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Abstract High impact polystyrene (HIPS) is a classical

reactor polymer blend produced by in situ polymerization

of styrene in solution with polybutadiene rubber. The

importance of the particle size and rubber crosslink density

on the particle cavitation capability and the controlling of

toughening mechanisms in the styrenic matrix is well

established in current literature. In the present work, the

role of the rubber particle on the HIPS toughness has been

investigated for two commercial grades with low and high

cis polybutadiene. Transmission electron microscopy (TEM)

was employed for observation of particle size distribution

and digital imaging applied for quantitative analysis of the

micrographs. Measurements of apparent volume fraction

and average particle size were determined in TEM images

for both grades, while the gel content and swelling index

were employed to evaluate the effect of the polybutadiene

cis isomer on the rubber crosslink density. Grade mor-

phology and crosslink effects on mechanical properties

were assessed by slow three-point bending and uniaxial

tensile testing. The results illustrate that polybutadiene cis

content in HIPS grades has strong influence on the

mechanical properties, particularly affecting yielding and

energy to failure. Accordingly, it was observed that HIPS

grades with equivalent average particle size and apparent

volume fractions present a much higher energy to failure

and a lower yield stress with high cis content polybutadi-

ene when compared to their lower cis polybutadiene

counterparts.

Introduction

The tendency of many polymeric materials to undergo

brittle fracture, especially in notched impact tests, has

made the rubber toughening of plastics and its relationship

with polymer composition and microstructure a major issue

in polymer science. In general, the fracture resistance of a

typical glassy polymer such as polystyrene (PS) can be

substantially improved by incorporating a dispersed rubber

phase, leading to a well-known class of materials named

high impact polystyrene (HIPS) [1]. This class is known as

a typical rubber toughened polymeric material basically

prepared by the free-radical polymerization of styrene in

the presence of dissolved polybutadiene (PB) to improve

the impact strength and toughness of glassy polystyrene

matrix. Major consumer applications of HIPS grades include

packaging, containers, appliance parts, housewares, and

interior parts in household electronics [2, 3].

HIPS materials are comprised of multicomponent and

multiphase polymeric materials, with glassy and rubbery

phases, and thus end-use properties are dependent on many

parameters [4, 5], as shown in Table 1. A number of fac-

tors, related to the rubber component, have been identified as

affecting the toughness of these systems, including the vol-

ume fraction of the rubber phase, its chemical composition,
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degree of crosslinking, particle morphology, level of adhe-

sion to the matrix, type of rubber, and most importantly the

rubber particle size and its size distribution [6].

Advances in polymer chemistry allowed manufacturing of

rubber toughened materials with different kinds of rubber

morphology. In the particular case of HIPS, the rubber phase

is a composite structure consisting of bulk rubber with PS

subinclusions [7]. In most cases, the rubber used is polybu-

tadiene, although styrene–butadiene copolymers and

ethylene–propylene-copolymers (EPDM) are also recom-

mended depending on the purpose. Particle size and

morphology are determined during the phase inversion in

the polymerization process and mass polymerization tends

to lead to a quite broad distribution of salami or multiple

inclusion particles [8]. The bulk process consists of poly-

merizing styrene in the presence of dissolved rubber with

polystyrene chains being formed within the homogeneous

rubber solution. The second phase can be produced during

the polymerization of the matrix or formed during the final

manufacturing steps in the case of polymer blends obtained

by melt mixing [9]. The system then separates into two

phases after a few percent of conversion, because the two

polymer solutions are immiscible. The monomer is dis-

tributed between the two phases (polystyrene–styrene and

rubber–styrene). Owing to the fact that the amount of

polystyrene increases with conversion and the amount of

rubber remains constant, the polystyrene phase increases in

volume at the expense of the rubber phase [6]. When the

phase-volume ratio approaches unity, phase inversion

begins, and the rubber phase is distributed within the sur-

rounding polystyrene phase [10, 11]. The viscosity of the

system increases in the same way, and the rubber-phase

droplets become fixed in size at roughly 30–35% conver-

sion [12]. Conversion is then carried out to a high level,

and the residual monomers and solvent are removed. Phase

inversion can be observed with a phase-contrast micro-

scope [13] and by viscosity measurements [14].

On the other hand, emulsion polymerization leads to the

so-called onion or core-shell structures usually from tri-

block copolymers styrene–butadiene–styrene (SBS) or

diblock styrene–butadiene (SB), which presents a smaller

particle size and less dispersed distribution. Another phys-

ical method for controlling morphology and concomitantly

improving interface properties is the addition of block

copolymers to the system. Depending on their composition,

chemical structure, and dispersion conditions, a myriad of

particle morphologies can be attained [8]. Most of them are

reported in a review by Echte [6].

