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Abstract

One of the most important findings in polymer-toughening is known as the critical matrix ligament thickness (tc) theory, which is directly

related to both rubber concentration and average size of particles. All these studies assume that rubber particles are spherical and randomly

distributed in the matrix. Rubber particles may be stretched and oriented along the shear flow direction in real processing. In this paper the effect of

stretched and oriented rubber particles on the impact strength of PA6/EPDM-g-MA blends have been studied via dynamic packing injection

molding (DPIM). The impact strength of specimens obtained by DPIM was found substantially increase at all the blends investigated, compared

with the one obtained via conventional injection molding. Particularly, more than 30 kJ mK2 increase of the impact strength was observed for

specimens with a higher rubber content (more than 15 wt%). SEM results showed a remarkably decrease of rubber particle size and more uniform

dispersion of the dynamic molded specimens. This can be attributed to the shear induced reaction at the interface between polyamide 6 and

EPDM-g-MA during the packing stage. The rubber particles were found stretched along the melt shear flow direction when it is content above

15 wt%. A master curve can be also constructed by plotting the impact strength versus the inter-particle distance, indicating that Wu’s criterion

still works for blends with stretched and oriented rubber particles when the crack propagation direction is perpendicular to the orientation direction

of rubber particles. The observed higher impact strength in dynamic specimens could be due to, in part, the enhanced flexural stiffness, which will

absorb more energy during impact process when the fracture of IZOD bars is incomplete, but more importantly due to the existence of the

stretched and oriented rubber particles, which are more efficient in slowing the velocity of crack propagation and thus cause higher impact

resistance when the fracture propagation direction is perpendicular to the rubber oriented direction.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyamides, as other semi-crystalline polymers, such as

isotactic polypropylene and linear polyethylene, are notch

sensitive because of their low resistance to crack propagation,

which leads to embrittlement at high strain rate or low

temperature. A lot of work has been done on the toughening of

polyamides by incorporation of fine particles, particularly, by

using rubber particles [1–12]. Most of these studies focused on

two parameters, rubber particle size [3,8] and rubber

concentration [8], until Wu combined these two interdependent

parameters into one parameter, inter-particle distance or inter-
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particle ligament thickness (tc) [1]. A sharp brittle to ductile

transition occurs when the inter-particle distance is below a

critical value, which is just a specific material characteristic.

The theory, which has also created much controversy, has been

further clarified by Muratoglu et al. [9,10,13]. They proposed

that specially oriented crystalline layers perpendicular to the

interface would prevent premature fracture when these layers

percolated over the whole material. And furthermore, Wu’s

theory has a prerequisite: the rubber particles are considered as

spherical and randomly distributed in the matrix. If the rubber

particles are stretched and oriented, the stress field around a

particle will be more complicated than that of spherical rubber

particles, does the tc criterion still work? So it is interesting to

control not only the rubber particle size and rubber content but

also the particle shape to fully understand the toughening

mechanism. The shape of rubber in polymer matrix is

influenced by the following four factors [16–27]: (1)
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Fig. 1. The schematic representation of dynamic packing injection molding: (1) nozzle, (2) sprue, (3) piston, (4) runner, (5) connector, (6) specimen.
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processing conditions; (2) blends composition; (3) interface

interaction; (4) viscosity ratio of the components.

In recent years, dynamic packing injection molding (DPIM)

