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ABSTRACT: This work is aim to study the encapsulated morphology development in ternary blends of polyamide 6/high density poly-
ethylene/maleic anhydride-grafted-ethylene propylene diene monomer (PA6/HDPE/EPDM-¢g-MA) and polyamide 6/maleic anhydride-
grafted-high density polyethylene/ethylene propylene diene monomer (PA6/HDPE-g-MA/EPDM) through thermodynamically control
described by Harkins spreading theory. The phase morphology was confirmed by using scanning electron microscope (SEM) and
selective solvent extraction revealed that PA6/HDPE/EPDM-g-MA blend having a composition of 70/15/15 vol % is constituted of
polyamide 6 matrix with dispersed composite droplets of HDPE subinclusions encapsulated by EPDM-¢g-MA phase, while for PA6/
HDPE-¢-MA/EPDM blend with the same composition is constituted of polyamide 6 matrix with dispersed composite droplets of
HDPE-g-MA subinclusions encapsulated by EPDM phase. Quiescent annealing test revealed that for PA6/HDPE/EPDM-g-MA blend,
a perfect core—shell structure with one HDPE particle encapsulated by EPDM-¢g-MA phase was formed during annealing, and for
PA6/HDPE-¢-MA/EPDM blend, a novel complete inverting HDPE-g-MA/EPDM core/shell structure was achieved. Moreover, quanti-
tative analysis about coalescent behaviors of HDPE-g-MA and HDPE subinclusions during quiescent annealing were investigated by
image analysis and the result suggested that the grafted maleic anhydride group in HDPE-g-MA, acted as a role of steric repulsion,
could suppress coalescence effects, thus leaded to a lower coalescent rate than that of HDPE subinclusions. © 2013 Wiley Periodicals, Inc.
J. Appl. Polym. Sci. 2014, 131, 39937.
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INTRODUCTION energy, but also the kinetic factors, i.e., viscoelastic properties
and processing conditions. In most cases, interfacial tension
effect, based on spreading theory, mainly determines the final
phase morphologies of polymer blends. For ternary blends in
which two minor components are mixed into the major one,
the tendency for one phase to encapsulate a second one can be
predicted by the following equation, which is an alternative
form of Harkin’s equation”:

Ternary polymer blends have received extensive technological
and academic interests over the last decade because of the possi-
bility to obtain materials with combined properties of their
components at a relatively low cost.'™® Generally speaking, the
ultimate properties of polymer blends primarily depend on the
phase morphology, which makes the control of phase morphol-
ogy always a research focus. For an A/B/C ternary system in
which A forms a continuous matrix, it is well known that two e ey o ]
categories of morphologies exist: (1) materials B and C coexist "CB = VA " Vca T TBC 1)
as separate dispersed phases in the matrix; (2) core—shell drop-
lets where one minor component encapsulates the other. With
further subdivision, the core—shell morphology can also be
divided into typical core-shell structure [Figure 1(a)] and multi-
core dispersed phase morphologies [Figure 1(b, ¢)].

where Y55, VYca»> and ype are the interfacial tensions for each
component pair, and Acp is defined as the spreading coefficient
for the shell forming component (C) on the core forming com-
ponent (B). The index (A) refers to the matrix. A positive value
of Acp indicates that phase (C) spreads over phase (B), leading
It should be pointed out that the final morphologies of polymer  to a separation of phases (A) and (B) by phase (C) at the inter-
blends is a result of multiple factors including not only the face. The use of this equation allowed a correct prediction of
thermodynamic factors, i.e., interfacial tension and surface free  typical core-shell phase morphologies developed in the system
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Figure 1. Schematic representation of morphologies of B/C composite

droplets in a matrix A: (a) Encapsulated single particle of B in the shell of
C; (b) Encapsulated multiple particles of B in the shell of C; (¢) core-shell
structure with shell subinclusions within the core.

of ternary blends such as high density polyethylene/polystyrene/
polymethylmethacrylate (HDPE/PS/PMMA),*'° polypropylene/
high density polyethylene/ethylene propylene diene monomer
(PP/HDPE/EPDM),""  polyamide 6/polypropylene/polystyrene
(PA6/PP/PS),"? and so on.

