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The effect of rubber particle size on fracture toughness and tensile properties have been investigated using
styrene—acrylonitrile as a matrix. Pre-formed particles with poly(butyl-acrylate) core and a poly(methyl-
methacrylate) shell, ranging from 0.1 to 0.6 ym in diameter, were used as a toughening agent. The morphology
was checked by means of transmission electron microscopy. The test methods involved an un-notched uniaxial
tensile test, notched Izod impact and notched tensile testing. The experiments were carried out with varying
deformation rates and temperatures. N.m.r. experiments were used to measure network densities in the rubber core
of the various particles. Uniaxial tensile tests showed that elastic modulus and yield stress of the blends were
independent of particle size and network density of the rubber core. There were, however, some differences in
cavitation resistance caused by the differences in network density. Easily cavitating particles produced higher
toughness in notched Izod impact and notched tensile test but a clear relation with particle size could not be
established for the range studied. The brittle—tough transition temperatures were much higher than for materials
based on poly(butadiene) core—shell rubbers. It is suggested that the mechanical properties of the rubber particle
core are the key to the toughening efficiency. It was found that high toughness could only be achieved if the
particles had a low cross-link density (and a corresponding low modulus and low cavitation resistance). © 1998
Published by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

The enhancement of fracture toughness by the incorporation
of a rubbery phase in a brittle polymer matrix depends
strongly on the mechanical properties of the constituents
and the microstructure. Much research has focused on the
effect of particle properties on the toughening efficiency for
a given matrix material. In particular the influence of
particle stiffness, the particle size and the interfacial
particle/matrix adhesion has been discussed by numerous
authors (see e.g. Refs. ™). Quantification of the separate
effects of these variables has often posed experimental
difficulties, and a conclusive theory to explain these effects
has not been established. For example, the microstructure of
the blend is quite sensitive for the processing conditions and
the properties of the constituents. In rubber-toughened
polystyrene a variation of the fraction of glassy sub-
inclusions in the particles for different particle sizes was
mentioned by Bucknall er al.’. This leads to a variation of
the volume fraction of composite particles, for the same
amount of rubber. Borggreve and Gaymans® studied the
effect of interfacial adhesion between an EPDM-rubber and
a nylon-6 matrix, but noted that the coupling agent also
affects the blending process and consequently the particle
size. To resolve this problem, the processing conditions had
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to be manipulated. Seo et al.” pointed out that cross-linking
of the rubber phase has consequences for the viscosity
during processing, and thus affects the particle size also.
Due to the strong interaction of the various parameters, one
must be very cautious when comparing results of different
studies.

For rubber-toughened polystyrene (usually containing
rubber particles with glassy subinclusions) the optimum
particle size is in the order of 1-2 pm. Early theories
suggested that the crazing process is affected by the rubber
particle size' 3 Based on observations on thin films, Donald
and Kramer® suggested that particles smaller than 0.2 pm
are too small to initiate crazes. Solid core—shell particles as
small as 0.1 um can be effective toughening agents for
SAN’ and PVC'. Post-mortem electron microscopy of
deformed bulk samples showed extensive crazing around
the small rubber particles.

A key step in the deformation process is cavitation of the
rubber particles. The term ‘cavitation’ is used here to
indicate the processes of initiation and growth of voids
inside the rubber particles, possibly caused by an intrinsic
material instability or other means of failure mechanisms.
This seems to be a generic feature in the deformation
behaviour for a wide range of rubber-toughened polymers;
cavitation of the rubber pamcles has been observed both in
amorphous''? and semi-crystalline polymers , as well
as in thermosets

In recent studies, the reduced toughening efficiency of
small particles is attributed to the increased cavitation
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Table 1 Designation and particle size and of impact modifiers

Code Supplier Diameter (nm) Shell thickness (nm) Trade name
RH100 Rohm & Haas 100 unknown KM 355
RH300 Rohm & Haas 300 5-17 EXL 3300
RH600 Rohm & Haas 600 10-30 EXL 3330
UMI50 UMIST 150 10
UM250 UMIST 250 10
UM350 UMIST 350 10

UMIST 450 15

UM450

resistance, if the rubber particle size is very small'*">. For
particles smaller than roughly 0.1 um, the surface tension
acting inside the void may have a significant contribution to
the cavitation resistance'’. This results in an increased
hydrostatic stress in the matrix which obstructs plasticity
and, in turn, leads to a reduction in overall fracture
toughness.