had been found to be a very effective way of controlling

polymer morphology [28–32]. The main feature of DPIM is

after the melt was injected into the mold it is forced to move

repeatedly in a chamber by two pistons moving reversibly with

the same frequency, because of the shear field induced by

pistons, a multi-layer specimen was obtained during the

solidification progress. In this work, the effect of stretched

and oriented rubber particles via DPIM on the impact strength

of PA6/EPDM-g-MA blends was investigated. Our purpose is

to verify whether Wu’s criterion still works for blends with

stretched and oriented rubber particles along the shear flow

direction and to find out in what way will the stretched and

oriented rubber particles affect the impact strength of PA6/

EPDM-g-MA blends.
Table 1

Processing parameter in DPIM

Processing parameter Parameter value

Injection pressure (MPa) 90

Packing pressure (MPa) 50

Melt temperature (8C) 240

Mold temperature (8C) 20

Dynamic packing pressure (MPa) 35

Dynamic packing frequency (Hz) 0.3
2. Experimental

2.1. Material and specimen preparation

Studies were performed on blends based on a commercial

grade of polyamide 6(B3S, BASF) and ethylene–propylene–

diene monomer grafted with maleic anhydride (CG700,

ChenGuang chemical institution) with a grafted rate of

0.92%. The melt flow index (MFI at 230 8C and 2.16 kg

load) and density of polyamide 6 were 36 g/10 min and

1.13 g/cm3, respectively, while that of EPDM-g-MA were

5 g/10 min (230 8 C and 2.16 kg load) and 0.84 g/cm3,

respectively. Blends were prepared in different proportion of

polyamide 6 with 5, 10, 15, 20, 30, 40 wt% of the EPDM-g-

MA in a TSSJ-2S co-rotating twin-screw extruder. The barrel

temperature and the screw speed were set at 190–220–230–

230–220 8C and 120 rpm, respectively. While the droplets got

from extruder were molded both with DPIM and traditional
injection molding for comparison under the same processing

parameter. The schematic representation of DPIM is shown in

Fig. 1. The obtained specimens are dumbbell shape. The shear

rate is about 10 sK1 calculated from the geometry of mold. The

specimens obtained from DPIM and traditional injection

moldings are called dynamic specimens and static specimens,

respectively. The processing parameters in DPIM are listed in

Table 1. Prior to extrusion and injection molding the materials

were vacuum oven-dried for 24 h at 80 8C.
2.2. Mechanical testing

The central part of specimens (40!6!3.5 mm3) which was

not standard was used for impact testing. The notches with 458

were made at a depth of 1 mm thus the depth of the remaining

part was 5.0 mm. The impact experiment was carried out on an

I200XJU-2.75 Impact Tester according to ISO 180. The

fracture propagation direction is perpendicular to the melt

shear flow direction. Since the blends with rubber content

higher than 15 wt% are of very high toughness, the fracture is

incomplete. The IZOD bars bend and the pendulum swings by.

In this case, only the area of the fractured part was used for

calculation and the un-fractured part was deducted. Flexural

properties were determined in three-point bending mode in an

RG T-10 University Testing Machine according to ASTM



Fig. 2. The curve of the impact strength versus the content of EPDM-g-MA.

Table 2

Flexural properties PA6 and its blends by different injection moldings

Flexural properties Composition

PA6 PA6/EPDM-

g-MA (80/20)

PA6/EPDM-

g-MA (60/40)

E-modulus (GPa)

Dynamic 1.309 1.056 0.746

Static 1.185 0.953 0.632

Strength (MPa)

Dynamic 40.60 31.62 20.57

Static 37.30 28.84 18.16
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standard D790. The crosshead speed and span distance used

were 2 mm minK1 and 70 mm, respectively. The values of all

the mechanical parameters were calculated as averages over 6–

9 specimens for each composition.

2.3. Wide-angle X-ray diffraction (WAXD)

The WAXD experiments were conducted with a siemens

D500 diffractometer. The wavelength of the monochromated

X-ray from Cu Ka radiation is 0.154 nm and the reflection

mode was used. The scanning 2q range was 5–408 with a

scanning rate of 58/min.

2.4. Differential scanning calorimetry (DSC)

The melting behavior of both dynamic and static specimens

was studied on a Perkin–Elmer DSC Priys-1. The instrument

was calibrated using indium as standard. Melting endotherms

were recorded at 10 8C minK1 heating rate from 4 to 5 mg

specimen in a nitrogen atmosphere. The degree of crystallinity

was calculated from heat of fusion using 190 J gK1 as the heat

of fusion of 100% crystalline polyamide 6 [33].

2.5. Scanning electron microscope (SEM)

The specimens were cryogenically fractured perpendicular

to the shear flow direction and parallel to the shear flow

direction in liquid nitrogen, called T and F direction,

respectively. Then the cryogenically fractured specimens

were etched in boiled toluene for 1 h to selectively dissolve

the rubber particles. After the surface was coated with gold

powder the phase morphology was observed in a Hitachi X-650

SEM instrument operating at an accelerating voltage of 5 kV.