However, in some cases, the “multicore structure,” i.e., several
subinclusions of one minor phase are embedded in a larger par-
ticle of the second minor phase morphology cannot be success-
fully predicted by employing the spreading coefficient theory.
Also, the morphology of subinclusions formation is related to
various factors such as viscosity ratio,'>™'® elastic effect,'”'®
composition ratio effect,19 interfacial reaction,zo’21 etc. Luzinov
et al.' investigated the morphologies of ternary polystyrene/
styrene—butadiene rubber/polyethylene (PS/SBR/PE) blends with
a constant content of the major component (PS: 75 wt %), and
found that according to the predication of spreading coefficients
theory, the PE/SBR core-shell structure should be formed.
However, in the melting process there exists a transformation
from a multicore structure to PE/SBR core—shell morphology
with different relative content of PE with respect to SER, corre-
sponding to the theoretical composition of phase inversion for
SBR/PE binary blends. Reignier and Favis® studied the effect of
the component viscosity on the microstructure of HDPE/PS/
PMMA ternary blends and found that the variation of the
viscoelastic properties of the core in the dispersed phase dra-
matically affected PS-PMMA segregation within the dispersed
composite droplet itself. A high-molecular-weight-PMMA core
contained a large quantity of occluded PS inclusions, while the
low-molecular-weight PMMA resulted in a perfectly segregated
PS shell and PMMA core. Van Oene'” showed that when the
elasticity of the droplet exceeded that of the matrix, the free
energy was always positive and was at a minimum when the
number of inclusions inside the composite droplets equaled
zero. Hence, no subinclusions appeared under these conditions.
Also they presented experimental evidence that the formation of
subinclusions resulted from the elasticity of the components
and for any polymer pair, composite droplets can only be
formed by the less elastic phase.

Our previous work was mainly focused on the formation of
core—shell morphology in the PA6/HDPE/EPDM-g-MA blend.
Li et al.” firstly discovered that the HDPE/EPDM-g-MA core/
shell structure showed the outstanding superiority on the
toughness improvement of PA6-based ternary blends compared
to the rubber toughed PA6/EPDM blends. Also the difference of
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toughening mechanism between pure rubber particles in PA6/
EPDM-g-MA binary blends and core—shell particles in PA6/
EPDM-¢g-MA/HDPE ternary blends was clearly discussed.
However, only one type of core-shell structure (encapsulated
particle with EPDM-g-MA shell around one HDPE particle)
was involved in the previous work. It is well known that the
encapsulated morphology can be affected by many factors and
can be displayed various microstructure such as multi-core
structure (Figure 1).

The objective of this study is to examine the effect of two kinds
of compatibilizers, HDPE-g¢-MA and EPDM-¢g-MA, on the
encapsulated phase morphology of the two ternary blend sys-
tems of PA6/HDPE-¢g-MA/EPDM and PA6/HDPE/EPDM-¢g-MA
with PA6 as the matrix. Furthermore, quiescent annealing was
employed to investigate the microstructure equilibrium behavior
in order to confirm the dominant effect of interfacial tension.
Morphology evolution and coalescence behavior of subinclu-
sions in the composite droplets was also quantificationally
studied.

EXPERIMENTAL

Materials

Polyamide 6 (PA6), grade AKULON F136-C, was supplied by
DSM, Netherland. HDPE 6098 and EPDM 4725P were from Qilu
Petrochemical Company, China and Dow respectively. Maleic
anhydride-grafted-ethylene-propylene-diene monomer (EPDM-g-
MA), with the trademark Bondyram® 7003, was purchased from
Polyram, Israel and maleic anhydride-grafted-high density poly-
ethylene (HDPE-g-MA), with the trademark TRD-100H was
from Yizheng Siruida Plastic Company, China. The properties of
raw materials are listed in Table L.

