

Due to its good interfacial coupling
effect, macromolecular copolymers
as novel coupling agents have
recently been received much 
attention [1-3]. The amphiphilic
copolymer can form brush on a
substrate surface by insoluble
block spreads on the solid substrate
like a melt and the soluble block

stretches into the solution phase
like bristles of a brush [4-8]. In 
previous works, we synthesized 
a kind of tri-block copolymer 
coupling agents, and then assem-
bling at fibre/polymer interface to
form a block copolymer brush.
This copolymer can form strong 
interactions with fibre surface on
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the one end block, and entangle with polymer matrix
molecular chains by physical interactions on the other
end block; specially, the middle flexible block 
collapses on fibre surface to form flexible interlayer
[9,10]. The synthetic process contains three steps. We
considered to synthesize a macromolecular coupling
agent with similar function and yet with less 
procedural steps. Therefore, poly(2-hydroxyethyl 
acrylate) (PHEA) was chosen as a flexible segment to
provide reaction group with silicon fibres.
Simultaneously, the segment of PHEA which 
contains plenty of active -OH groups is able to 
introduce some active functional groups (e.g., 
cinnamoyl chloride) to control the interfacial 
characterization in the further work.

Basalt fibres possessing higher modulus, 
equivalent tensile strength and better alkaline 
resistance relative to E-glass fibres, have been used as
the reinforcement for the polymers [11-13]. Noting
that basalt fibres act as reinforcements in polymer
composites only after their surface treatment, the 
coupling agents are concerned. However, the research
works on improvement of basalt fibres/resin interface
are rarely reported [14-16]. As the main components
of basalt fibre are similar with those of glass fibre, the
methods of the glass fibre are cited [17-19]. 

In this paper, a di-block copolymer (PS-b-PHEA)
and a tri-block copolymer (PS-b-PHEA-b-PMPS)
were synthesized by atom transfer radical poly-
merization (ATRP) [20-23], and were used as macro-
molecular coupling agents to treat the basalt fibre.
The PS block for its compatibility with resins, was
selected to entangle with homopolymer matrix and
form strong interactions with the matrix. The PHEA
block with low glass transition temperature (about 
-25°C ~ -9°C depending on the molecular weight
[22]), acts as a flexible interlayer. The microbond test,
one of fibre pull out tests [24-27], was selected for
our study on interfacial adhesion between the basalt
fibres and PS matrix. 

EXPERIMENTAL

Materials
Basalt fibres (CBF13-800) were purchased from
Mudanjian Co., Ltd., China. Polystyrene homopoly-

mer (PG-33) was supplied by Zhenjiang Chi Mei
Chemical Co., Ltd., China. Styrene (AR, Shanghai
No. 1 Chemical Plant) was passed through a column
filled with activated basic alumina (Al2O3, standard
grade, 200-300 mesh) to remove the inhibitor, 
vacuum distilled before polymerization, and then
stored in N2. Cyclohexanone (AR, Shanghai No. 1
Chemical Plant) was distilled before use. Copper (I)
bromide (CuBr) was first stirred with glacial acetic
acid for 24 h under a nitrogen atmosphere, and then
washed alternatively with glacial acetic acid and
ethanol untill the colour of the powder became white.
Purified CuBr was dried at 40°C for 3 days, and
stored under a nitrogen atmosphere. 2-Hydroxyethyl
acrylate (HEA, alfa aesar, 97%), ethyl 2-bromoiso-
butyrate (EBrIB, Aldrich, 98%), anhydrous methanol,
N,N,N',N'',N'''-pentamethyldiethylenetriamine
(PMDETA, Aldrich, 99%), γ-methacryloxypropyl-
trimethoxysilane (MPS, Shanghai Yaohua Chemical
Plant) and tetrahydrofuran (THF, 99%) were used
without further purification. All other chemicals 
were purified by vacuum distillation before poly-
merization. 