3. Results

3.1. Mechanical properties

Fig. 2 shows the impact strength of dynamic and static

specimens as a function of rubber content. For pure polyamide

6, the result that the impact strength is nearly the same for

dynamic and static specimens implies the orientation of

polyamide 6 macromolecules along shear flow direction is

difficult due to very low melt viscosity and the strong

interaction between macromolecules caused by hydrogen-

bonds [34]. This is different from that for pure polypropylene

[35] and polyethylene [32] for which the orientation of

macromolecules was obvious and remarkable increase of

impact strength was seen for these specimens when the fracture

propagation direction was perpendicular to the orientation

direction. So in this case, any obvious change of the impact

strength in PA6/EPDM-g-MA blends should mainly attribute

to the contribution of the rubber. As shown in Fig. 2, for the

specimens obtained by conventional injection molding, a sharp

brittle–ductile transition occurs at 10–20 wt% of rubber

content. The toughness becomes independent of rubber content

when rubber content is more than 20 wt%. This can be well
understood by using Wu’s critical matrix-ligament thickness

theory. The impact strength of specimens obtained by DPIM is

about 30 kJ mK2 higher than that of specimens via conven-

tional injection molding at a higher rubber content (more than

15 wt%). Unlike the phenomenon of brittle–ductile–brittle

transition observed for dynamic specimens of PP/EPDM

blends via DPIM [31], only brittle to ductile transition is

seen for both dynamic and static specimens of PA6/EPDM-g-

MA blends.

Since the flexural property could also affect the impact

strength, particularly when the fracture of IZOD bars is

incomplete, the flexural strength and modulus of the samples

were measured and the result is listed in Table 2. For PA6 and

its blends, the flexural modulus of dynamic specimens is about

0.1 GPa higher than that of static ones. A similar trend to that

of the flexural modulus is again observed for the flexural

strength, albeit not significantly.
3.2. Phase morphology

The static specimens can be usually divided into two parts

called skin layer and core layer. In contrast to the static

specimens, the dynamic ones were departed into three parts

with a shear layer existing between skin layer and core layer.

However, since the skin layer takes only very small part of the



Fig. 3. The SEM photographs got from the core layer of static specimens; (a) and (b) are from T direction, (c) and (d) are from F direction; (a) and (c) got from blends

with 20 wt% rubber content, (b) and (d) got from blends with 40 wt% rubber content.
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specimens and also due to the similarity of phase morphology

and crystal structure in this layer between the dynamic and

static specimens, we mainly focus our attention on the shear

layer and the core and ignore the skin layer in all our

discussion.

The phase morphology of static specimens in the core layer

at T direction and F direction are shown in Fig. 3. The black

domains represent the position of the extracted rubber phase.

From these micrographs it is obvious that only sea-island

structure exists in the composition investigated. The rubber

size is seen not much changed as increasing of rubber content.

It is about 0.4–0.5 mm. Combining the phase morphology at

these two directions one can conclude that for static specimens

the dispersed rubber particles are spherical in the composition

investigated.

For the phase morphology of dynamic specimens, the

shear layer and the core layer were also examined at both T

and F direction. The phase morphologies at T direction are

shown in Fig. 4. One observes in this direction always

spherical dispersed rubber particles. Again, the rubber size is

seen not much changed as increasing of rubber content. But

compared with static specimens, the rubber size shows

remarkable decrease and drops down to 0.35 in the core and

0.25 mm in the shear layer, respectively. This can be

attributed to the shear induced reaction at the interface

between polyamide 6 and EPDM-g-MA during packing

process, which provides additional chance for polyamide 6

and EPDM-g-MA to interact at interface. The larger size in

the core compared with that in the shear layer may be due to
the longer relaxation time in the core, where the specimens

are frozen at last.