Sample Preparation

PA6 was dried in a vacuum oven for 24 h at 80°C before blend-
ing to minimize the effects of moisture. Two ternary blending
systems of PA6/HDPE/EPDM-¢g-MA and PA6/HDPE-g-MA/
EPDM were prepared. All the blends were prepared by adding
the raw materials simultaneously into the feed cylinder and
melt blended using a co-rotating twin-screw extruder (Leistritz
7ZSE-18) with a screw diameter of 30.8 mm and an L/D ratio of
40. The screw speed was set at 150 rpm and a temperature pro-
file of 230, 240, 250, 250, 250, 250, 250, 250, 250, and 245°C
from the feeding zone to the die. After melt blending, the mix-
tures were quenched in cold water to freeze the morphology.
The average shear rate was estimated to be y =508.1 s~ ' based

Table I. Polymer Characteristics

Density at no x 1072 Grafting degree
Polymers 25°C (glem®)  (Pas) 250°C  (wt %)
PAG 1.13 2.0 =
HDPE 0.95 53.4 -
EPDM 0.88 14.2 =
HDPE-g-MA  0.93 15.0 1.5
EPDM-g-MA 0.88 9.7 0.7
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Table II. Interfacial Tension for Polymer Pairs at 250°C

Interfacial

Polymer pairs tension (mN/m)
PA6/HDPE 22.1
PAG/EPDM-g-MA 0.9
EPDM-g-MA/HDPE 0.4
PAG/EPDM 22.6
PA6/HDPE-g-MA 0.7
EPDM/HDPE-g-MA 0.7

on the type of extruder. In this article, all the percentages given
refer to volume percentages.

Interfacial Tension Measurement

Several methods can be used to evaluate the interfacial tension
between molten polymers.”® In our previous work, the interfa-
cial tensions were calculated by Wu’s equation.”” However, it
should be pointed that Wu’s equation was improper to evaluate
the interfacial tension for polymer pairs involving PA6 and
maleic anhydride-grafted-copolymers (such as EPDM-¢g-MA and
HDPE-¢g-MA in this article) due to the reaction between the
carboxyl group in maleic anhydride of EPDM-g-MA or HDPE-
¢MA and the amino end group of PA6. Therefore, the interfa-
cial tension for the pairs of polymers in this study was deter-
mined using the rheological behavior of their respective blend.
The data were analyzed using Gramespasher and Meissner’s**
analyses following the procedures reported elsewhere.””>" The
results concerning the interfacial tensions are listed in Table II.

These interfacial tension data were used to calculate the spread-
ing coefficients listed in Table III. For ternary blends of PA6/
HDPE/EPDM-g-MA with PA6 as the matrix phase, it is pre-
dicted that HDPE particles should be completely engulfed by
the EPDM-g-MA dispersed phase; while for PA6/HDPE-¢g-MA/
EPDM with PA6 as the matrix phase, it is predicted that EPDM
particles should be completely engulfed by the HDPE-g-MA dis-
persed phase.

Rheological Measurement

Rheological characterization was carried out using an AR2000ex
stress controlled dynamic rheometer (TA Corporation) using a
parallel plate geometry with 25 mm diameter at 250°C. In order
to prevent thermo-oxidative degradation, all the tests were per-
formed under nitrogen atmosphere. Disks of 25 mm diameter
and 1.5 mm thickness were compression molded at 250°C,
under a pressure of 10 MPa for 3 min. Time sweeps were per-
formed at a frequency of 0.05 Hz and a constant strain of 2%.

Table III. Spreading Coefficients for the Ternary PA6/HDPE/EPDM-g-MA
and PA6/HDPE-g-MA/EPDM Systems at 250°C

Spreading

coefficient (mN/m)
J(EPDM-g-MA/HDPE) 20.8
/(HDPE-g-MA/EPDM) 21.2
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Steady-shear viscosity measurements of homopolymers were
carried out using a RH7 high press capillary rheometer (Rohlin,
England) under a temperature of 250°C in a shear rate range
from 20 to 2000 s~ '.The measured shear viscosities of homo-
polymers are shown in Figure 2, and the viscosity ratio of
HDPE/EPDM-g-MA and HDPE-g-MA/EPDM pairs is defined
as the following equation:

Y=ny/np (2)

where W represents the viscosity ratio, 1 represents the viscos-
ity of HDPE or HDPE-g-MA, #, represents the viscosity
of EPDM or EPDM-g-MA, the calculated results are listed in
Table IV.

