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The impact performance of semicrystalline polymers includ-
ing polyamides can be greatly enhanced by adding rubber
fillers.1-3 Strong toughening is achieved when the rubber phase
forms a submicron-sized dispersion which is usually obtained
by reactive blending.3-5 Experimental6-11 and theoretical12-14

studies show that the role of rubber in toughening of semicrys-
talline polymers is mainly related to the cavitation of rubber.
The high dilative stresses in front of a growing crack promote
the formation of voids in or around rubber particles. Thus, the
hydrostatic pressure is relieved near the voids, and stresses are
redistributed in a cellular-like material. Cavitated particles act
as stress raisers around which the polymer matrix deforms
plastically. However, for this toughening method to work, a
substantial rubber concentration of about 10-20 wt % is
required. Wu7 found that toughening can only be achieved below
a critical interparticle ligament thickness, LC, which is generally
considered as an intrinsic property of the matrix, independent
of the size and nature of particles. However, many previous
works reported that the nature of the rubber and the matrix, the
morphology of the dispersed phase (i.e., rubber particle size
and its distribution), rubber content, and processing conditions
are important factors that determine the level of toughening of
polyamides.15-19 Recently, Corté and Leibler20 proposed a
different model for semicrystalline polymers toughened by
rubber particles based on two competing processes of matrix
shear yielding activated by the particles and of brittle fracture
caused by coalescence of microcracks between crystalline
lamellae. They showed that for successful toughening the
interparticle distance L should be smaller than a critical length
LC, which is given by

where �* is the mean distance between microcracks, σB the
characteristic matrix brittle fracture stress usually measured at
low temperature or high speed, σY the matrix tensile yield stress,
d the average size of dispersed particles, and C a coefficient

related to the cavitation capability of the particles and the brittle
fracture criterion.20 Equation 1 shows that the critical distance
LC depends not only on the matrix characteristics given by �*,
σB, and σY but also on particle size d. If we ignore the particle
size distribution and assume the particles are arranged in a cubic
lattice, then the ligament thickness L is related to d and dispersed
volume fraction Φ by L ) d[(�π/6Φ)1/3 - 1], where � is a
geometry factor close to unity.7 Thus, the minimum filler volume
fraction for onset of ductility or toughness can be obtained from

For a given polymer matrix, one possible way to reduce the

critical rubber volume fraction ΦC is to decrease the particle
size d. But, in practice, d must be large enough to ensure
cavitation occurs so as to relieve the local hydrostatic stress
and initiate matrix shear yielding.21 Hence, a large amount of
rubber (e.g., ∼10-20 wt %) is required to obtain high
toughness. To overcome this problem, polymer/elastomer/filler
ternary systems22-25 or block copolymers with both glassy and
rubbery blocks,15,16,26-29 rather than pure rubber, are used to
improve the toughness. In these systems, the formation of a
core-shell structure with rigid core and soft rubber shell is
needed to achieve high toughness with low rubber content.30-32

For example, the rubber content can be reduced to 7 wt % in
polyamide 12 toughened with PS-PB-PMMA triblock co-
polymer.31 But the low diffusion rates of viscous rubber in the
polymer/rubber/filler ternary blend and the micellization or self-
assembly effect of copolymers in the copolymer toughened
system will limit the formation of effective core-shell structures
and make it necessary to increase the rubber content to a
relatively high level in order to achieve satisfactory toughness.
Furthermore, prior-prepared end-functional block copolymers
are neither economical nor practical for large scale productions.
In this study, we report a facile method to prepare superductile
PA6 that is toughened by core-shell particles formed in situ
via reactive extrusion. The neat rubber content can be as low
as 1.5 wt % in the blend but with an Izod impact energy as
high as 1000 J m-1. The effectiveness of Wu’s7 theory and Corté
and Leibler’s20 model in predicting the toughness in particle
toughened systems is also discussed.