The use of pre-formed particles may provide a solution to
the aforementioned experimental difficulties, as it enables
the properties, size and microstructure of the particles to be
pre-defined and unaffected by processing. This paper
discusses the effects of various pre-formed rubber
particles as a toughening agent for a styrene—acrylonitrile
copolymer. The particles consist of a lightly cross-linked
butylacrylate core and PMMA shell. Both cross-link density
of the rubber core and the particle size are varied.

EXPERIMENTAL

Materials and specimen preparation

Blends of a styrene—acrylonitrile copolymer (TYRIL
790, supplied by the Dow Chemical Co.; acrylonitrile
content, 29%) and various acrylic core—shell rubbers were
prepared in a Berstorff ZE 25 co-rotating twin screw
extruder. Rohm & Haas (RH) supplied Paraloid impact
modifiers. Another series of similar particles were prepared
at UMIST Manchester (UM). The rubber particles consist of
a poly(butylacrylate) (BA) core and a poly(methylmetha-
crylate) (PMMA) shell. The dynamic modulus and loss
factor of the blends have been measured with a Myrenne
torsion pendulum at 1 Hz. For all blends the glass transition
temperature, T, was independent of the composition and
was found to be 105°C and —45°C for SAN and BA,
respectively. Other properties are given in Table I. The
particles are designated with the supplier’s name (either RH
or UM) and the size in nm; e.g. core—shell particles supplied
by UMIST Manchester, with a diameter of 150 nm, are
indicated as UM150 particles.

Blends were prepared with the rubber content varying
from 20% to 50% mass. Mass densities p for both SAN and
BA are 1.08 X 10° kg m "% In the sequel, blends will be
indicated as follows: matrix/modifier (volume fraction). For
example, a SAN matrix containing 20% volume fraction of
RH300 particles is referred to as SAN/RH300(20%).

Test specimens were injection moulded and, if appro-
priate, a 2 mm deep notch with a notch radius of 0.25 mm
was sawed into the specimen (Figure 1).

Microscopy

Morphology of undeformed test specimens and deforma-
tion zones were studied by means of transmission electron
microscopy. Samples were trimmed and polished with a
glass knife at room temperature on a CryoNova microtome.
Thin sections (about 200 nm) were cut with a wet diamond
knife using a 50/50 mixture of DMSO/H,O. The
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temperature of both chamber and specimen was between
—80 and —60°C. The temperature of the bath was —45 to
—40°C, close to the freezing point of the solution. The
samples were stained in a vapour of rutheniumtetraoxide
Ru0,*.

Proton, solid-state n.m.r. measurements and data analysis

The proton transverse magnetization decays (T, relaxa-
tion decays) were measured on a Bruker Minispec PC-120
spectrometer at a proton resonance frequency of 20 MHz.
This spectrometer was equipped with a home-built, variable
temperature unit. Dry nitrogen was used for heating of
samples. The temperature gradient and stability is about
1K.

The T, relaxation decays for the rubbery phase were
measured by the Hahn-echo pulse sequence, HEPS: 90,°—
7—180,°~7—(acquisition)®’. The second pulse in HEPS
inverts nuclear spins in a soft region of a sample and an
echo signal is formed with a maximum at time 27 after the
first pulse. By varying the pulse spacing 7 in HEPS, the
amplitude of the transverse magnetization was measured as
a function of time 27. Usually, 70 values of A(27) were
measured in the time interval 27 from 0.07 to 130 ms. The
nuclear magnetization from rigid materials is not detected
by HEPS?'.

