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Gamma irradiation effect on polystyrene + SBR blends:

morphology and microhardness

Summary — Blends with (1, 5, 1and 13 weight % of styrene /butadienc (SER)
copolvmer embedded in a rigid polystyrens matrix were prepared. Micro-
hardness was determined and morphology evaluated by scanning electron
microscopy (SEM) before and after gamma irradiation. We relate the morphoe-
gy to chemical structure and to composition of the 5BRs as well as to irradia-
tion dosages, We also connect the microhardness to the impact strength deter-

mined previously.
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High impact polystyrene (HIPS, another abbreviation
term PS-HD contains an elastomeric phase. Typically,
there are small islands of the elastomer in PS. In turn,
each such island contains PS inside. One can manipulate
HIPS praperties by varying: a} the size distribution and
the morphology of the elastomer particles [1]; b) the con-
tent of the elastomeric phase; o) the chemical structures
of the elastomeric phase and the matrix; d) the molecular
weight distributions, and e} the adhesion between the
matrix and the rubber particles.

Aowide variety of natural or synthetic elastomers had
been emploved in making HIPS material. One uses often
a synthetic styrene /butadienc rubber (SBR) with diffe-
rent siruciures {star, finear, block or random), configura-
tions (1,4-trans-, 140 or 1,2-vinyi) and particle sizes in
the range from 0.4 to 10 um [1—5].

Conventional scanning electron microscopy (SEMI of
HIPS provides only 21 pictures. More sophisticated
tools such as digital image processing [6], nuclear mag-
netic resonance (NMIED and ultrasonic L'leg:’c‘ldrtrim'l have
been employed. These techniques provide valuable dala
on particles morphology, particle size distribution and
concentration of the elastomeric phﬂse 1.

At the same time SEM micrographs provide informa-
ton on craze propagation, stress bands formation, as
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well as void formation, factors that can enhance or dete-
riorate the performance [F—51. Il voids are present, SEM
results do not provide the depth. We have decided to
apply a microhardness test as an indirect way to evalu-
ate the A0 structure of FIPS in conjunction wilh SEM.
Transmission electron micrascopy (TEM) of HIFS
morphology shows ,salami” structures, consisting of
polyvstyrene domains surrounded by polybutadiene
membranes [11 11]. To a certain extent, good mechamcal
properties can be attributed to crazing mechanisms: a)
craze formation of the matrix-rubber particles interface
[4, 8, 5], b} shear band vielding [1] and ¢} cavitation [1].
In principle it should be possible to contrel the craze

fracture but unfortunately our understanding of the pro-

pends on the applied stress and the quandity and diame-
ter of the particles [%, 12]. There has been 4 controversy
on increasing the rubber particle diameter because the
unpact resistance can go either way [13]. Apparently,
this is a ronsequence of difficulties inachieving simuita-
neous contral of the size and internal structure of the
two-phase islands. Plorkowska and her colleagues [14]
as well as Loch and coworkers [153] concluded that in-
creased island size is advantageous for craze inibabion
—thus ]:n'u:widjng an energy dissipation mechanism
Some results obtained for nvlon blends have been
used as guidance to evaluate the particle size effects in
HIPS [13, 16]; applying the r
shear yvield to those with crazing should be done with
creat caution. Apparently particles with diameter below
2 um are not effective in the improverment of the polvsty-
rene impact resistance [17]. Nevertheless, these kinds of
particles are effective for polymers with shear yield [13].
The importance of the content of SBR as well as the
chemical structure results in some degree of control of
the impact characteristics of blends, even when thercisa

esults for polymers with



638

POLIMERY 2005, 50, nr 9

limited reduction in the stifiness, vicld stress and creep
resistance (5, 7, 18—=20]. Permanent adhesion of the SBI
to the britlle matrix can be enhanced by jonixing radia-
tion, which often causes amorphization of polymeric
materials [19].

One can alse manipulate mechanical properties of
materials by irradiation. This has been done for instance
by Zenkiewicz [21] so as to affect tensile properties of
palypropylene films by EB (electron beam) radiation.

In the preceding paper |5] we have determined the
lred impact strengith of Ezul}fst}rrmm (TS5 + 5BRE systems,
performing also thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC of non-irradia-
ted and y-irradiated samples with varving SBR concen-
tration. In the present paper we report SEM and micro-
hardness testing results before and after gamma {rradia-
tion. We would like to connect the present resulls with
those oblaimed earlier, [or a better understanding of rela-
tions of mechanic performance with morphology of
these materials,

EXPERIMENTAL

Blend preparation

Blends with 0.3, 10 or 13 weight % of 5BR ina PS5
matrix have been prepared exactly as before [3]. Toaveid