In conventional polymer/rubber/filler ternary blending system,
the high viscosity of rubber will block its diffusion in the melt
to encapsulate the rigid particles and thus discourage the
formation of core-shell structure during processing, even
though Harkin’s rule33 is satisfied.34 In our work, in order to
avoid this problem, a low molecular weight functionalized
rubber, polybutadiene-graft-maleic anhydride (PB-g-MAH)
(Yanshan Petro. & Chem. Co.; MAH content ) 9-11 wt %,
Mw ) 3120, polydispersity index ) 2.02), was first grafted onto
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Scheme 1. Formation of Core-Shell Structures in PA6 Matrix
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a low density polyethylene (LDPE) (Jilin Petro. & Chem. Co.,
MFI ) 2.1 g/10 min at 190 °C) molecule backbone via reactive
extrusion with dicumyl peroxide (DCP) as an initiator at 200 °C.
The weight composition of LDPE/PB-g-MAH/DCP is 95/5/0.1.
A selected amount of rubber modified LDPE (LDPE-g-PB-g-
MAH) was then melt-mixed with PA6 at 230 °C. From the
reaction between MAH and the amino group in the chain ends
of PA6, LDPE-g-PB-g-PA6 copolymers were formed, which
yielded a core-shell structure with a LDPE core and an elastic
PB shell in PA6 matrix as shown in Scheme 1. The formation
of the core-shell structure in LDPE-g-PB-g-MAH/PA6 blend
(blend 3) (PA6 content is 70 wt %) can be confirmed by the
TEM micrograph in Figure 1a. Here, the sample was stained
by OsO4 so that the dark rubber shell (PB-g-MAH) around the
gray PE particles can be clearly identified. Further, from the
SEM micrograph of impact fracture surface, Figure 1b, we can
see substantial matrix ductile tearing confirming the high energy
dissipated during impact fracture. The mechanical properties
of LDPE-g-PB-g-MAH toughened PA6 are given in Table 1
with those of other PA6 systems toughened by MAH function-
alized LDPE (LDPE-g-MAH) (blend 1) and polyolefin elas-
tomer-graft-maleic anhydride (POE-g-MAH) as tougheners
(blend 2). Both blend 1 and blend 2 were also prepared by melt
mixing with specified amounts of PE-g-MAH and POE-g-MAH
with PA6 at 230 °C. Tensile and Izod impact specimens were
prepared by injection molding, and all these specimens were
stored in open air at room temperature (∼23 °C) for at least
24 h before testing. The data shown in Table 1 are the average
values of five measurements. Obviously, the Izod impact
energies of these three systems are much improved compared
to neat PA6. Also, the impact energies of blend 3 are much
higher than blend 1 and blend 2 at identical PA contents. These
results show that the thin rubber layer around the LDPE core is

much more effective than pure LDPE or POE particles to initiate
matrix yielding and dissipate impact energy.

The dispersed particle size d of these blends was calculated
from SEM micrographs (not shown here) and listed in Table 2.
The interparticle ligament thickness L for all these systems are
calculated from Wu’s7 equation: L ) d[(�π/6Φ)1/3 - 1], � )
1.09. It is found that the interparticle ligaments of blend 1 and
blend 3 with 90 wt % PA6 in our experiments are larger than
300 nm, which is proposed by Wu7 as a critical ligament
thickness for rubber toughened PA6. Hence, toughening is not
expected in these two blends, but the impact energy results in
Table 1 suggest otherwise. Moreover, as shown in Table 2, the
critical length LC evaluated using eq 1 due to Corté and Leibler20

for �* ) 100 nm is larger than the interparticle ligament
thickness L for all these blends if C g 0.2. (The values of �*
and C used follow those cited in ref 20). So, the model of Corté
and Liebler20 is more suitable than Wu’s7 for predictions of

Figure 1. Micrographs of blend 3 [PA6 content 70 wt %]: (a) TEM
image stained by OsO4 and (b) SEM image of impact fracture surface.

Table 1. Mechanical Properties of Different Toughened PA6 Blends at 25 °Ca

sample Izod impact energy (J m-1) σB (MPa) σY (MPa) elastic modulus (GPa)

blend 1b PA6 90 wt % 166.2 ( 14.8 65.0 ( 4.4 61.2 ( 1.7 2.22 ( 0.02
PA6 80 wt % 403.7 ( 19.6 63.2 ( 3.3 57.4 ( 1.6 2.11 ( 0.02
PA6 70 wt % 512.8 ( 43.2 55.1 ( 3.6 43.3 ( 1.2 1.93 ( 0.05

blend 2b PA6 90 wt % 384.6 ( 30.8 59.3 ( 1.6 50.2 ( 2.0 2.16 ( 0.03
PA6 80 wt % 608.5 ( 67.5 71.7 ( 1.9 43.8 ( 1.3 2.03 ( 0.07
PA6 70 wt % 756.4 ( 48.5 96.9 ( 2.3 38.3 ( 1.2 1.67 ( 0.04

blend 3b PA6 90 wt % 630.5 ( 59.7 103.1 ( 7.0 41.7 ( 0.9 2.26 ( 0.05
PA6 80 wt % 803.0 ( 49.9 151.3 ( 5.0 40.4 ( 0.7 1.92 ( 0.05
PA6 70 wt % 1003.4 ( 56.4 266.4 ( 6.7 34.3 ( 1.0 1.89 ( 0.06

