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ABSTRACT: A possible way to obtain modified poly(styrene) (PS) with a new complex of
properties: 2–3 times higher impact resistance in a combination with significantly
increased tensile strength and bending strength, 6–8 times higher flowability and
strongly increased adhesion is described here. It is established that the modified PS
new properties complex is a result from an elastification, nitrification, structure mod-
ification, and “critical” phenomena in the two component system studied. © 2000 John
Wiley & Sons, Inc. J Appl Polym Sci 79: 638–645, 2001
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INTRODUCTION

There are a lot of commercial poly(styrene) (PS)
grades but they cannot satisfy all specific require-
ments of all possible application fields. This mo-
tivates the development of new PS modificates
that, on the other hand, hide the potential possi-
bility for the creation of new polymer composi-
tions by blending with different polymers immis-
cible with the nonmodified PS. The reinforcement
of the PS is usually made with elastomers, includ-
ing the thermoplastic one.1–7 There are a lot of
reinforcement theories but none of them explains
fully this phenomenon. Nowadays it is known
that the reinforcing effect depends on a lot of
factors: the elastomer particles both the size and
distance, the mixing conditions, the amount and
degree of crosslinking of the elastomer, the adhe-
sion between the reinforcing elasomer and PS, the
thickness, structure, and properties of the inter-
face layer, etc.8–12 One approach to overcome the
instability of the phase morphology and poor ad-
hesion at the interface due to the poor compati-

bility is to carry out reactive processing including
in situ chemical reactions between components of
the blend.13

Low nitrificated elastomers are crosslinked,
but are still high elastic products that contain
significant amount of polar groups as well as un-
stable bounded nitro groups. The last one stipu-
lates their chemical activity. These properties
make them very suitable for reinforcing of brittle
plastomers, because the interface interaction be-
tween the plastic matrix and rubber particles
could be easily regulated by a change in the de-
gree of rubber nitrification. Therefore our exper-
iment are pointed at reactive blending of PS with
nitrificated rubber.

EXPERIMENTAL

Our experiments were carried out with polysty-
rene, Bustrene K-525, (Chemical Combine Neph-
tochim, Bulgaria), and nitrificated styrene-buta-
diene rubber (NSBR), containing 0.5–2.3 wt %
nitrogen, obtained as described in ref. 14. The
reactive blending was performed on a lab rolls at
a temperature of 378 6 5 K in air.
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Tensile and bending tests (before and after ag-
ing) were carried out on Instron TT-DM (USA)
and the impact resistance on Sharpy method ac-
cording to the corresponding ISO standards.

The melt flow index was estimated according to
ASTM-D-1238-57T at a constant P 5 50 N and a
temperature of 443 and 463 K using an IIRT-10
(Russia) apparatus; the kinematic viscosity, ac-
cording to ASTM-D-445 at a temperature of 298
6 0.1 K in toluene; the intrinsic viscosity, with a
Bishoff viscosimeter at a temperature of 303
6 0.1 K in toluene.

The light permeability was measured with a
spectrophotometer ZV-type (Germany) at l
5 693 nm.

The adhesion was measured according to the
thermoplastic adhesives requirements.15

The thermomechanical tests were performed
with Kargin thermomechanical balance at a con-
stant loading of 106 N/m2 and a heating rate of 1
K/min.16

The dielectric parameters: specific volume elec-
tric resistance rv was measured using “Teraom-
meter IS1” apparatus and the dielectric constant
d using an a. c. bridge 551, type “MIE” at a fre-
quency of 1000 Hz.

X-ray analysis was made in the angle region of
2°–30°, using “TuR-M-61” (Germany) apparatus
with filtrated CuKa irradiation. The electron mi-
crographs were taken from fracture surfaces by
the two-stage replica technique, using a Philips
transmission microscope model EM 400. The
samples were prefrozen in liquid nitrogen before
breaking.

The IR spectra were taken down from tablets
with KBr using IR-10 apparatus (Germany).

RESULTS AND DISCUSSION

Mechanical Parameters

Interesting changes in the basic mechanical pa-
rameters of the modified PS are observed as evi-
dent from Figure 1. The comparison of curves
I–IV shows that the higher the rubber nitrifica-
tion degree is, the higher mechanical parameters
are. This is due to the stronger interaction and
better compatibility of PS with the highly nitrifi-
cated SBR as evident from Figure 2. The light
permeability increases with increase of the rub-
ber nitrification degree, indicating in this way the
bettering of the compatibility with the increase of
the nitrification degree of the rubber.