The time constant, T,, which characterises the slope of
the magnetization decay curve, was obtained by performing
a least-squares fitting analysis of the data using several
decay functions, such as an exponential function, the
Kohlrausch—Williams—Watts stretched exponential func-
tion, a normal or a log-normal distribution of exponents.
The statistically most relevant results were obtained for the
exponential decay function:

A(27) = A(0) exp( — 27/T>) (1)
45°
10mm - 4mm
A
Y L 8mm : A ;I
- L
72 1mm
notch tip radius:
0.25 mm
(a)
16 mm
X ék Y imm
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[
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Figure 1 Specimen dimensions. (@) Notched specimen used for notched
Izod and notched tensile test; (b) un-notched tensile specimen
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Figure 2 Experimental set-up of the Schenck VHS tensile tester

where A(0) is the equilibrium value of the transverse
magnetization.

Selective analysis of the network density in the rubbery

phase of immiscible polymer blends by the n.m.r. method
Soft and hard components of immiscible polymer blends

can be studied selectively by means of a proton T,

relaxation experiment’2. At temperatures which are inter-
mediate between the glass transition for soft and hard
phases, 7, for the soft phase is significantly longer
compared to that for the hard phase. Therefore, 7, values
for the rubbery phase in the blends can be measured
selectively with a high accuracy.

The T, value can be quantitatively related to the network
density in crosslinked rubbers®***, At temperatures 7= T,
+ 150 K, the temperature dependence of T, for vulcanizates
has a plateau. The temperature independence of the T, value
at temperatures well above T, is attributed to constraints
which limit the amount of possible conformations of the
network chain with respect to those of a free chain. In other
words, due to fast segmental mobility, the network chain
takes a conformational mean position which depends on the
number of statistical segments between network junctions.
In this case, the T relaxation time is determined only by the
residual proton dipole—dipole interactions and does not
depend on the frequency and type of chain motions. It was
found that temporary and trapped chain entanglements
contribute to the network density as measured by the n.m.r.
method®’.

For Gaussian chains, the number of statistical segments Z
between network junctions is calculated from the T, value at
the plateau (75), using the following equation™>**

Z=Ti/(aT3), (2)

where a is the theory coefficient (for elastomers containing
aliphatic protons in the main chain, the coefficient a is close
t0 6.2 = 0.7%*; T% is the relaxation time in the glassy state.

Figure 3 TEM micrographs of undeformed SAN/BA(25%) core—shell rubber blends. (@) SAN/UM150, (b) SAN/UM350, (¢} SAN/UMA450, (d) SAN/RH600
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Table 2 Temperature dependence of the T, relaxation time (in
milliseconds) for BA rubber in the PMMA/BA samples

T (K) UM450 RH300

333 054 + 0.01 1.25 + 0.01
353 0.60 + 0.01 154 + 0.02
363 0.61 + 0.01 1.64 + 0.02
373 0.62 = 0.01 173 + 0.02

Using the number of backbone bonds, C., in the statistical
segment, the density of chemical cross-links and chain
entanglements is calculated from

(oM, ..) ~ ' =n/2ZC.M,) 3)

where M, is the molar mass per the elementary chain unit
and n is the number of rotatable backbone bonds in the
elementary chain unit.

Mechanical test methods

The notched Izod test provides a widespread and simple
means to measure fracture toughness of samples in a wide
range of temperatures. The method is used here to detect
transitions in fracture behaviour of the blends between —40
and 80°C.