The stretched particles in the shear layer are seen for

dynamic specimens at F direction when the rubber content is

more than 15 wt%, as shown in Fig. 5. Due to lower viscosity

of the blends while the rubber content below 15 wt%, the

dispersed rubber particles keep spherical although the domain

size of the dispersed rubber particles is larger than that of

blends with rubber content above 15 wt%. When rubber

content excesses 15 wt%, besides the sphere, some cigar-like

dispersed particles oriented along the shear flow direction are

also observed. According to the equation tZh*g, shear stress

t is proportional to the viscosity. Since the viscosity of the

blends increases as increasing of rubber content, a higher shear

force is expected for specimens with higher rubber content. So

one observes stretched rubber particles at high rubber content.

Seen from Fig. 5 one can also find that even at high rubber

content the rubber particles remain spherical in the core layer at

F direction. This may be attributed either to the elastic recovery

and/or the breaking up of the cigar-like particles of the rubbery

phase according to the Rayleigh–Taylor–Tomotika theory [22].

The average rubber particle size and particle size polydis-

persity obtained by image analysis are listed in Table 3.
3.3. Crystal structure

Since polyamide 6 can exist in several polymorphous

crystalline phases, one has to ask whether the mentioned

increase of impact strength is related to a change of crystal



Fig. 4. The SEM photographs of PA6/EPDM-g-MA blends at T direction; (a)–(d) are from the shear layer of dynamic specimens with 10, 20, 30 and 40 wt% rubber

content, respectively; (e) and (f) are from the core layer of dynamic specimens with 20 and 40 wt% rubber content, respectively.

C. Wang et al. / Polymer 47 (2006) 3197–3206 3201
structure induced via shear stress. For this reason, we carried

out WAXS experiments for all the composition studied. The

WAXD results of selected specimens are shown in Fig. 6.

Peaks at 20.5 and 23.58 can be assigned to (200) and the (002)

planes of the a phase, respectively. The peak around 21.58 is

characteristic of the g phase belong to (200) and (101) planes.

Comparing dynamic specimens to static ones, no matter

whether the rubber exists or not, one can find that dynamic

specimens have more content of g phase and less content of a
phase. However, a phase gives higher impact strength than g
phase [36]. Hence, the improvement of the impact strength of

dynamic specimens is not caused by the change of crystalline

structure.
3.4. Crystallinity and melting point

Since the crystallinity of polyamide 6 will also contribute,

at certain degree, to the observed change of impact strength.
So we carried out DSC experiment to measure crystallinity of

the blends as function of rubber content for both dynamic and

static specimens. The melting curves of shear and core layers

of dynamic specimens and that of core layer of static ones

were shown in Fig. 7. One expects two melting temperatures,

which were for a phase and g phase, respectively. However,

only one melting peak around 220 8C was seen for each layer

of these specimens, which corresponding to the melting of a
phase. Two possibilities exist: one is that g phase had been

transferred into a phase during heating; the other is that the

content of g phase is very small and it is melting cannot be

detected by DSC. The crystallinity is calculated from the

equation:

CrystallinityZ
DHf

DHm
f cA

!100% (1)

where DHf is the enthalpy of polyamide 6 for the blends,

DHm
f is the enthalpy of polyamide 6 whose crystallinity is



Fig. 5. The SEM photographs got from dynamic specimens at F direction; (a)–(d) are from the shear layer of blends with 10, 20, 30 and 40 wt% rubber content,

respectively; (e) and (f) are from the core layer of blends with 20 and 40 wt% rubber content, respectively.

Table 3

The average particle sizes and particle size polydispersity of PA6/EPDM-g-

MA blends in transverse direction

Rubber weight

content (%)

5 10 15 20 30 40

Rubber volume

content (%)

6.5 12.9 19 24.9 36.3 47
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100%, the literature value 190 J gK1 is used (a phase). cA
is the content of polyamide 6 for the blends. Fig. 8 shows

the melting point and crystallinity of the dynamic specimens

in different layers and the static specimens in core

layer. One observes constant crystallinity and melting

point within the whole composition region investigated,

which indicating that shear has no effect on these two

parameters. So the observed change of impact strength

has nothing to do with the change of crystallinity and

melting point of polyamide/EPDM-g-MA blends produced

by DPIM.

