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From the angle of energy transformation an equation was obtained for the brittle transition in polymer blends. The
effects of interparticle distance, temperature and strain rate on the brittle—tough transition in polymer blends were
characterized by this equation. The calculations show that, for this transition: (1) increasing temperature and
decreasing interparticle distance are equivalent and the shift factor increases with increasing temperature; (2)
decreasing strain rate and decreasing interparticle distance have equivalent effects on the transition; (3) the
strain rate must be optimum in order to find the brittle—tough transition phenomena for a given temperature region.
© 1998 Published by Elsevier Science Ltd. All rights reserved
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Introduction

Since 1985, when the interparticle distance (ID) model
shown in Figure 1 for the brittle—tough transition (BTT) in
nylon 66/rubber blends was first proposed by Wu', this
subject has been extensively studied. ID can be obtained
from equation (1) for the cubic packing of spherical
particles:

T \3
m:d(aa -1 )

where d is the rubber particle diameter and V/, is the rubber
volume fraction. But there are still many outstanding experi-
mental phenomena that have not been interpreted. First it
was found that the critical interparticle distance (ID.)
increases nonlinearly with increasing temperature®. It was
then found that ID, not only depends on the matrix materi-
als*~ but also on the mechanical properties of the dispersed
phase®’, strain rate®, plasticizer® and so on. This study aims
to study the effects of interparticle distance, temperature and
strain rate on the brittle—tough transition in polymer blends
and to give quantitative relations between these three fac-
tors.

Model and theory

As the elastic moduli and Poisson’s ratio of the dispersed
phase are different from those of the matrix, when a force is
applied to a sample of the polymer blend a stress
concentration will form around particles of the dispersed
phase. Its scope can be described as a stressed volume, in
which the diameter of the stressed volume S=d+ID,
where d is the diameter of the dispersed particle phase and
ID is the interparticle distance, as shown in Figure 2a. There
are a great many experimental and theoretical results which
confirm that, during impact or tensile fracture of polymer
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blends, the rubber particles will be greatyly deformed until
cavitation of the rubber particles occurs, relieving the
triaxial dilative stress'®"'®, This leads to shear yielding in
those ligaments which are thinner than the critical
value(ID.), and the polymer blend is tough. This process
was described as the percolation model by Wu and
Margolina'*'?. According to this model, the stressed
volumes will yield and propagate during the process of
BTT, and the critical point corresponds to the percolation
threshold, which refers to the onset of first-path connectivity
as shown in Figure 2b. If the brittle—tough transition is a
percolation phenomenon, one may expect a scaling law
above the percolation threshold ¢, as in equation (2):

G < (¢, ~ by.) )

where G is the toughness, ¢, and ¢, are the stressed volume
fraction and critical stress volume fraction, and 8 is the
critical exponent. The experimental results show that
B8=0.45 for nylon/rubber blends'* and §8=0.42 for PP/
rubber blends*; these values are close to the theoretical
value 8=0.44 for three dimensions'®. All this supports
the idea that the BTT is a percolation process. But the dif-
ference from ordinary percolation is that the percolation
clusters are the yielded stressed volumes. This suggests
that the matrix in a stressed volume is either completely
yielding or not at all. Figure 2b shows that some rubber
particles are not in the percolation cluster; therefore no
matrix is yielding around them although the matrix around
such particles is stressed, otherwise BTT would not take
place sharply and the critical exponent 8 would not be
close to the theoretical value 8 =0.44. So we must consider
the matrix in a stressed volume as a whole.

Now we consider that equal-sized elastomer particles are
randomly distributed in thermoplastic matrix. No matter
how high the elastomer content in the matrix, we can draw
the stressed volumes which refer to the onset of first-path
connectivity shown in Figure 3. The lower the elastomer
content, the larger the size of the stressed volume at the
onset of first-path connectivity. As mentioned above, only
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Figure 1 Model for (surface to surface) interparticle distance /D and
rubber particle diameter d

when these connected stressed volumes yield can the BTT
take place. So it is very important to give a criterion of the
matrix yielding in a stressed volume.