The tensile test on notched specimens provides similar
results, but allows for a more detailed analysis, since the
complete force and displacement record is stored. More-
over, it is possible to conduct experiments in a wide range of
deformation rates and temperatures. It is crucial that in the
high-speed regime special precautions are taken to prevent
interference due to internal vibrations>®. The Schenck VHS
servo-hydraulic tensile tester (Figure 2) is designed to
perform tensile experiments in a speed range from 10 to
10 m s™'. The piston has a pick-up unit with damped contact
at the lower clamp to allow fast acceleration of the
specimen, without transmitting severe oscillations. A
piezo force transducer is placed at the upper clamp. Force,
displacement and time signals are stored in a 2 Mhz Adam
Scope transient recorder. The fracture energy is calculated
from the force—displacement signals.

Un-notched specimen were used to perform uniaxial
tensile tests, from which the Young’s modulus and the yield
stress are determined. The modulus was computed from the
initial slope of the force—displacement curve. Since the
tensile specimen is not prismatic, this effect was taken into
account using a simplified (small strain) analysis, where the
specimen is replaced by a prismatic bar of equivalent
stiffness. This leads to the definition of an effective
specimen length, which is L. = 101.4 mm. Accordingly,
at a tensile speed of 1 m s~ the strain rate is ¢ = 10 s~ ', At
larger strains, the slope of the force—displacement
curve falls to zero, which is defined as the yield point.
The yield stress is defined here as the force at the yield
point per unit area of the undeformed geometry (Ay =
30 mm®).

Cavitation of the rubber particles is detected with a
method introduced by Dijkstra er al.’>. A decrease in laser
light transmission through an unnotched tensile specimen is

taken as the instant of cavitation. This method is suitable
even at very high loading rates.

RESULTS AND DISCUSSION

Morphology

The undeformed materials were studied by means of
transmission electron microscopy (TEM) in order to
determine the particle size, microstructure and possible
damage of the microscopy samples by the preparation
method. The structure of undeformed material is shown in
Figure 3. Particle sizes are found to be in close agreement
with the manufacturer’s indications. Particle size distri-
butions are extremely narrow. The samples containing two
smallest particles sizes, RH100 and UM150, show severe
clustering (Figure 3a) and these batches were therefore
excluded from further experiments. The materials with
larger particles have a better spatial distribution, although it
is noted that they are often aligned in ‘chains’ rather than
isolated in the matrix (Figure 3b—d).

One might question whether the interfacial interaction
between the SAN matrix and the PMMA shell is good
enough to prevent debonding of the particles. In blends
which have a serious compatibility misfit the particles
would be arranged in agglomerates. This was shown, for
example, by Kim et al.?® for SAN/PB blends, where the
rubber-graft and the SAN-matrix were immiscible due to the
difference in AN content. Here, the particles are quite well
distributed in the matrix, suggesting a good interfacial
interaction.

The particles are seen in Figure 3 to be slightly elongated
perpendicular to the cutting direction. Due to the high
viscosity of the bath, the sections were slightly compressed.
Also a fraction of the particles has cavitated during
preparation of the microscopy specimen. These cavities
are formed mainly inside the rubber particles, indicating that
the adhesion between the two phases is good. Also in
deformed specimens (not shown here), cavities are found
predominantly inside the rubber particles.

N.m.r. experiments

The T, relaxation time for the rubber phase in UM450 and
RH300 particles is shown as a function of temperature in
Table 2. Above 350K, T, for UM450 reaches a nearly
constant plateau value, T5. The T, value for the RH300
sample increases slightly with increasing temperature. This
increase is possibly caused by the presence of a significant
fraction of network defects: chains which are not attached to
the network, dandling chain-ends and chain loops.

The T, relaxation time at 373 K for BA rubber in the
samples is shown in Table 3. It is seen that the 7% value for
UM samples does not depend on the diameter of core—shell
particles and is about three times shorter compared to those
for RH samples. The network density composed of chemical
cross-links and chain entanglements, 2M che)_1, in BA
rubber is estimated from equation (2) and equation (3) for a
value of C,, = 8.3 + 1*7 and TS = 16.4 + 0.5 ps. The values
of QM CJre)'l obtained are given in Table 3.