Particle size (mm)

D-shear 0.30 0.28 0.21 0.22 0.22 0.27

D-core 0.39 0.36 0.28 0.26 0.27 0.34

S-core 0.53 0.41 0.36 0.38 0.42 0.47

Polydispersity s

D-shear 1.36 1.34 1.28 1.26 1.24 1.24

D-core 1.39 1.36 1.32 1.32 1.28 1.29

S-core 1.46 1.40 1.36 1.34 1.39 1.45

D, dynamic specimens; S, static specimens.
4. Discussion

Seen from results above, the crystallinity, melting point and

the change of crystalline structures do not contribute to the

improvement of impact strength of dynamic specimens. Also,

the orientation of polyamide 6 macromolecules does not
contribute to the impact strength of the blends. Thus, the

difference of the impact strength between dynamic and static

specimens should be only attributed to the difference of phase

morphology.



Fig. 6. WAXD photographs of blends; (a) and (d) are from core layer of static

specimens without and with 40 wt% rubber content, respectively; (b) and (c)

are from shear layer of dynamic specimens without and with 40 wt% rubber

content, respectively.

Fig. 8. The crystallinity and the melting point in different layers of PA6/EPDM-

g-MA blends. D, dynamic specimen; S, static specimen.

C. Wang et al. / Polymer 47 (2006) 3197–3206 3203
4.1. The inter-particle distance

For polyamide 66/rubber blends studied by Wu, a simple

cubic packing was chosen to approximate the real spatial

arrangement of the rubber particles in polyamide matrix, the

value t of the inter-particle distance can be calculated from the

equation [1]:

tZ d
p

6Vf

� �1=3

K1

� �
(2)

with the assumption that the dispersed particles are spherical

and of equal diameter, d. where Vf is volume fraction of these
Fig. 7. DSC melting curve of pure PA6 and its blends: (a), (d) and (g) are from

the shear layer while (b), (e) and (h) are from the core layer of dynamic

specimens without and with 20 and 40 wt% rubber content, respectively; (c), (f)

and (i) are from the core layer of static specimens without and with 20 and

40 wt% rubber content, respectively.
particles. However, in real blends the particle sizes frequently

obey a log–normal distribution [37]. The mean inter-particle

distance for the blend that is polydisperse system can be

described by [38]:

tZ d
p

6Vf

� �1=3

exp ð1:5 ln2sÞKexpð0:5 ln2sÞ

� �
(3)

where s is particle size distribution. Eq. (3) can be used for

static specimens since the rubber particles are roughly

spherical in the composition investigated. While for dynamic

specimens, the cigar-like rubber particles oriented along the

shear flow direction exist in the shear layer, particularly, for

specimens with higher rubber content. Can Eq. (3) still be used

to calculate the inter-particle distance t? For dynamic

specimens all the particles are circular observed at T direction.

The values of particle size at this direction are used together

with the values of particle size polydispersity to calculate the

inter-particle distance. Noting that the particle size in shear

layer is smaller than that in core layer, the average particle size

of dynamic specimens is represented by number average values

considering the area of the cross section of shear layer is two

times larger than that of the core layer. Using the parameter

listed in Table 3, the inter-particle distance can be worked out

through Eq. (3). The plot of impact strength versus inter-

particle distance is shown in Fig. 9. A sharp increase of impact

strength happens when the inter-particle distance is lower than

0.28 mm for both dynamic and static specimens, indicating that

Wu’s theory still works by using the particle size got from T

direction, as the fracture propagation direction is perpendicular

to the rubber oriented direction. The master curve splits into

two in the tough region. For polyamide/rubber blends Wu also

found that in the range of t!tc, the master curve split into

separate branches where the level of impact energy depends on

the actual composition of blend [1]. However, the split

branches studied here cannot be attributed to composition of

blends because the impact strength of dynamic specimens is

higher than that of static ones under the same rubber content. It

can be due to the contribution of the stretched and oriented

rubber particles.