PA6 64.4 ( 7.0 255.6 ( 1.0 63.3 ( 1.5 2.54 ( 0.04
a σB is true stress at break, σY is yield stress at maximum load, and elastic modulus is initial tangent modulus. b Blend 1: LDPE-g-MAH/PA6; blend 2:

POE-g-MAH/PA6; blend 3: LDPE-g-PB-g-MAH/PA6.

Table 2. Comparisons of Interparticle Ligament Thickness L and
Critical Interparticle Distance LC Based on Corté and Leibler’s

Model20 for Different Blends

LC
c (µm)

sample PA6 content (wt %) da (µm) Lb (µm) C ) 0.1 C ) 0.2

blend 1 90 0.43 0.34 0.18 0.40
80 0.38 0.16 0.16 0.37
70 0.24 0.06 0.14 0.27

blend 2 90 0.24 0.19 0.14 0.27
80 0.22 0.09 0.14 0.26
70 0.17 0.04 0.13 0.22

blend 3 90 0.48 0.38 0.18 0.41
80 0.41 0.17 0.17 0.37
70 0.28 0.07 0.15 0.28

a d ) ∑nidi
2/∑nidi. b L ) d[(�π/6Φ)1/3 - 1], � ) 1.09. c LC ) �* +

d(CσB/σY)2, �* ) 0.1 µm, σB ) 300 MPa, σY ) 70 MPa.

Figure 2. Impact energies of different blends versus temperature (PA6
content 80 wt %).
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onset of toughening in these materials. However, this model is
still unable to predict the differential toughening effect between
blends 1, 2, and 3 containing the same filler content. From eqs
1 and 2, it is apparent that toughening can be more readily
achieved if C is larger, since then LC is higher and ΦC is lower.
Following Corté and Liebler’s theory,20 the brittle-ductile
transition temperature, TBD, of these toughened blends can be
calculated by

where Y0 and Y1(ε̇) are characteristic parameters of Eyring’s
equation:35 σY(ε̇,T) ) Y0 - Y1(ε̇)T for PA6. Figure 2 shows the
impact energies of blends 1, 2, and 3 with 80 wt % PA6 versus
temperature. It is seen that TBD of these blends follows the trend
TBD(blend3) < TBD(blend2) < TBD(blend1). On the basis of eq 3, for a
given polymer matrix and under the same testing conditions,
where Y0 and Y1(ε̇) are assumed constant, TBD can only be
reduced by increasing C or decreasing d. However, as shown
in Table 2, the dispersed particle size d for blend 3 is largest
among the three blends, that is, dblend3 > dblend1 > dblend2. Hence,
the lowest TBD for blend 3 can only be obtained with the highest
C value.

In reality, the importance of the parameter C, although related
to the cavitational process, should not be overemphasized except
that it seems to be a good indicator of the effectiveness of the
toughener. Therefore, the larger C is, the better the toughness.
Supporting evidence is also given in Figure 3, which shows
typical AFM micrographs of cryo-fracture surfaces of these three
toughened blends with 80 wt % PA. Interface debonding
between LDPE-g-MAH and PA6 is easily observed in blend 1
in Figure 3a. The very good interface adhesion seen in Figure
3b suggests that internal cavitation of rubber mostly happens
during fracture30 in blend 2. Finally, as revealed in Figure 3c
for blend 3, fibrils are seen at the debonded interface between
the core-shell particles and matrix. Similar observations have
also been found in other ternary blends with core-shell fillers.36