Table 3 The T5 relaxation time at 373 K and estimated density of chemical cross-links” and chain entanglements in BA rubber of PMMA/BA samples

Sample RH300 RH600 UM250 UM350 UM450
7% (ms) 1.73 + 0.02 1.77 + 0.02 0.63 = 0.02 0.62 = 0.02 0.62 + 0.02
(2M )" (mmol kg ") 55 55 150 150 150

“The relative error of the network density is estimated to be about 50%. This error is mainly caused by the inaccuracy of coefﬁcienté aand C,

4820 POLYMER Volume 39 Number 20 1998



Toughening of SAN with acrylic/rubber particles: A. C. Steenbrink et al.

The absolute error in the network density is estimated to
be about 50%. This error is mainly caused by the inaccuracy
of the coefficients a and C... Because the chemical structure
of all samples is the same, the relative error between the
samples involves only the experimental error in the
relaxation time (about 2%). Therefore, to a very good
accuracy, it can be stated that the rubber network density of
the UM particles is a factor of 3 higher than for RH particles.

In order to estimate the shear modulus of the rubber
particles, we use the network elasticity theory for Gaussian
chains. Accordingly, the relation between mean molecular
mass between network junctions M, . and shear modulus G
is given by

G=nRT =

oRT, 4)
c+e
where 7 is network density (mol m ™), R is the universal gas
constant (Jmol ' K™'] and 7T is the absolute temperature
(K). For the functionality of network junctions, f, a value
of 4 is taken. The contribution of chain entanglements to the
modulus depends on temperature and loading rate. Because
of the relatively fast deformation rate at impact tests, it is
assumed that both temporary and trapped chain entangle-
ments contribute to the modulus. The estimated shear
modulus for the rubber core of the RH particles at 373 K,
according to equation (4), is G = 0.2 MPa. For the UM
particles we find accordingly G = 0.6 MPa. It is emphasized
again that the absolute value of the shear modulus is only a
rough approximation due to the underlying assumptions,
though the results relative to each other are quite accurate.

Tensile test

Effect of volume fraction of RH300 particles on tensile
properties. The Young’s modulus as a function of rubber
content for SAN/RH300 blends, at various strain rates, is
shown in Figure 4. The modulus decreases linearly with
increasing rubber content, and the rate-dependence appears
to be very small. This is consistent with the statement that at
room temperature and low stresses the relaxation processes
are negligible in the time scale of the experiments described
here.

A simple theoretical upper bound for the bulk and shear
moduli, K and G, respectively, of the heterogeneous
material was proposed by Voigt, assuming uniform strain.
This yields for blends

Kpjeng = (1 — @YK an + @K, Gjend = (1 —)Ggan + ©Gyy,
(&)

where ¢ is the volume fraction of particles. In general, the
Voigt estimate of Young’s modulus does not follow from a
simple weighting of the volume fractions of the two com-
ponents (see Ref. 29), but the difference is not large here,
since the shear modulus of the rubber phase is very small
compared to the shear modulus of the matrix. Thus, an
accurate approximation of the upper bound for Young’s
modulus E is given by

Epiend = (1 —@)Egan (6)

It is noted that the experimental data agree accurately to
equation (6) within the range of volume fractions studied
here. In fact, similar behaviour agreement was observed in
blends of poly(amide) and EPDM-rubbers®.

The yield stress in uniaxial tension for SAN/RH300
blends increases linearly with the logarithm of the applied
strain rate (Figure 5). Roughly, also a linear relation of the

yield stress with the rubber content can be observed
(Figure 5). Because the pure SAN fractured before yield,
the fracture stress of the homopolymer is shown in Figure 5
for comparison.