We take the stressed volume as a strain energy storage
volume. The total strain energy in the matrix in the stressed
volume is E, which is dominated by equation (3):

E= J W.dv 3)
Vihell

where dv is the differential volume in the spherical shell, W
is the strain energy density in the matrix and Vi, refers to
the integral region (spherical shell) of the matrix which is
shown in Figure 2a. For a uniform stress field, W, can be
expressed as W, = 0%/2M, and E = (6°/2M) X V. At the
yield point, W tends to 03/2M . But for polymer blends the
stress field around a dispersed phase is no longer uniform,
nor is W uniform. Here we would like to emphasize that for
a given position this energy density W is mainly dominated
by the mechanical properties of both the matrix and the
dispersed phase, such as the modulus, Poisson’s ratio, and
brittle strength of the matrix.

If the matrix in the stressed volume is yielding, the total
strain energy E in the matrix in a stressed volume must be
greater than W, the work required to make the matrix in the
stressed volume yield, which can be expressed as:

W, =A XV, @)
for ductile fracture
E=W, (5)

where V is the volume of the matrix spherical shell, and A is
the work required to make unit volume of matrix yield. Its

value can be obtained from equation (6):

£y

1
A= J ode = aney 6)

0

where o, is the yield stress and &, the yield strain of the
matrix. V can be obtained from equation (7):

Vo= 2[@+my —d' (1)

If the fracture is ductile, the stressed volumes must
conform to inequality (5). From equations (5)—(7), it is
obtained that:

E= o5, [(d+D) - d'] ®)
This inequality means not only that the yield stress (o)
and yield strain (g,) are two important mechanical
parameters for polymer materials, but also that their
product has a strong influence on the brittle—tough tran-
sition in polymer blends. For a given E and d, the smaller
the product of yield stress (oy) and yield strain (ey)
for the matrix, the longer is the critical interparticle
distance.

Substituting &, by o,/M,, where M, is the modulus of the
matrix, we have

™

E=
12M,

o2 [(d+1D) — &’ 9)

Applying the Eyring'” theory of viscosity, the relation
between the strain rate, temperature and yield stress can
be described as:

(10

—(AG—Va,)
RT }

"y:Bexp[

where + is the strain rate, B is a constant, AG is the activa-
tion energy, V is the activation volume, R is the gas constant
and T is the absolute temperature.

From equations (9) and (10), we obtain the criterion for
the brittle—tough transition in polymer blends:

A D
=T [(UD, + d)* — &° an

S=ID+d

a

Figure 2 Schematic diagram of stressed volume around a dispersed particle
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d

Figure 3 Schematic of the onset of first-path connectivity of the stressed
volumes for different elastomer contents

This equation can be rearranged to the following form:
1

3

QOF Bl —4a (12)

ID.=|—"  +d
(Tg - T)2

where

AG 12M,V*

T,=—+———and Q= ————— 3
® R In(Bl) =R [In(B/7)]* 4
and
As equations (11) and (12) are the equations for the
brittle—tough transition in polymer blends, /D, T and % in
these equations refer to the critical interparticle distance,
critical temperature and critical strain rate respectively.

Application of the theory

T, V, and d in equations (11) and (12) can be measured by
experiment. ID can be obtained from equation (1). In order
to obtain the physical meaning of 7,, we let ID approach
infinity and obtain T = T, from equation (11). According to
equation (1), we know that as ID approaches infinity the
volume fraction V; tends to zero; i.e., the sample is the pure
polymer without a second phase. Thus the physical meaning
of T, is the brittle—tough transition temperature of the
matrix, which can be measured by experiment. E is the total
strain energy of the matrix in the stressed volume and is
difficult to measure directly by experiment. For a given
blend system, if we take QF as approximately independent
of temperature, from equation (12) it is obvious that the
critical interparticle distance /D, increases nonlinearly with
increasing temperature.

In the experiments of Borggreve er al.”, the rubber
particle size changed from 0.29 to 1.94 um. The brittle—
tough transition temperature for pure dry nylon is 74°C,
i.e. T, =74°C. Thus, from equation (11) and the experi-
mental data for ID., it is obtained that QF is approxi-
mately independent of temperature, as shown in Figure 4.
When QF is taken as 400 um® K?), the results of the
temperature dependence of /D, calculated using equation
(12) are shown in Figure 5, from which it is seen that the
theory is well in agreement with experiment and that
Margolina’s empirical formula'® is the first-order approx-
imate result of equation (12) in the lower temperature
region.