In all cases the maximum of the corresponding
curve is the region of the low NSBR concentra-
tions—under 1 phr. This course of the curves
cannot be explained only with a reinforcing effect
of the rubber particles. The 2–3 times increase of
the impact resistance with simultaneously slight
increase of the tensile and bending strength is
also difficult for explanation from the point of
view of the known reinforcement theories.

Rheological Characteristics

The flowability index increases sharply when
small amounts of NSBR are added - under 1 phr
and after that decreases (Fig. 3). Such effect of
accelerated flowing could not be explained with a
structural plastification in presence of small
amounts of NSBR and molecular plastification
after that. The NSBR has been crosslinked during
the nitrification and its blending with PS was
made in a solid phase. This means that a blending
on molecular level is impossible.

The PS and NSBR blending on rolls is a me-
chanical-chemical process due to which changes
in the molecular mass of the modificates could
arise. Our results from estimating the intrinsic
viscosity used as an indirect measure of the mo-
lecular mass are presented in Figure 4. The in-
trinsing viscosity increase at 0.4–1.2 phr NSBR is
in correspondence with the mechanical parame-
ters increase in the same concentration region but
it cannot explain the strongly improved flowabil-
ity of these modificates. The rheological charac-
teristics’ dependence on the NSBR concentration
is another indication of the complicated NSBR
action mechanism.

Adhesion

The bringing of polar OCO, OOH, ONO2, and
OONO2 groups in the PS during the blending
with NSBR, accompanied with increased flow-
ability, gives reason to expect an improved adhe-
sion of the modified PS to polar substrates. As
evident from Figure 5, the increase of NSBR
amount up to 1 phr leads to sharp increase of the
adhesion due to a simultaneous increase of the
polar groups’ content and the flowability of the
modificates. The adhesion continues the improve-
ment after that, slightly due to the lower flowabil-
ity of the modificates.

From the same Figure 5, it is also evident
that the adhesion tested at a hot-melt temper-
ature of 463 K (curves I–III) or 473 K (curves
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I9–III9) is as high as the degree of nitrification of
NSBR is.

Comparative Characteristic of the Modified and
Some Commercial Types of PS

For fuller characterization of the modified poly-
styrene (MPS) with optimal properties, we esti-

mated some of its other parameters: aging resis-
tance, impact resistance at low and high temper-
atures, specific volume resistance rv, and
dielectric constant «. A comparison was made
with nonmodified PS, Bustren K-525 (Bulgaria),
and impact PS, Bustren U-825 (Bulgaria), avail-
able as commercial products.

Figure 1 The mechanical parameters: impact resistance an (a), tensile strength sp

(b), elongation at break d (c), bending strength sf (d), and bending strain at break y (e)
as a function of the NSBR amount and degree of its nitrification. Nitrogen content in
NSBR (wt %): (I) 0.5, (II) 1.3, (III) 1.8, and (IV) 2.3.
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From Table I it is evident that the newly de-
veloped material surpasses the starting and the
impact PS on tensile strength and flowability. It

Figure 2 Optical transparency of the modified PS as a
function of the degree of nitrification and the added
NSBR amount (phr): (I) 0.5, (II) 1.0, (III) 2.0, and (IV) 5.0.

Figure 3 The flowability index of modified PS—at a temperature of 443 K (curves
I–III) and 463 K (curves I9–III9)—as a function of the amount of NSBR and the degree
of its nitrification. Nitrogen content in NSBR (wt %): (curves I, I9) 0.5, (curves II, II9) 1.3,
and (curves III, III9) 2.3.

Figure 4 The intrinsic viscosity of modified PS as a
function of the amount of NSBR and the degree of its
nitrification. Nitrogen content in NSBR (wt %): (I) 0.5,
(II) 1.3, (III) 1.8, and (IV) 2.3.
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does not differ significantly from the starting PS
on Brinell hardness, Vica thermal resistance, and
dielectric parameters. In impact resistance the
modified PS is between the two commercial prod-
ucts, but after atmosphere aging it approaches
the impact PS due to its better aging resistance.
The improved adhesion to polar materials is a
specific property of the modified PS.

Probable Mechanism of NSBR Action

The sharp increase (reaching to 2.5 times) of the
impact resistance of PS by adding of small

amounts NSBR—under 1 phr—accompanied
with a sharp increase of the flowability index (5–8
times) and a significant increase of the tensile and
bending strength (25–30%) is an indication for a
complicated mechanism of nitrificated rubber ac-
tion, including not only elastification but also
other probable processes like chemical interac-
tion, structural modification, etc.