Synthesis of Block Copolymer Coupling Agents
Monomer styrene, ligand PMDETA and catalyst
CuBr were added into a four-necked round-bottom
flask with condenser, gas inlet/outlet and a 
mechanical stirrer under a nitrogen atmosphere for 
10 min. Then, initiator EBrIB was added under 
stirring, followed by immersing the flask in a 
thermo-stated oil bath at 100°C. Typical ratios of the
reactants were M:I:Cu:L = 300:1:1:1. After 5 h, a
macroinitiator PS-Br was synthesized. The crude
product was dissolved in THF, and additionally
passed over alumina to remove the catalyst. Then, the
polymer in the solution was precipitated in methanol
and dried in a vacuum at 60°C overnight.

The syntheses of di-block copolymers of PS-b-
PMPS and PS-b-PHEA were carried out at 60°C 
initiated by the macroinitiator PS-Br in a similar 
manner except using cyclohexanone as the solvent.
Tri-block copolymer of PS-b-PHEA-b-PMPS was
also synthesized through a similar procedure with 
PS-b-PHEA-Br as the macroinitiator and xylene as
the solvent. A better molecular weight control was
observed by using the halogen-exchange technique
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[28,29], and therefore we employed CuCl/PMDETA
as the catalyst system in the tri-block synthesis.

Both the di-block copolymer and tri-block copoly-
mer products were precipitated in n-hexane and dried
in a vacuum oven at room temperature for 3 days.

Coating of Basalt Fibres
Before coating, the basalt fibres were calcined in a
muffle furnace at 400°C for 5 h to remove surface
additions (e.g., a binder, nucleating agents, or 
coupling agents). Aqueous solutions of MPS at a 
concentration of 1% (w/w) and THF solutions of 
PS-b-PMPS, PS-b-PHEA and PS-b-PHEA-b-PMPS
at different concentrations were prepared before the
fibre coating. The treated basalt fibres were dried, and
reacted at 120°C in a drying oven for different hours
(1, 12, 24, and 48 h, respectively). All the coated
fibres were eluted with THF for 2 days to remove the
unreacted copolymer or silane, and then dried in 
vacuum at room temperature.

Interfacial Shear Strength Evaluation
Micromechanical tests reflect quite well the
fibre/matrix adhesion by the determination of the
interfacial shear stress at debonding, τd (MPa). The
interface shear stress, τd, was calculated as follows: 

where τd is the interfacial shear stress, Fp is the
debonding strength, rf is the fibre radius and le is the
matrix embedded length. 

Sized basalt fibres were dipped in the PS melt and
some micro-droplets were formed on the fibre. The
image of each sample was captured by an optical

microscope (XTZ-ETV, Changfang Co., China) with
the drops and fibre dimensions, symmetrical and
axisymmetrical elliptical drops were selected to be
tested. Measurements of embedded length and fibre
diameter were carried out directly on digitized pic-
tures. 

Samples were then tested by an electronic single
fibre strength tester with a chart recorder (Model
YG004A, Changzhou No. 2 Textile Machinery Co.
Ltd., China). More than 50 specimens were tested for
each sample to calculate τd of each polymer/fibre 
couple.

Instrument Analysis 
The absolute molecular weights of polymers were
measured by a multi-detector GPC equipped with a
Dawn Heleos static laser scattering detector and an
Optilab Rex refractive index detector (Wyatt
Technology Corporation, USA), which was 
conducted using DMF as eluent at a flow rate of 
1 mL/min. Fourier transform infrared spectra (FTIR)
of the products were recorded with a Nicolet 380
Fourier transform infrared instrument (USA). The
morphology of sample dried under vacuum for 
2 days was observed by a Jeol scanning electronic
microscopy (JSM-6510 SEM instrument, Japan). 