Combining equations (11) and (12) with Goodier's
equations'®, the effect of the properties of the dispersed
phase and the matrix on the brittle—tough transition in
polymer blends have been well studied. The detail will be
published in a separate paper. Calculations show that: (1) E
changes much more slowly with changing modulus of both
matrix and dispersed phase (n) when the ratio of shear
modulus of matrix to that of dispersed phase is more than
10; (2) the strain energy density W, rapidly decreases with
increasing interparticle distance ID.

When we calculated the temperature dependence of ID,
for nylon/EPDM blends using equation (12), we took E as
being approximately independent of temperature and ID.
This is because the temperature region we study is between
the glass temperature of the elastomer and the brittle—tough
transition temperature of the matrix. In this temperature
region, for nylon/EPDM blends, the value of # is much more
than 10 and remains roughly unchanged and, compared with
the yield strength of the matrix (dominating W,), the brittle
fracture strength of the matrix (dominating ) changes much
more slowly with temperature®”; on the other hand, the
strain energy density W, rapidly decreases with increasing
ID; thus increasing /D does not make E increase
significantly.
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Interparticle distance—temperature—strain rate equivalence inequality (9) and equation (10).
All that we have mentioned above is focused on the QE = (T, — T) {(ID + d)3 _ d3] (14)
critical transition point; in fact, for tough fracture of a &
polymer blend, we can obtain the following inequality from The total strain energy in the matrix shell £ may be smaller
1000 o
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Figure 4 Temgerature dependence of QF in nylon6/rubber blends, obtained from equation (9) by substituting {D,, d and T by the data in the experiment of
Borggreve et al.” and T, = 74°C
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0.8 -

0.6 4

IDc (um)

Figure 5 Comparison, for T, = 74°C and QE = 400 um® K2 of temperature dependence ID, calculated from equation (9) with experimental results® and
results calculated from Margolina’s empirical formula'®
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than the work required to make the matrix shell yield. In this
situation the fracture of the polymer blend is brittle. In order
to obtain ductile fracture, the matrix yield stress oy or the
interparticle distance ID must be decreased till W, is smaller
than E. The yield stress o, can be decreased by increasing
the temperature or decreasing the strain rate, and ID can be
decreased by adding elastomer to the matrix. In Figure 3, if
Tgr is the brittle—tough transition temperature for blend a,
at this temperature blends b, ¢ and d would be brittle. In
order to obtain ductile fracture for these three blends, the
temperature must be increased, and it can be obtained that
Tar = TST =Tgr < TgT, which means that tough polymer
blends can be obtained either by increasing the temperature
or by decreasing ID. We call this phenomenon ID-T equiva-
lence for BTT. It is easy to obtain the shift factor a; from
equation (12) for a small temperature difference:

B 20F A
- 3{(Tg _ T)5/3[QE+d3(Tg _ T)2]2/3}

ar T (15

where AT is the difference between two temperatures. From
equation (15) it can be obtained that the shift factor ar
increases with increasing temperature for the same value
of AT. When AT = 5K, QE = 165 um’ K> T, = 15°C, d
= 0.38 um. The results of calculations for shift factor ay
versus temperature are shown in Figure 6.

As we know, there have been no experimental results to
directly verify this principle, but Figure 7 in van der Sanden
et al.” shows the notched tensile toughness in PC(poly-
carbonate)/EPDM(ethylene—propylene—diene ~ monomer
rubber) blends versus temperature for different rubber
contents. Now we show toughness versus ID for different
temperatures, as shown in Figure 7. This not only verifies
ID-T equivalence, but also confirms that the shift factor ar
increases with increasing temperature for the same tem-
perature difference (5°C).

From inequality (14), it is known that either decreasing
the strain rate (i.e., decreasing T,) or decreasing /D is the
other way by which tough polymer blends can be obtained;
in other words, decreasing strain rate and decreasing
interparticle distance have equivalent effects on the
brittle—tough transition in polymer blends.