The presence of OOH, OCO, ONO2, and
OONO2 groups in the nitrificated rubber used in
our experiments was proven by means of IR spec-
troscopy. As evident from Figure 6, in the spec-
trum of NSBR the following absorption peaks ap-
pear: at 1700 cm21 (vCO); at 1550 cm21 (vasNAO)
and at 1360 cm21 (vsNAO); 1640 cm21 (vasONO2)
and 1280 cm21 (vsONO2); weak bands at 1040 and
1090 cm21 characteristic of p-substitute aromatic
rings; a doublet at 860 cm21 indicating the pres-
ence of nitrogen groups at p place of benzene ring;
increased general adsorption in the range of
3600–3200 cm21 that proves the presence of hy-
droxyl groups.17

Some of them are linked unstably and split off
easily in the form of nitrogen oxides hydrolyzing
to a nitrogen acid in presence of moisture. The
nitrogen oxides and nitrogen acid could nitrificate
the PS under the soft conditions of our experi-
ments, most probably via an attachment of a ni-
trogen group to the place of destruction during
the blending on rolls or a replacement of a ter-

Figure 5 Adhesion in the system artificial sole-leath-
er/artificial sole-leather at a temperature of the hot-
melt 463 K (I–III) and 473 K (I9–III9) as a function of
the amount of NSBR and the degree of its nitrification.
Nitrogen content in NSBR (wt %): (I, I9) 0.5, (II, II9) 1.3,
and (III, III9) 2.3.

Table I Comparative Characteristic of Some Types PS

Parameter

Materials

PS Bustren
K-525

PS Bustren
U-825

MPS (0.8 phr NSBR,
2.3 wt % Nitrogen)

Sharpy impact resistance (kJ/m2)
At 220°C 9 70 23
120°C 10 75 25
140°C 11 79 25a

After atmosphere aging,
6 months 11 73 25a

12 months 9 35 24
24 months 7 29 23

Tensile strength (MN/m2) 44.0 23.5 60.2
Bending strength (MN/m2) 84.0 46.1 102.6
Brinell hardness (MN/m2) 210 160 207
Vica thermal resistance (°C) 99.5 97.1 98.5
Flowability at 190°C (g/min) 2.3 2.0 11.1
Specific volume resistance rv, (1013 V z m) 19 10 4.3
Dielectric constant, d 103 2.42 2.59 2.79
Adhesion (MN/2 cm) 0.37 — 1.15

a Twenty percent of samples were not broken.
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tiary hydrogen atom in the backbone PS chain.18

Although the nitrification of PS by NSBR was not
proven directly, there are a number of facts con-
firming indirectly but unambiguously such an in-
teraction: the blending heat effect (of about 20–30
K, measured by a thermocouple); the typical yel-
low color for nitrogen products of the modificates
as well as the compatibility of PS and NSBR
improvement with the increase the degree of ni-
trification of the latter.

A comparative electron microscopy observation
showed indisputably that the adding of NSBR to
the PS leads to a significant change of its primary
globular structure. In all modificates we observed

chaotic suited “capsules” centered with NSBR on
the background of the globular structure of the
non-modified PS [Figure 7(a, b)]. This arrange-
ment in capsules is in the frame of the amorphous
phase state as proved by X-ray analysis.

The morphology of the modified PS gives us
reason to suggest the existence of three phases
in the studied two-component system. This sug-
gestion of ours was verified by thermomechani-
cal investigation. In Figure 8 is presented a
thermomechanical curve of PS modified with 1
phr NSBR, containing 1.8 wt % nitrogen. There
are two deflections on this curve corresponding
to glass temperatures of two phases: at a tem-

Figure 6 IR spectra of a non-nitrificated (1) and nitrificated SBR (2) containing 2.3 wt
% nitrogen.

Figure 7 Electron microscopy photographs of two-step replicas from nonmodified (a)
and NSBR modified (b) PS.
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perature of 373 K corresponding to a Tg of the
starting PS and at 363 K corresponding to a
new, third phase in our polymer system (Tg of
NSBR is in the range of the minus tempera-
tures).

A presence of three phases in some two-compo-
nent polymer systems has been observed by other
authors, which suggests that the appearance of
the third intermediate phase is a result of a re-
ciprocal diffusion of the both polymers.19 In our
case, the appearance of a third intermediate
phase could be a result of a reciprocal diffusion
and a chemical interaction of PS and NSBR.