In blend 1 and blend 2, interface debonding and internal
cavitation indicate that no stresses can be transferred effectively
between particles and matrix. However, in blend 3, stresses can
be transferred via the fibrils at the interface, and the molecule
chains of PA6 connected with these fibrils will be highly
elongated during the deformation of the specimen. It is well-
known that when a specimen is stretched below the matrix glass
transition temperature, Tg, the forced high elasticity,37,38 that
is, the orientation of amorphous molecule chains along the force

direction, occurs before or during matrix yielding. In semicrys-
talline polymers, the forced high elasticity of the deformation
of tie chains39 between crystal lamellae is retractable after
annealing the specimen above its Tg provided that these oriented
molecule chains do not recrystallize. In our tests, the specimens
were first elongated to a necking strain, ε0 (see inset of Figure
4). Then, they were annealed at 80 °C for 12 h and the residual
strains ε1 recorded. The recoverable forced high elasticity ∆ε
is defined by ∆ε ) (ε0 - ε1)/ε0, and the results are shown in
Table 3. Physically, this represents the recovered elastic strain
subjected to tensile drawing. Although the moisture content after
annealing is less than that before annealing (∼0.2 wt %), it does
not have much effect on the retraction and hence ∆ε. This is
because the annealing temperature (80 °C) is well above Tg of
PA6, and it is the primary factor (not moisture) which controls

Figure 3. AFM micrograghs of cryo-fractured surface of different blends (PA6 content 80 wt %): (a) blend 1, (b) blend 2, and (c) blend 3.

TBD )
Y0

Y1(ε̆)
-

CσB

Y1(ε̆)[( �π
6Φ)1/3

- 1 - �*
d ]-1/2

(3)

Figure 4. True stress-engineering elongation curves of different blends
(PA6 content 70 wt %): blend 1, blend 2, and blend 3.

Table 3. Variation of Crystallinity and Recoverable Forced High
Elasticity of Different Blends after Tensile Testing

sample (PA6
70 wt %)

crystallinity
(%)

ε0

(%)
ε1

(%)

recoverable
forced

high elasticity
∆ε (%)a

blend 1 28.22 before drawing 40.6 34.1 15.9
28.56 after drawing to break

blend 2 27.09 before drawing 41.0 29.4 28.4
28.29 after drawing to break

blend 3 28.75 before drawing 41.2 24.7 40.0
32.18 after drawing to break

a ∆ε ) (ε0 - ε1)/(ε0), where ε0 is necking strain and ε1 is residual strain
after annealing at 80 °C for 12 h.
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the mobility of all the oriented amorphous chains and thus the
residual strain ε1.

The recoverable forced high elasticity of blend 3 is clearly
much larger than blends 1 and 2. These results indicate that the
amorphous regions in PA6 matrix are much more influenced
by the core-shell rubber particles in blend 3, which confirms
more intense drawing of the PA6 molecular chains in blend 3
during tensile testing. Further elongation of the sample results
in recrystallization of these highly oriented molecule chains and
thus higher crystallinity after drawing.40 Although we did not
study the crystal form of PA6 around the fillers in these three
blends, such as trancrystalline regions formed around rubber
particles which, upon rubber cavitation, become mobile and
deform plastically imparting high toughness to the polyamide
matrix,41 it is found that the overall crystallinity of PA6 is
increased in all three blends after being drawn to failure in
tensile tests due to the orientation and recrystallization of
amorphous PA6 molecule chains. The crystallinity increase is
much smaller in blends 1 and 2 than that in blend 3 where fibrils
are formed between the matrix and particles. This is also
confirmed by the true stress versus engineering elongation curves
in Figure 4 such that both elongation and stress σB at break for
blend 3 are substantially larger than those of blend 1 and
blend 2.

Although the PB rubber shell in blend is quite soft, it does
not seem to affect adversely the elastic modulus compared to
blends 1 and 2 at the same PA6 content. The same cannot be
said about the yield strength σY, which shows a clear degradation
effect (see Table 1). Relative to neat PA6, considering both
elastic (tangent) modulus and notched impact toughness proper-
ties, blend 3, with a core-shell toughener, i.e., rigid core and
soft rubber shell, is best among these three blend systems. As
expected from previous analyses of toughened systems with
similar core-shell particles,42-44 loss of modulus is unavoidable
and compromises must be made. From Table 1, for blend with
90 wt % PA and 10 wt % core-shell toughener, there is only
a 10% loss in modulus but a 10-fold increase in impact
toughness compared to neat PA6. For many practical purposes,
this is acceptable.

In summary, core-shell particles with a rigid core and a soft
rubber shell are an effective toughener for semicrystalline
polymers. Although there is a slight to moderate modulus loss
over the range of filler content studied in this toughened material
system (blend), supertough materials with low TBD can be
obtained with very low rubber content (e.g., the lowest neat
rubber content is 0.5 wt %).
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