Generally, it is difficult to isolate the effect of changes in

rubber particle internal structure from particle size and dis-

tribution itself. Many studies supported by microscope

techniques have provide enough evidences to support that

the rubber particles are responsible for promoting multiple

crazing mechanism in the polystyrene matrix by acting as

stress concentrators during the craze initiation, thereby per-

mitting substantial plastic deformation to occur prior to

failure. This is particularly true when considering that no

improvement in toughness is achieved in glassy thermo-

plastics modified with rigid particles [15, 16].

The characteristic HIPS morphology can be successfully

elucidated by optical and electron microscopy. Chemical,

dynamic and thermomechanical analysis (DMTA) and dif-

ferential scanning calorimetry (DSC) are used for further

information on the dual-phase polymer structure. The utili-

zation of either of scanning or transmission electron

microscopy (TEM) for characterization of such systems is

quite interesting, given that it is a quite straightforward and

accurate technique [17]. In TEM analysis, the specimen

preparation is a critical step and sophisticated ultramicroto-

my has to be used to prepare slices in the range 70–100 nm.

Contrast between the phases is achieved by staining one of

the components with a heavy compound to increase differ-

ences in electron density. Osmium tetroxide (OsO4) has been

reported as an efficient rubber staining agent for HIPS and

ABS with excellent phase-contrast results. Moreover, the

advance of modern digital image analysis allows quantita-

tive measurements on morphological parameters with the aid

of computer techniques [9]. The effects of these morpholo-

gies on the mechanical properties of modified polymers are

as of yet not fully understood. However, it is known that the

Table 1 Molecular and

morphological parameters that

influence technical properties

[6]

Matrix Finished article Soft component

Molecular weight Stiffness Type of rubber

Molecular weight distribution Toughness Phase-volume ratio

Additives Flowability Particle size

Heat distortion Particle size distribution

Stress crack resistance Particle morphology

Gloss Degree of grafting

Transparency Crosslinking density

Weathering resistance Cis content
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size of the rubber particles influences the fracture behavior of

the polymers [18, 19].

The drop in yield stress scales with particle size, volume

fraction, and rubber crosslink density in rubber toughened

plastics [20]. The apparent volume fraction can be esti-

mated by electron microscopy when the effective area

occupied by the particles divided by the whole micrograph

area is known [8]. Several works have also shown a close

relationship between rubber crosslink density and polybu-

tadiene cis content [21–23].

The characterization of polybutadiene in HIPS can be

realized through the determination of gel content that

represents the insoluble fraction of HIPS in toluene/meth-

ylethylketone (MEK), according to the Ruffing technique

of phase separation [24].

The high cis polybutadiene produces HIPS with lower

crosslink density in the rubber phase, which improves impact

strength [25]. The isomer content in high cis polybutadiene

varies between 95 and 98% [26]. Techniques such as Fourier

transform infrared spectroscopy (FTIR) and nuclear mag-

netic resonance spectroscopy (NMR) are used to quantify the

cis isomer content in polybutadiene [26–30].

The main advantage of FTIR spectroscopy for polymer

analysis is that it is a nondestructive technique and the

samples are analyzed in bulk, either by transmission or by

attenuated total reflectance (ATR) [31].

In the present work, the role of the rubber particle size

and the rubber crosslink density on the toughness of HIPS

are investigated for two commercial grades containing low

and high cis polybutadiene content.

Experimental details

Materials

Two commercial HIPS grades were supplied by Innova S.A

containing about 5.1–5.5 wt% of polybutadiene, which are

specified as HIPS1 and HIPS2. They were chosen as the

parental composition for this study. The choice considered

differences in rubber average particle size distribution,

while the particle internal morphology was the same—the

well-known multiple inclusion or salami particles. A sum-

mary of the general properties measured by means of

standard characterization methods (described in table foot-

notes) for the materials studied are reproduced in Table 2.

The most important industrial processes for manufac-

turing polybutadiene employ anionic (butyl-lithium) or

coordination polymerization (mainly cobalt- or neodym-

ium-based systems) [32]. In the present work, two

commercial types of rubbers were used in HIPS grades,

basically polybutadienes with varying viscosities and dif-

ferent proportions of the isomer configurations trans-1,4,

cis-1,4, and vinyl-1,2. The neodymium process yields the

so-called linear high cis polybutadienes, with the isomer

cis-1,4 content within 96 and 98% [25].