From equations (11) and (12), it is known that the lower
the strain rate ¥, the lower is the brittle—tough transition
temperature of a polymer blend. If the temperature remains
unchanged, the critical interparticle distance increases with
decreasing strain rate, which can explain Dijkstra et al.’s
experimental results®: if the strain rate is low, even a very
low rubber content (which means a larger /D when d
remains unchanged) is capable of toughening the plastic.

According to equation (11), the brittle~tough transition
temperature in slow-speed testing should be much lower
than that in high-speed testing, which means that for a given
polymer blend system the strain rate must be optimum in
order to find BTT phenomena in a given temperature region.

Conclusions

(1) An equation for the brittle—tough transition in polymer
blends due to matrix shear yielding was obtained, from
which the effects of temperature, interparticle distance
and strain rate on BTT were correlated.

(2) The results calculated from equation (12) for tempera-
ture dependence of interparticle distance are in agree-
ment with experiment over a wide temperature range,
including temperatures close to 7,. Margolina’s equa-
tion is a first-order approximation to our theory in the
lower temperature region.

Interparticle distance—temperature equivalence is pro-

posed in this paper. The shift factor increases with

(3)

0.20
0.15 1
& L
0.10 4
— ————
-10 -8 -6 -4 -2 0
Temperature (°C)

Figure 6 Temperature dependence of shift factor ar in which AT = 5K, QF = 165 pm’® Ty T, = 15°C, d=0.38 pm
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Figure 7 ID-T equivalence for PC/EPDM, taken from Figure 7 in van der Sanden er al.”.

increasing temperature. It is suggested that the depen-
dence of toughness on interparticle distance shopuld be
measured for different temperatures, in order to directly
verify this equivalence for the brittie—tough transition
in polymer bends.

The critical interparticle distance increases with
decreasing strain rate: the lower the applied deforma-
tion rate, the lower the brittle—tough transition tempera-
ture of the polymer blend; the strain rate must therefore
be optimum in order to find brittle—tough transition
phenomena for a given temperature region.

Acknowledgements

Financial support from the Polymer Physics Laboratory of
the Chinese Academia of Sciences and the ‘National Basic
Research Project—Macromolecular Condensed State Phy-
sics’ is gratefully acknowledged.

References

1.
2.

Wu, S., Polymer, 1985, 26, 1855.
Borggreve, R. J. M., Gaymans, R. J. and Ingen Housz, J. F., Poly-
mer, 1987, 28, 1489.

4442 POLYMER Volume 39 Number 18 1998

w

4

Wu, S., J. Appl. Polym. Sci., 1988, 35, 549.

Li, Q., Zheng, W., Qi, Z., Zhu, X. and Cai, Z., Science in China B,
1992, 22, 236.

Gilbert, D. J. and Donald, A. M., J. Mater. Sci., 1986, 21, 1819.
Borggreve, R. J. M., Gaymans, R. J. and Schuijer, J., Polymer, 1989,
30, 71.

van der Sanden, M. C. M., de Kok, J. M. M. and Meijer, H. E. H,,
Polymer, 1994, 35, 2995,

Dijkstra, K., ter Laak, J. and Gaymans, R. J., Polymer, 1994, 35, 315.
Gaymans, R. J., Borggreve, R. J. M. and Spoelstra, A. B., J. Appl.
Polym. Sci., 1989, 37, 479.

Borggreve, R. J. M., Gaymans, R. J. and Eichenwald, H. M., Poly-
mer, 1989, 30, 78.

Parker, D. S., Sue, H. J., Huang, J. and Yee, A. F., Polvmer, 1990,
31, 2267.

Huang, D. D. and Wood, B. A., Polym. Prepr., 1992, 33, 629.
Sue, H. J. and Yee, A. F., J. Mater. Sci., 1989, 24, 1447,
Margolina, A. and Wu, S., Polymer, 1988, 29, 2170.

Wu, S., Polymer, 1990, 31, 972.

Stauffer, D., Introduction to Percolation Theory. Taylor & Francis,
London, 1985.

Eyring, H., J. Chem. Phys., 1936, 4, 283.

Margolina, A., Polym. Commun., 1990, 31, 95.

Goodier, J. N, J. Appl. Mech., 1933, 55, 39.

Ward, 1. M., Mechanical Properties of Solid Polymers. John Wiley
& Sons, Chichester, 1983.