Fig. 9. The impact strength as a function of inter-particle distance of

PA6/EPDM-g-MA blends.
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4.2. The effect of stretched and oriented rubber particles on

impact strength

There are two effects of DPIM on phase morphology of

PA6/EPDM-g-MA blends, compared to that of conventional

one: (1) smaller rubber particle size, (2) the existence of

stretched and oriented rubber particles. Many studies have

documented that blends with smaller particle size owe

higher toughness under the same rubber content. What is

the effect of stretched and oriented rubber particles on

impact strength? On the one hand, the existence of stretched

and oriented rubber particles in dynamic specimens

indicates that the flexural stiffness should be higher in

these specimens than that of static ones. This is agreed with

the experimental results of flexural testing. When IZOD bars

are of high toughness, the fracture is incomplete and they

bend to let the pendulum swings by during impact process.

Under this condition, IZOD bars with higher flexural

stiffness would absorb more energy during bending process

and thus cause higher impact strength. However, this could
Fig. 10. The SEM photographs of the fracture surface of PA6/EPDM-g-MA blend

specimens in shear layer.
not play an important role since the flexural stiffness of

dynamic samples is only slight higher than that of static

ones. More importantly, the existence of stretched and

oriented rubber particles would affect the propagation of

cracks during impact process. Fig. 10 shows the SEM

micrographs of fractured surface of blends with 20 wt%

rubber content. One can view the formation of the striations

left behind on the fracture surface parallel to the crack front

as a surface layer buckling process occurring during

compressive accommodation of the previously stretched

crack front material. Muratoglu et al. had studied the

parameters affecting the striation spacing and they con-

cluded that the distance between the striations increases

with decreasing crack velocity [39]. Observed from Fig. 10

it is clear that the striation spacing of dynamic specimens in

shear layer is larger than that of static specimens in core

layer which implies the stretched and oriented rubber

particles are more efficient in slowing down the crack

propagation velocity compared with the spherical ones and

thus causes higher impact strength of dynamic specimens.

Fig. 11 shows a schematic representation of the failure

mechanism. For static specimens with spherical rubber

particles, the crack propagates more easily across the

section than it does for dynamic specimens with stretched

and oriented rubber particles.

In this paper, what deserved to pay more attention is the

orientation direction of the cigar-like rubber particles is

perpendicular to the crack propagation direction since the

impact strength has dependence on the angle between the

orientation direction of stretched rubber particles and the

fracture propagation direction, as studied by Wang et al.

[40]. Obviously, the stretched rubber particles will cause a

strong concentration of stress at the tip. Since the fracture

direction also play roles to determine the impact strength,

further fracture experiments are needed on specimens with

different orientation with respect to the fracture propagation

direction. To do this, a rectangle specimen dimension,

instead of dumbbell shape is needed, which allows one to

get the impact strength both parallel and perpendicular to

the shear flow directions. This work is now undertaking in

our group.
s with 20 wt% rubber content. (a) Static specimens in core layer; (b) dynamic



Fig. 11. Schematic representations of the impact fracture mechanism: (a) static specimens; (b) dynamic specimens.
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5. Conclusion

The effect of stretched and oriented rubber particles on

impact strength of PA6/EPDM-g-MA blends is demonstrated

in this work. The impact strength obtained by DPIM is higher

than that obtained via conventional injection molding,

especially, for specimens with higher rubber content. The

change of crystal structure between dynamic specimens and

static ones does not contribute to the improvement of the

impact strength. And the crystalline properties keeps almost

constant, disregarding rubber content, injection molding

mode, in the shear layer or in the core. So the difference of

the impact strength between dynamic and static specimens

should be mainly attributed to the difference of phase

morphology, considering that the identical impact strength

of static and dynamic specimen for pure polyamide 6. The

SEM micrographs turn out that cigar-like dispersed phase

morphology appears via DPIM when the rubber content

exceeds 15 wt% and spherical dispersed phase morphology

exists in the composition investigated via traditional injection

molding. A master curve can be also constructed by plotting

the impact strength versus the inter-particle distance,

indicating that Wu’s criterion still work for blends with

stretched and oriented rubber particles. The increased impact

strength could be mainly caused by the existence of the

stretched and oriented rubber particles in the dynamic

samples, which are more efficient in slowing the velocity of

crack propagation and thus cause higher impact resistance

when the fracture propagation direction is perpendicular to the

rubber oriented direction. The slight higher flexural stiffness

in dynamic samples may also contribute a small part of the

increase of impact strength when the fracture of IZOD bars is

incomplete.
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