RESULTS AND DISCUSSION

Characterization of Block Copolymer Coupling
Agent
The structures of the copolymers are illustrated in
Scheme I and charactered by FTIR. Figure 1a reveals
well-defined characteristic bands of the PS, with the
peaks at 1602, 1452 and 1493 cm-1 ascribed to the
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Scheme I. Molecular structures of: (a) PS-b-PMPS di-block, (b) PS-b-PHEA di-block and (c) PS-b-PHEA-b-PMPS
tri-block copolymer.



skeletal vibrations of benzene ring and the peaks at
756 and 696 cm-1 for the external plane of C-H ring
of aromatic groups in the St. A characteristic peak at
1731 cm-1, which can be seen in Figures 1c and 1d, is
attributed to carbonyl stretching of carboxylic groups
(C=O) in HEA, verifying the copolymerization of
HEA. In Figures 1b and 1d, another characteristic
absorption peak at 1032 cm-1 is shown, indicating 
Si-O stretching adsorption in PMPS. All the results
showed that the copolymers of PS-b-PMPS, PS-b-
PHEA and PS-b-PHEA-b-PMPS were successfully
synthesized. The characterization data for copoly-
mers are presented in Table 1. As the entanglement 
molecular weight of PS in broad molecular weight
systems was 19.1 k [10], the length of PS blocks upon
200 is long enough to entangle with the PS matrix.
Therefore, the copolymers with the PS segments of
nearly 245 in lengths were selected for this experiment. 

Figure 1. FTIR Spectra of: (a) polymer PS, (b) copolymer
PS-b-PMPS, (c) copolymer PS-b-PHEA and (d) copolymer
PS-b-PHEA-b-PMPS.

Grafting onto Basalt Fibre
For studying the grafting process, the samples were
measured by FTIR and SEM spectroscopy. The FTIR
spectroscopy of basalt fibre before and after treat-
ment with copolymer PS-b-PHEA is shown in Figure
2. The existence of the ester bond (1720 cm-1) in
Figure 2b proves that the -OH of the PHEA block
reacted with the hydroxyl groups of basalt fibre 
surface. The result indicates that the di-block copoly-
mers have been chemically linked with the surface of
basalt fibres. The chemical grafting of copolymers
with PMPS block on fibre surface have been report-
ed in our previous work [7].

Figure 3 shows SEM images of basalt fibre before
and after coating with PS-b-PHEA copolymer. For
the basalt fibre before treatment with coupling agent,
the fibre surface is relatively smooth and clean. After
the treatment, the fibre surface was covered with 
PS-b-PHEA. The picture of coated basalt fibre 
surface shows that the coating is not homogeneous
and white spots are clearly visible. 

Figure 2. FTIR Spectra of basalt fibers: (a) untreated and
(b) treated with PS-b-PHEA.
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Sample Mn, GPC Mw, GPC Mw/Mn

PS243-b-PMPS21

PS243-b-PHEA118-b-PMPS19

PS243-b-PHEA118

30450

43550

38950

34230

52650

42800

1.124

1.209

1.099

Mn, GPC: the number-average molecular weight from GPC; Mw, GPC: the weight-average molecular weight from GPC.

Table 1. The data of block copolymers.

 



Micromechanical Evaluation of Interfacial
Adhesion
Figure 4 shows the influence of different coupling
agents on the interfacial shear strength. The fibres
were treated at the same concentration (1%, w/w)
under the same reaction conditions (at 120°C for 2 h).
Compared to the crude fibre, the IFSS value of basalt
fibre declines after it was calcined at high 
temperature, which is ascribed to the decomposition
of the additives on the fibre. All the coupling agents
give rise to the interfacial bonding between the fibre
and PS matrix, resulting from the increase of the
IFSS. The increase is more obviously as with the
copolymer coupling agents than with coupling agent
MPS, owing to the PS block entangling with the 

Figure 4. Influence of the different coupling agents on the
interfacial shear strength.

matrix and PHEA blocks collapse on fibre surface and 
forms a flexible layer to relax interface residual stress
[30]. 