Effect of different particles on tensile properties. The
SAN/BA (40%) blends with particle size varying from 0.25
to 0.6 pm have been used to study the effect of the size of
the core—shell particles on tensile properties. The results for
Young’s modulus and yield stress are shown in Table 4. As
expected, the elastic modulus is nearly constant for
materials with different particle sizes. Also the macroscopic
uniaxial yield stress both at low and high speed does not
show significant variations with particle size. This was also
found in uniaxial tension exPeriments on HIPS® and in
compression tests on PMMA®',

Despite the scatter in the cavitation strain (Table 4), it is
apparent that the RH300 and RH600 particles cavitate more
easily than the UM particles, both at low as well as at high
speed. According to Gent and Lindley™, the cavitation
resistance is proportional to the modulus of the particle
which, in turn, is related to the network density of the
rubber, through equation (4). Based on the results of the
n.m.r. experiments, we can conclude that the cavitation
resistance of the UM particles is higher than for RH
particles, because of the difference in cross-link density.

The differences in cavitation resistance, apparently, do
not cause substantial differences in the uniaxial tensile yield

0 | o .
0 20 40 G0 &) 100

¥

Figure 4 Young’s modulus for a SAN/RH300 blends at various strain-
rates as a function of rubber content: (V) 0.001 m s 1 (4)00l ms (n))
0.lms™!

sof o

f ////jn

b

10-* 1072 1o ! to¥
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Figure 5 Yield stress as a function of strain rate for SAN/RH300 blends

containing various rubber contents: () 0%, () 20%. () 30%. (@) 40%,
(O) 50%
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Table 4 Effect of core—shell particles in SAN/BA(40%) blends on tensile properties: modulus, yield stress and cavitation strain at low and high speed

Sample
UM250
Low speed (10 ms™") E (GPa) 1.52
o, (MPa) 39
€. (%) 38
High speed (1 ms™") oy (MPa) 58
€. (%) 34

N

3

stress (Table 4). Nonetheless, the yielding in triaxial loading
conditions (as in front of a crack tip) can be strongly
affected, due to differences in cavitation resistance. This
effect was shown in model computations®>**, where
changes in the void growth resistance of the particle
(controlled by the particle stiffness), hardly reflected on
the macroscopic uniaxial yield stress of the blend. In
contrast, the stress at yield in a stress state with a higher
triaxiality was strongly increased when the cavitation
resistance was high.

Notched Izod test

The notched Izod test is used to study the effect of
temperature on the fracture energy under impact conditions.
As a measure for the fracture toughness, we use the brittle-
to-tough transition temperature (7%,). At temperatures below
T\, the fracture behaviour is brittle, characterised by a low
fracture energy and the absence of stress-whitening at the
fracture surface. Above T\, the material is ductile, resulting
in a significantly higher fracture energy, caused by massive
plastic deformation and associated stress-whitening along
the fracture surface. A low Ty, corresponds to a high fracture
toughness.

First, we compare the behaviour of SAN/RH300 and
SAN/RH600 blends, using rubber volume fractions between
20% and 50%. The testing temperature is varied between
—40 and 80°C. The fracture energy of SAN/RH300(20%)
(Figure 6a) is hardly affected by temperature and behaves in
a brittle manner. For SAN/RH300 blends with rubber
volume fraction of 30% and higher, a sharp brittle-to-tough
transition is observed upon variation of the testing
temperature. With increasing rubber content the Ty,
decreases.

The SAN/RH600 blends (Figure 6b) show an increasing
fracture energy with increasing temperature, but brittle-to-
tough transitions are not as a sharp as in the case of SAN/
RH300 materials. A prerequisite for a sharp brittle—tough
transition is a well-defined morphology (regular particle
size and particle distribution). On the basis of the notched
Izod test, one may speculate that the microstructure of the
SAN/RH600 blends is not as regular as for the SAN/RH300
blends. However, this cannot be deduced from the TEM
morphology studies. Nonetheless, SAN/RH600 blends have
a lower T, compared to SAN/RH300, suggesting that the
larger particles provide somewhat better toughening.