Table I, Characteristics of SBRy

cut into pyramidal shapes with a RMC model MT &000-
-XL micrometer that produces very thin and uniform
cuts with diamond knives and then vacuum-coated with
carbon ishells between 3 to 10 nm) in a vacuum pump
(L. E Fullam) at 50 militorrs (6,66 Pa). Finally the sur-
faces were analyzed by SEM in a [EOL model [SM-5200

machine, in the secondaryv-electron maode at 25 ke
Irradiation procedure

The blends were subjected to gamma radiation in air
at the room temperature applying dosages of 10, 50, 100,
150, 200 and 250 kG at the dose rate of 0,11 kGy /b The
irradiation was provided by a 631 PT Gamma Beam lrra-
diator manufaclured by the Atomic Energy of Canada
Limited (AECL, Chalk River, Ontario), and located at the
Institute of Nuclear Scicnces of the National Autono-
mous University of Mexico,

BEHAVIOR OF NON-IRRADIATED SAMPLES

The results concerning microhardness test are pre-
sented in a black diagram as Fig. 1. In general, with the
increasing of the SER content, the microhardness values
decrease. This is in contrast to lzod impact energy values
reported before [5]. The highest microhardness values
are obtained for PS + SBE-3 blends which exhibit an ease
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repetition, we refer the reader to the preceding paper for
all the details, reminding only the characteristics of used
SBR samples (table 1),

Microhardness testing

[ndentations were performed by using a Matsurawa
model MHT2 micrehardmeter, under the constant load
of 10 g over 15 seconds. The indentation produces an
arca af pyramidal shape with 136" between the opposite
faces,

Maorphological characterization

The materials were submerged in 00y for 48 hours
and cooled in liguid nitrogen for 0.5 hours, They were

1o 000

of shear yielding and low elastic modulae (both in ten-
sion and in bending), as well as infermediate values of
impact resistance [3]. On the other hand, the PS + 5BR-4
blends exhibit the lowest micrahardness values but they
have the highest impact resistance [5]. A tentative con-
clusion is that the capability to absorb energy on impact
15 associated with low microhardness,

As for chemical structures of SBR, blends containing
linear SBRs (SBR-3, SBE-4 and SBR-3), the microhard-
ness decreases, passes through a minimum (Fig. 2), and
imcreases again as a function of the butadiene content.

Lifects of increasing the butadiene content can be
seen in the surface morphologies. An increase from 50 %,
(5BR-5) 1o 70 % (5BR-4) makes the surfaces less homaoge-
neous with semi-spherical rubber particles that act as
fi-situ reinforcing agents. Particles with diameter below
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Fig. 1. Microhardness {in HV = Vickers Hardness) vs wt. %

of SBR
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Fig. 2. Microhardness (in HV = Vickers Hardness) vs wt. %
of butadiene in the SBRs of different structures (5 = star, L =

Itnear, MB = multiblock)

5 wm (Fig. 3a and 3b) show poor mechanical properties
in microhardness, tension and flexion, but excellent im-

pact performance [1]. The highest impact values are due

to regular distribution and homogeneity of the rubber
particles (Fig. 3b). Increases in the rubber particle sizes

are seen for a higher content of butadiene (75 %, 5BR-3,
Fig. 3c). We know the result is an increment in the micro-
hardness but lower impact values (Fig. 3c).

| 0 |

87 !5 S + 13 %0 8BR-3
Fig. 3. Blends containing linear SBRs

Fig. 4. Polystyrene matrix

87 % PS 1 13 %5 SBR-2

Fig. 5. Blends containing star SBRs

Consider now the polystyrene matrix as the reference
material for blends (0 % SBR, Fig. 4). The morphologies

reveal that the reinforcing agents are distributed in poly-

87 % PS + 13 % SBR-4

87 % PS — 13 % SBR-3
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Fig. 6. Blend containtng multiblock SBR-6: 87 % P5 + 13 %
SBR-6

styrene matrix and provide regular homogeneity. It
seems that linear macrostructure SBRs allow deeper in-
dentations.

A different behavior is observed for blends using
star-SBRs (SBR-2 and 5BR-1), for which increasing the
butadiene content diminishes the microhardness (Fig. 2).
We see here rubber particles with irregular shapes and
larger sizes, with dark zones corresponding to some
voids (Fig. 5a and 5b). It is important to mention that the
sample surfaces prior to loading were mirror-polished.

Consider now the sizes of the rubber particles (from
0.4 to 10 pm) in relation to the indentation values (from
36.0 to 43.8 um). Apparently the voids depths are ap-
proximately four times the rubber particle diameters. We

can also connect non-homogeneity with the microhard-
ness; high butadiene contents produce a high number of
voids on the surfaces, allowing deeper indentation to the
detriment of microhardness, Finally, when using multi-
block-5BRs (SBR-6), poor homogeneous surfaces with
particles of diameters less than 15 pum and a variety of
structures can be seen (Fig. 6).