Methods

The materials were compression moulded at 195 �C into

4-mm thick sheets and compression loads of 150–

1,000 kgf. After each moulding cycle the sheets were

cooled down until 30 �C. The equipment used to make the

compression moulded sheets was a Mecanoplast, model

PLR 25. Specimens for mechanical testing were cut from

these sheets.

Morphological and image analysis

Image analysis of TEM micrographs was used to charac-

terize the selected grades in terms of their rubber particle

apparent volume fractions, UA, and particle average

diameter, Deq. The particle minimum count (N) that must

Table 2 General properties of the HIPS samples studied

Properties Unit Material

HIPS1 HIPS2

Mw · 10–3a g/mol 172 185

Mz · 10–3b g/mol 239 270

Mw/Mnc – 1.9 1.88

Gel contentd % 18.1 11.8

Swelling indexe – 11.8 24.5

Mineral oilf % 0.6 1.0

PB (*g and #h) % 5.1# 5.5*

Cis-PB contenti – Low High

a Mw: weight-average molecular weight of PS (g/mol) as determined

by gel permeation chromatography (G.P.C.)
b Mz: z molecular weight of PS (g/mol)
c Mw/Mn: distribution molecular weight
d Gel content: second-phase weight fraction (%) measured by phase

separation methods in selective solution (the samples were dissolved

and washed in methyl ethyl ketone (MEK) and toluene solution

(proportion 43:57, vol.), the insoluble part was separated by centri-

fugation, precipitated by ethanol, centrifuged and then filtered, dried

and weighed
e Swelling index: weight ratio between swollen and dry gel (%). The

dry gel is measured by phase separation methods in a selective solvent

(toluene); the sample swelling index in toluene is given by the ratio of

the swollen and the dry gel weight
f Mineral oil: measured by FTIR method
g PB*: weight fraction of PB (%) measured by titration methods
h PB#: weight fraction of PB (%) measured by FTIR method
i Polybutadiene cis content: measured by FTIR or NMR
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be utilized to calculate the average particle diameter is

specific to each system, as quoted earlier in the literature

[33]. Accordingly, suitable particle count should be above

200. In the present work, five micrographs were analyzed

for each sample, independent of the number of particles in

the micrographs. The polymer morphologies by TEM were

studied using a Philips electron microscopy, model

EM208S operating at 80 kV. Osmium tetroxide was used

as the fixing and staining medium. Polymer samples with a

thickness of about 100, 120, and 150 nm were prepared

using a Leica ultramicrotome, model UCT Ultracut. The

results are presented in terms of the average three film

thicknesses utilized. The softwares used to image analysis

were Jasc Paint Software, of Jasc Software, and JMicro

Vision, of Nicolas Roduit.

Quantitative analysis of cis in polybutadiene using FTIR

The FTIR spectra were obtained using a Nicolet equip-

ment, model Avatar 360. The films were prepared from a

solution in chloroform, 2% vol., and laid upon a KBr cell.

Each isomer content was obtained from the absorbancies in

965 cm–1 (trans-1,4), 911 cm–1 (vinyl-1,2), and 727 cm–1

(cis-1,4), according to the Kimmer [34] method, which

considers the sum of each isomeric unity proportion related

to the total amount of double bonds (C=C absorbencies in

1,637 cm–1 for low cis and 1,653 cm–1 for high cis).

Uniaxial tensile tests

The main parameters from uniaxial tensile tests were

determined from stress–strain diagrams. The testing

equipment was an Instron, model 5569. Specimens for

mechanical testing were milled from the moulded sheets

into dumbbell specimens with width W = 10.12 mm;

thickness B = 4.0 mm, and length L = 170 mm. The tests

were carried out using a crosshead speed of 50 mm/min in

a controlled room temperature of 23 �C according to ISO-

527. An average of five specimens were taken for each

sample.

Slow three-point bending tests

Slow three-point bending tests were performed in an

Instron testing machine, model 5569, to determine the

Young’s modulus (E). Specimens for mechanical testing

were milled from the moulded sheets into single edge

notched bars (SENB) with width W = 4.0 mm; thickness

B = 12.70 mm, and length L = 64.00 mm according to

ISO-178. The tests were carried out using a crosshead

speed of 10 mm/min in a controlled room temperature of

23 �C. An average of five specimens were taken for each

sample.