From a point of view of the elastification, nitri-
fication, and structural modification, it is difficult
to explain the fact of simultaneously sharp in-
crease of the flowability index and the intrinsing
viscosity (irrespective of the molecular mass of
the modified PS) in the range of the low NSBR
concentrations—of about 0.8–1 phr. It could not
be a result of a transition from structural to mo-
lecular plastification because our modifier is a
crosslinked rubber. Kulesnev and co-workers20

ascribe such phenomena to a critical state of the
polymer blends just before their layering during
the change of the ratio between the compounding
polymers. The entire polymer system has special
structure in the “critical” region providing for the
sharp increase of its flowability and other proper-
ties. The polymer blends in a critical state are
characterized by some slight turbidity whereas
the homogeneous blends are fully transparent
and the layered blends are fully nontransparent.
In Figure 9 is shown the optical transparency of
modified PS as a function of the added amount
NSBR. It is evident that it decreases sharply in
the region of a sharp change of a lot of parameters
of the modified PS and this could be accepted as
an indication of layering of our polymer blend in
the NSBR concentration region of 0.8–1 phr.

CONCLUSIONS

The blending of PS and nitrificated rubber is a
possible way to obtain modificates with a new
complex of properties: sharply increased impact
resistance (about 2.5 times) and flowability (about
5–8 times) combined with significantly increased
tensile and bending strength (about 25–30%), im-
proved aging resistance, and adhesion to polar
materials, good dielectric parameters, and heat
resistance.

The PS and nitrificated rubber blending is re-
active and leads to the formation of an interme-
diate phase of nitrificated PS acting as compati-
bilizer in this two-component polymer system.

The modification of the starting PS properties
is due to an elastification, nitifaction, and struc-
ture modification effect of the nitrificated rubber
as well as critical phenomena in these two-com-
ponent systems, based on the change of the inter-
face forces in the studied polymer blend as a re-
sult of the change in the nitrification degree of the
rubber.

REFERENCES

1. Zuchowska, D. Polym-tworz wielkoczastczk 1994,
39(7), 453.

2. Nederland Patent No 188 100/12.11.94.
3. Sherman, L. M. Plast Technol 1995, 41(1), 36.
4. Japan Patent No 0987,444 /97 87,444/12.06.95.

Figure 8 Thermomechanical curve of PS modified
with 1 phr NSBR containing 1.8 wt % nitrogen.

Figure 9 Optical transparency of the modified PS as
a function of the added amount NSBR containing 2.3
wt % nitrogen.

644 VLADKOVA



5. Japan Patent No 10 110,083 /98 110,083/
/7.10.1996.

6. Japan Patent No 10 158,466/98 158,466/ /28.11.96.
7. Japan Patent No 09 241,469 /97 241,469/ /7.03.96.
8. Michler, H. Acta Polym 1993, 44(3), 113.
9. Cohen, R. E.; et al. Res Mater Annu Rep 1993,

Mass Inst Technol Cambridge 1993, 22 (also in Ref.
J Chim (Russia) 1996, 4C1).

10. Piorkowska, E. Polym-tworz wielkoczasteczk 1994,
39(2), 67.

11. Muratoglu, O. K.; Argon, A. S.; Cohen, R. E. Poly-
mer 1995, 36(5), 921.

12. Telenkov, S. A.; Wang, Y.; Lu, Y.; Favro, L. D.; Kuo,
P. K.; Thomas, R. L. Polym Eng Sci 1998, 38(3), 385.

13. Di Lorenzo, M. L.; Frigione, M. J Polym Eng 1997,
17(6), 429.

14. Mladenov, I.; Markov, M.; Georgiev, T.; Djubrilova,
M. Bulgarian Patent, No 15450/ 27.04.70.

15. Thermoplastic Adhesives Test Methods, Proc
Symp Adhesives, Gotvaldov (Czech Rep), Dec.
7th–11th, 1969; Ed. Technica: Prague, 1970; pp.
21–29.

16. Toroptseva, A. M.; Belogorodseva, K. V.; Bond-
arenko, V. M. Laboratornij practicum po chimii I
technologii visokomolekuljarnich soedinenij; Isd.
Chimia: Sankt Peterburg, 1972.

17. Nakanishi, K. Infrared Absorption Spectroscopy;
Holden-Day: San Francisco, Nankodo Comp: To-
kyo, 1962.

18. Topchiev, A. B. Nitrovanie Uglevodorodov I
Drugikh Organicheskikh Soedinenij; Isd. AN
SSSR: Moskow—Leningrad, 1956.

19. Polymernie Smesy (Pod Red. D. Pola i S. Nymena);
Isd. Mir: Moskow, 1983.

20. Kulesnev, V. N.; Kandirin, L. B.; Klikova, V. D.
Koll Zurnal (Russia) 1972, 34(2), 231.

MODIFICATION OF PS 645