Next, the results of notched Izod impact test with SAN/
UM(40%) materials are compared with those of the SAN/
RH(40%) series. If the particle size is the controlling factor
for fracture toughness, it should be expected that the SAN/
UM blends have a T, that is between the T, of SAN/RH300
and of SAN/RH600 blends, since the particle size is in the
same range. For the SAN/UM(40%) materials no significant
toughening effect is observed over the entire temperature
range (Figure 7). Since the morphology and particle size of
the SAN/RH and SAN/UM blends are similar, it is most
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Figure 6 Notched Izod impact fracture toughness as a function of
temperature for SAN/BA core shell rubber blends containing various
rubber contents: (B) 20%, (O) 30%, (®) 40%, (O) 50%). (a) SAN/RH300
blends, particle size 0.3 um; (b) SAN/RH600 blends, particle size 0.6 um
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Figure 7 Notched Izod impact fracture toughness as a function of
temperature for SAN/BA(40%) blends, containing different types of core—
shell particles and SAN/PB(40%) for comparison % (<) RH300, (@)
RH600, (O) UM250, ( + ) UM350, (0) UM450, (<) PB
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likely that the differences in impact fracture toughness are
caused by the differences in the mechanical properties of the
particles. The rubbery phase of the UM particles has a
network density about three times as high as in the case of
the RH particles. As a consequence, the modulus and
therefore the cavitation resistance of the UM particles is
higher. If the cavitation resistance is high, the plastic
deformation processes are suppressed and the energy
dissipation during fracture is reduced.

It is noted that the toughening efficiency for the materials
discussed here is significantly lower than for blends of SAN
with poly(butadiene) (PB)’. In that study, the results of
impact fracture experiments for a SAN/PB(30%) blend (a
SAN TYRIL 790, DOW and 0.1 pm PB core-shell particles
GRC 310, DOW) are reported. The T, in a notched Izod test
for that blend was found to be —40°C, which is much lower
than the T, found in this study. We do not have
experimental data for the properties of the poly(butadiene)
core, except that for PB T, = —80°C at 1 Hz, which is much
lower than that for BA. Therefore, we assume that the
cavitation resistance of the PB core—shell particles at low
temperatures and under impact conditions is much lower

1074 m/s
F [kN]
1400 .
1200+ 4
1000+ ﬁ
800 | J
600 |- . s
20 40 60 80
T[°C]
E[kJ/m?)
50+ A 4
1} s
301 |
of Beal g o]
A
a A
10} 4
0 i L — -
20 40 60 80

T

than for the BA particles studied here, which could explain
the higher toughness. The foregoing results indicate that
rubber-toughening of SAN is very sensitive to the properties
of the rubber particle.

Notched tensile test

The fracture energy of SAN/BA(40%) blends is measured
by means of a notched tensile test, both at low speed
(10~ m s ") and at high speed (1 m s™"). The temperature is
varied between 20 and 90°C.

For both speeds, maximum load and fracture energy are
shown as a function of temperature in Figure 8. At
10* ms~', the maximum force decreases with increasing
temperature for all materials. The differences in maximum
force for the various materials are significantly smaller than
in the case of the yield stress in the unnotched tensile test.
The fracture energy for SAN/RH blends is higher than for
SAN/UM materials, except for temperatures higher than
70°C, where a strong increase in fracture energy occurs for
SAN/UM250 and SAN/UM450. At high tensile speed
(Im s‘l), the maximum load for SAN/RH materials is
clearly higher than for SAN/UM materials. The total

1m/s
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Figure 8 Maximum load and total fracture energy in the notched tensile test, for SAN/BA(40%) blends. The results are given for Jow speed (10 “ms~)and
high speed (1 m 57"} as a function of temperature: (M) RH300, (O) RH600, (C) UM250, (A) UM350, (A) UM450
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Figure 9 Schematic representation of typical force—displacement curves
from the notched tensile test, and characterization of the fracture behaviour

fracture energy for the SAN/RH materials is higher than for
SAN/UM materials.