Results and discussion

TEM characterization and quantitative particle analysis

On image processing, the gray image is transformed into a

digital binary image in such a way that the ratios between

the dark and bright areas can be determined and processed

by computing routines in the image analyser.

After the image processing, the reference parameters—

rubber particle apparent volume fractions, UA, and particle

average diameter, Deq—were measured. The UA is

obtained by dividing the area occupied by rubber particle

(AR) by the total area on the micrograph (AT) (Eq. 1). The

parameter Deq is calculated according to Eq. 2, where A is

the area occupied by the particle.

UA ¼
P

ARP
AT

ð1Þ

Deq ¼ 2

ffiffiffi
A

p

r

ð2Þ

The histogram that represents the particle size spectrum

was obtained dividing the spectrum in 20 Deq bins as a

function of the frequency count observed. The main

parameters used in the process are shown in Eqs. 3–5,

showing how the parameters were calculated.

Dn ¼
P

NiDi
P

Ni
ð3Þ

Dw ¼
P

NiDi2
P

DiNi
ð4Þ

DDeq ¼
Dw

Dn
ð5Þ

where Di = particle mean diameter within the bin;

Dn = numerical particle mean diameter; Dw = weight

particle mean diameter; and DDeq = particle diameter

distribution.

The DDeq parameter was calculated based upon the

statistical concept of dispersivity of the particle size dis-

tribution. This parameter is a measure of the particle

equivalent diameter distribution, i.e., the farther DDeq is

from the unity, the wider the particle size spectrum is, and

hence the more heterogeneous the sample is.
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In Fig. 1a, the morphology observed by TEM is illus-

trated for HIPS1. The corresponding binary image obtained

from digital image analysis is depicted in Fig. 1b, and the

corresponding histogram of the particle diameter distribu-

tion is depicted in Fig. 1c.

In Fig. 2a, the morphology observed by TEM is illus-

trated for HIPS2. The corresponding binary image obtained

from digital image analysis is depicted in Fig. 2b, and the

corresponding histogram of the particle diameter distribu-

tion is depicted in Fig. 2c.

According to Figs. 1b and 2b, the results of the particle

size analysis by TEM for HIPS1 and HIPS2 are shown in

Table 3.

The apparent volume fraction UA and equivalent particle

diameter Deq obtained for both HIPS1 and HIPS2 are

basically equivalents. The only difference observed on the

particle diameters histogram for both materials is the

broadness of the spectra, as measured by DDeq. Therefore,

the changes in mechanical properties shall be evaluated in

terms of the rubber crosslink density, i.e., the swelling

index. It is relevant to point out that the gel content values

presented in Table 2 do not correlate with UA once it is

influenced by the trapped occluded PS within the particle

and consequently by the rubber crosslink density, as dis-

cussed in the current literature [9, 35].

Quantitative analysis of cis in polybutadiene using

FTIR

Figure 3 illustrates the polybutadiene spectra obtained for

(a) HIPS1 and (b) HIPS2. Their comparison shows that

Fig. 1 (a) TEM micrograph of HIPS1 with (b) corresponding binary

image obtained from digital image analysis and (c) corresponding

particle size histogram

Fig. 2 (a) TEM micrograph of HIPS2 with (b) corresponding binary

image obtained from digital image analysis and (c) corresponding

particle size histogram

956 J Mater Sci (2008) 43:952–959

123



the intensity of cis band peak in Fig. 3a is lower than

the cis band peak in Fig. 3b. The height of the peak is

related to the isomer content. Quantitative analysis of

the FTIR spectra from the pure polybutadiene rubbers

used to produce HIPS indicates that HIPS1 (low cis) has

35% cis content and HIPS2 (high cis) has 98% cis

content.

The polybutadiene analysis is important because its

chemical structure influences the final properties of HIPS.

The so-called high cis polybutadyene (HIPS2) favors a

lower rubber crosslink density as it contains a very low

amount of the vinyl-1,2 isomer, which is the most active

site for crosslink structures. As a result, HIPS containing

this type of rubber usually presents high impact strength

even at low temperatures. The high cis configuration

presents a much lower sub-ambient glass transition around

–100 �C, while for a low cis configuration the glass tran-

sition is –78 �C [21]. On the other hand, the high cis

configuration may reduce the grafting level and impair the

mechanical properties [36].

Mechanical properties

The results of the mechanical testing for HIPS1 and HIPS2

are summarized in Table 4 for tensile properties, and in

Table 5 for flexural properties.