Further, a di-block PS-b-PHEA copolymer is 
dominant over tri-block PS-b-PHEA-b-PMPS copoly-
mer. Compared to the -OH on the carbon chains, the
Si-OH is more active and easy to react with the Si-OH
on the fibre surface. So the tri-block PS-b-PHEA-b-
PMPS tends to link with fibre surface relying on the
shorter end PMPS block, whereas the di-block PS-b-
PHEA enters multi-linking with fibres along the
longer PHEA block, as schematically illustrated in
Scheme II. It is easily believed that the PHEA block
moves more freely in tri-block than that in di-block
copolymers. This results in much over-deformation of
the interphase in tri-block copolymer system, and the
subsequent loss in IFSS. The results demonstrate that 

Scheme II. Schematic illustration of coupling agents 
grafting (a) PS-b-PHEA-b-PMPS and (b) PS-b-PHEA.
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Figure 3. SEM Images of basalt fibres: (a) untreated and (b) treated with copolymer PS-b-PHEA.
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Figure 5. Influence of copolymer concentration and reaction
time on the interfacial shear strength.

the di-block copolymer with -OH can be used as good
coupling agent for the basalt fibre/PS system in the
further research. 

As the -OH groups on the macromolecular chains
are not active as that on the monomer, the reaction
conditions are discussed in this study. The interfacial
adhesions were compared through different concen-
trations of PS243-b-PHEA118 and different treatment
times, and the results are indicated by the IFSS values
in Figure 5. The IFSS values are significantly
improved when the fibres are treated for 1 h, and then
it becomes gradual at longer reaction time. The 
maximum value is at the reaction time of 24 h in each
concentration. It is found that the fibres treated in 5%
PS243-b-PHEA118 solution have the highest IFSS
value of 17.94 MPa. This may result from the highest
grafting density. Excessive reaction time (48 h) would
decline the coupling agent function, consequently
decreasing the IFSS.

Characterization of Composite Fracture Surfaces 
Figure 6 shows SEM photomicrographs of the section
of basalt fibre-reinforced PS composites with 
di-block copolymer PS-b-PHEA. For the composite
without block copolymer treatment, as seen in Figure
6a, the fibres pulled out from PS resins are longer and
adhere with less resin. In the case of fibre treated with
PS-b-PHEA copolymer, the pulled out fibres are
shorter and more PS resin is observed. The rest of the
fibres seems to be tightly held by the matrix, which 

Figure 6. Fracture surface images of basalt reinforced PS
composite: (a) without treatment and (b) with macro-
molecular coupling agent PS-b-PHEA.

shows good interfacial adhesion between the basalt
fibre and PS matrix.  

CONCLUSION

Block copolymer of PS-b-PMPS, PS-b-PHEA and
PS-b-PHEA-b-PMPS as coupling agents were 
synthesized by ATRP and chemically grafted on the
basalt fibre surfaces. The interfacial shear strength
values were measured via a micro-droplet. The results
verified that the interaction between the fibre/PS 
modified with the macromolecular coupling agent
was much stronger than that with a normal silane cou-
pling agent, owing to sufficient chain entanglement
between PS block with PS homopolymer and the
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relaxing interfacial stress by flexible PHEA blocks.
The di-block PS-b-PHEA copolymer modified 
composite showed the best improvement in interfa-
cial adhesion, due to the reaction of the -OH on the 
carbon chains and Si-OH of the fibre surface. The
fibres treated with 5% PS-b-PHEA solution and 
reacted at 120°C for 24 h are considered as optimal
conditions for the basalt fibre/PS system, resulting
from a sufficiently high grafting density of the
copolymer on the fibres. The results indicate that a
copolymer of di-block PS-b-PHEA could be used as a
good coupling agent for the basalt fibre/PS system,
and is worthy of further research. 
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