IRRADIATED SPECIMEN BEHAVIOR

After irradiation with dosages between 10 kGy and
250 kGy several changes in blends morphology are seen.
For blends containing star SBR-1 we observe particles of
various size and shapes dependent on the dosages (Fig.
7). Moreover, different behaviors are seen at different
dosages: 1) the surfaces are homogeneous with particles
of several sizes when reaching 50 kGy, 2) the matrix be-
gins to disrupt at 150 kGy and, 3) well-defined crazes
appear, with several fractured particles, at 250 kGy.

The morphologies are different for blends using star
SBR-2 (Fig. 8): in general, they are less homogeneous
than in blends with SBR-1 and there is more disintegra-
tion, with large number of particles of different shapes,
The particle diameters increase until 100 microns or so.
As blends with star SBR-1, the matrix begins to break at
150 kGy; at 250 kGy voids of more than 100 um are
formed.

For irradiated blends containing linear SBR-3, the
surfaces drastically change, because multiple well-de-

2 lOC?_um - IOE_Lm

50 kGy
Fig. 7. Irradiated blends containing star SBR-1

00 um

230 kGy

30 kGy
Fig. 8. Irradiated blends containing star SBR-?

250 kGy
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30 kGy
Fig. 9. Irradiated blends containing linear SBR-3

30 kGy
Fig, 10, Irradiated blends containing Iinear SBR-4

S0 kGry

Fig. 11. Irradiated blends containing linear SBR-5

150 kGy

150 kGy

150 kGy

250 kGv

230 kGy

250 kGy

1 100 um

: l{)“{:‘:Lm

50 kGy
Fig. 12, Irradiated blends containing multiblock SBR-6

fined crazes with different lengths appear. Such beha-
vior is observed since 50 kGy, where the crazes follow a
preferential way and are 50 um wide with a constant
separation between them (Fig. 9a). The number of crazes
is increasing when the dose increases to 150 kGy; they
show branching on one hand and a large number of par-
ticles on the other (Fig. 9b). Finally, at 250 kGy poor sur-
faces are formed with branching crazes and several
voids surrounded by particles clusters (Fig. 9¢).

130 kGy

2530 kGy

For linear SBR-4 with only 5 % of difference in buta-
diene content with respect to linear SBR-3, the blend
morphologies are very different. We recall here that
blends with SBR-4 show the highest impact values be-
fore and after irradiation [5]. At 50 kGy we see homoge-
neous surfaces with several particles but no crazes (Fig.
10a). This situation changes for 150 kGy (where the high-
est impact was obtained), because well-defined crazes
are 20 um wide on the average, and we see a large
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number of particles with similar diameters (Fig. 10b). In
blends containing linear SBR-3 poor surfaces are found
for 250 kGyv; a considerable number of crazes [ollewing
preferential ways are present (Fig. 10c).

In contrast to blends containing lincar SBR-4, when
linear SBR-Z is tsed, the surfaces are less homogeneous,
At 50 kGy the crazes appear, with their length reaching
LO0 wm; they follow curved trajectories. Moreover, there
are rubber particles of varicus sizes and shapes (Fig
1lal. Nevertheless, at 150 kGy these surfaces change, be-
rause multiple oriented craxes appear with different
lengths (Fig. 11b) and a large number of rubber particles,
At 250 kGy we find a detrimental effect of gamma-radia-
tion that makes possible larger visible cracks; this s due
to considerable number of particles with different
shapes and sizes and mainly to the massive formation of
vids with sizes larger than 100 pm (Fig. 11e)

Finally, when using multiblock SBR-6, the surfaces
after irradiation are quite different from star and linear
SBRs. For example, at 30 kGy some, but not well defined
crazes appear. There are no rubber particles with large
diameters (Fig. 12a). At 150 kGy particles with sizes
larger than 150 um are seen (Fig. 12b), The situation
changes drastically at 250 kGy (as for star or linear SBRs)
because of the presence of volds surrounding the crazes
and a diversity of dispersed particles.

CONCLUDRING REMARKS

The increasing of the butadiene content in SBRs and
he gamma radiation improve the impacl strength on one
hand and deteriorate the microhardness on the other
Moreover, combining SEM and microhardness tech-
nigues, it was possible to evaluate and correlate both the
morphological surfaces and the mechanical properlics.

We find that not-irradiated and irrad:ated blends
using linear SBRs, which turned our to be the best struc-
tures from the point of view of high impact resistance [5],
show lowest microhardness values. Both characteristics
are due to the morphological structures, which include
an even spatial distribution of particles, homogeneous
particle sizes and the absence of void formation, By can-
trast, star and multibleck structures in which a large
number of ¢razes are present provide sites for craze pro-
pagation We retterate that crazes in our materials are
largely caused by irradiation. This is in contrast to the
much more frequent craze formation by impact or by
ather mechanical means. Omn the base of our results one
can choose the best SBRs composition and structure as
well as preferable radiation dosages for manufacturing
high impact materials,
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