In Fig. 4, the stress–strain diagram is depicted for uni-

axial tensile tests and in Fig. 5 for slow three-points

bending tests. The plots represent an average curve of all

specimens tested.

Table 3 Results of the particle analysis by TEM

TEM

Deq (lm) DDeq N UA

HIPS1 HIPS2 HIPS1 HIPS2 HIPS1 HIPS2 HIPS1 HIPS2

0.53 0.63 1.73 2.12 1468 1152 0.22 0.23

Deq = average of equivalent particles diameter in histogram;

N = particle count; DDeq = particle size distribution;

UA = rubber particle apparent volume fractions

Fig. 3 Polybutadiene spectra

for (a) HIPS1, low cis content,

and (b) HIPS2, high cis content
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HIPS1 achieves a higher tensile yield stress than HIPS2,

and it presents a much lower average strain to failure than

HIPS2, as depicted in Fig. 4. In slow three-points bending

tests, the same trend was observed with a reduction in total

energy to failure for HIPS1 compared to HIPS2. However,

the maximum load that corresponds to the energy required

to initiating the crack is basically the same for both

materials. This correlates with the tensile yield stress data.

So the difference remains on the energy required to prop-

agate the crack, as materials demonstrate an equivalent

particle diameter and apparent volume fraction.

Basically, the cis content in polybutadiene is related to

the crosslink density, and according to the swelling index

presented earlier in Table 2 for both materials (HIPS1 =

11.8 and HIPS2 = 24.5), a high cis content implies in a low

crosslink under controlled devolatilization conditions. On

the other hand, previous work has shown a close relation-

ship between toughness and rubber crosslink density in

rubber toughened polystyrenes as cavitation processes

within the rubber are responsible for delayed yielding. In

the present work, HIPS with high cis content, and conse-

quently, a low crosslink density presents a higher energy to

fracture in both mechanical tests, which correlates with

results presented in the current literature [20, 37].

Conclusions

The present study has expounded that digital image anal-

ysis can be powerfully used for quantitative measurements

Table 4 HIPS tensile

properties
Propriety ISO Typical values

Standard Unit HIPS1 HIPS2

1 Modulus (E) ISO-527 GPa 2.07 ± 0.08 1.76 ± 0.06

2 Tensile strength (at failure), rf ISO-527 MPa 20.25 ± 0.47 16.56 ± 0.40

3 Tensile strength (at yield), ry ISO-527 MPa 24.02 ± 0.53 20.02 ± 1.21

4 Strain (at failure), ef ISO-527 % 17.10 ± 4.61 34.55 ± 4.17

5 Strain (at yield), ey ISO-527 % 1.32 ± 0.08 1.17 ± 0.08

Table 5 HIPS flexural

properties

a Slow three-point bending tests

were carried out based upon

ISO-178 standard, on regard to

sample dimensions

Propriety ISO Typical values

Standard Unit HIPS1 HIPS2

1 Flexural strength

(at maximum load)

ISO-178a MPa 46.18 ± 1.11 43.68 ± 0.69

2 Strain (at maximum load),

emax

ISO-178a % 1.91 ± 0.16 1.97 ± 0.01

3 Strain (failure), ef ISO-178a % 7.14 ± 2.01 10.02 ± 0.01

4 Energy (break) ISO-178a J 0.23 ± 0.03 0.33 ± 0.01

Fig. 4 Stress–strain plot for HIPS1 (m) and HIPS2 (•) in uniaxial

tensile tests

Fig. 5 Stress–strain plot for HIPS1 (m) and HIPS2 (•) in slow three–

points bending
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on TEM micrographs of dual-phase polymers systems such

as high-impact polystyrene. Therefore, HIPS properties can

be statistically expressed in terms of particle size, size

distribution, and apparent volume fraction. The present

work also yields further evidences for understanding the

role of rubber particles in HIPS toughening mechanism,

particularly on the effects of the polybutadiene cis content

on controlling the crosslink density within the rubber

phase.

The polybutadiene cis content has strong influence on

the mechanical properties of HIPS grades, particularly

affecting yielding and energy to failure in tensile and slow

three-point bending tests. Accordingly, HIPS grades with

equivalent average particle size and apparent volume

fractions presented a much higher energy to failure and a

lower yield with high cis content polybutadiene, when

compared to the HIPS with low cis content polybutadiene.

The results are consistent with current literature on rubber

toughening of HIPS considering that yield stress and

energy to fracture are dependent on particle size and rubber

crosslink density will be controlled by the polybutadiene

cis content.
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