From the foregoing results it is difficult to classify the
fracture behaviour into either brittle or tough, in the way it is
done for the notched Izod test. However, during the notched
tensile test, the tensile force and clamp displacement are
accurately monitored, which facilitates a more advanced
examination of the fracture behaviour. Two idealised
situations are considered here, referred to as either brittle
or ductile fracture, which are illustrated in Figure 9. It is
assumed that crack initiation occurs at maximum load. The
propagation energy is defined as the area under the force—
displacement curve after maximum load. When the
propagation energy is very low compared to the total
energy, the material is termed brittle. This fracture mode is
typically unstable, i.e. the energy release upon crack
advancement is sufficient to drive further crack growth. If,
on the other hand, considerable energy dissipation takes
place during fracture, the propagation energy cannot be
neglected compared to the total energy, and the fracture

10— m/s

E])rop/Etot,
1.0 T T T T

0.8} |

0.6}

0.4t

0.0

T

mode is called ductile. These considerations lead to a
convenient way to characterize the fracture toughness; by
using the ratio of propagation energy E ., and total fracture
energy E.

This ratio, (Epop)/(Ero), is plotted in Figure 10 for the
SAN/BA(40%) blends. At low speed (10™*ms™"), the
fracture toughness for SAN/RH300 and SAN/RH600
materials increases with increasing temperature. The SAN/
UM materials are brittle except for SAN/UM250 and SAN/
UM450 which show a brittle—tough transition at 80°C. At
high speed (1 m s™"), all blends studied show brittle fracture
up to 60°C. SAN/RH600 has a brittle—tough transition at
70°C. Qualitatively, these results are in good agreement
with the notched Izod experiments; the SAN/RH blends
have a higher fracture toughness than the SAN/UM
materials. This is caused by the higher cavitation resistance
for UM particles, due to a higher network density. The
toughening efficiency of RH600 particles in SAN seems to
be slightly better than using RH300 particles. Here, we note
again that the fracture energy in the notched tensile test for
the SAN/BA blends is much lower than that for the SAN/PB
blends’.

CONCLUSIONS

The toughening effect of various core—shell particles has
been investigated using styrene—acrylonitrile as a matrix.
The size of the poly(butyl-acrylate) core and poly(methyl-
methacrylate) shell particles was varied from 0.1 to 0.6 um
in diameter. The smallest particles (0.1 and 0.15 um) cannot
be mixed in without severe clustering of the particles.
Larger particles were dispersed quite well in the matrix.
From n.m.r. experiments, it follows that the network
density of the rubber core of the UM particles is three times
as high as for RH particles. Consequently, the cavitation
resistance for UM particles is higher than for RH particles.
The elastic modulus and yield stress of the blends are
independent on particle properties and size. The cavitation
strain of SAN/RH blends is lower than for SAN/UM blends.
The notched Izod impact toughness of SAN/BA blends is
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Figure 10 Propagation energy relative to the total fracture energy in the notched tensile test, for SAN/BA(40%) blends. The results are given for low speed
(10~ m s ™"y and high speed (1 m s ™) as a function of temperature: (l) RH300, (O) RH600, ((J) UM250, (A) UM350, (A) UM450
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very sensitive to the properties of the rubber particle.
Between 20 and 90°C all the blends with UM particles were
brittle, whereas the blends with RH particles showed a
brittle-to-tough transition. The brittle-to-tough transition
temperature for the blends with larger particles (0.6 pm) is
lower than for the blends with smaller particles (0.3 um),
suggesting a weak particle size effect.

These results are qualitatively confirmed in a notched
tensile test, both under quasi-static loading (10_4 m s_'),
and under impact conditions (1 m s_‘). A low cavitation
resistance of the rubber particles appears to be crucial to
achieve a high toughening efficiency.
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