Quiescent Annealing

Quiescent annealing was carried out in a compression molding
press. Small pieces of samples were cut from the blend which
were then sandwiched between two aluminum foil sheets and
subsequently transferred into the cavity of a frame. The frame,
together with the material, was then placed between two metal
plates on the compression molding press. While annealing, the
upper heating plate of the compression press just touched the
metal plate on the sample without imposing any pressure in
order to minimize any deformation or flow of the sample. The
PA6/HDPE/EPDM-¢g-MA and PA6/HDPE-g-MA/EPDM blend
was annealed at 250°C for three different duration time: 10, 30,
and 60 min. After annealing, the samples were quenched imme-
diately in liquid nitrogen to freeze the morphology.

Morphology Characterization

A JEOL JSM-5900LV scanning electron microscopy (SEM, JEOL,
Japan) at a 20 kV accelerating voltage was used to observe the
phase morphology of the blends. The samples were cryo-fractured
in liquid nitrogen and the fractured surfaces were sputtered with
gold before observation. In some cases, the cryogenically fractured
surface was etched with xylene to remove the EPDM-¢-MA or
EPDM so as to strengthen the contrast between phases.

Quantitative analysis of the morphology was performed using
image analysis of Image-Pro Plus 6. At least 300 dispersed
domains were measured by manually tracing the phase boundaries
to estimate number-average diameter (d,) for each sample.
Corrections to the particles size were performed using Schwartz—
Saltykov method.?®

RESULTS AND DISCUSSION

Morphologies of Binary and Ternary Blends

Figure 3(a,d) shows a typical morphology of the incompatible
PA6/HDPE and PA6/EPDM blend, in which a dispersed droplet
morphology and obvious interface were observed. Figure 3(b,e)
gives SEM micrographs of PA6/EPDM-¢-MA 70/30 and PA6/
HDPE-¢g-MA 70/30 binary blends. It can be found the interface
between two phases was very indistinct which means a good
compatibility between PA6 and EPDM-¢g-MA or HDPE-g¢-MA.
The reaction between the carboxyl group in maleic anhydride of
EPDM-¢-MA or HDPE-g-MA and the amino end group of PA6
tends to reduce the interfacial tension and prevent the aggrega-
tion of dispersed phase. Likewise, the SEM micrographs of PA6/
HDPE/EPDM-g¢-MA and PA6/HDPE-g-MA/EPDM blends shown
in Figure 3(c,f) indicate that the interface between dispersion
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Figure 2. Shear viscosity as a function of shear rate at 250°C for PA6, HDPE, HDPE-g-MA, EPDM and EPDM-g-MA. The dashed lines represent the

average shear rate during mixing.

phase and PA6 matrix becomes very obscure. It suggests that the
three components strongly interact with each other, EPDM-¢-MA
and HDPE-g¢-MA compatibilizer has good compatibilization for
the polymer pairs.

Morphologies of the Extruded Blends

Figure 4 shows the morphologies of PA6/HDPE/EPDM-g-MA
and PA6/HDPE-g-MA/EPDM blends. By selective extraction of
the EPDM or EPDM-g-MA phase, it is possible to create
sufficient surface contrast to identify the phases. Subincluded
HDPE particles embedded in the domain of EPDM-¢g-MA can
be noticed after careful observation of morphologies of PA6/
HDPE/EPDM-g-MA blends [Figure 4(a,c,e)]. Likewise, subin-
cluded HDPE-g-MA particles embedded in the domain of EPDM
can also be observed for PA6/HDPE-g-MA/EPDM blends [Figure
4(b,d,f)]. According to Luzinov et al,'’® the transition to a core—
shell structure is the result of an impeded phase-inversion phe-
nomenon within the composite droplet itself. In order to clarify
the reason for the formation of these morphologies, the following
equation was used to predict the theoretical phase inversion,
based on binary blends:

01 /1,=01/®, (3)

where 1, and 7, are the viscosities of the polymers at constant
shear rate, corresponding to the processing conditions studied,
and @, and @, are the volume fractions of polymers 1 and 2,
respectively.

For binary blend of HDPE/EPDM-g-MA and HDPE-g-MA/
EPDM, considering both eq. (3) and the viscosity of polymers,
the calculated phase inversion volume fraction of HDPE and
HDPE-¢-MA is 61 and 34 vol %, respectively. As observed by
Luzinov et al.,'” the presence of subinclusions formation occurred
at core (HDPE or HDPE-g-MA) contents much beyond that for

Table IV. Parameters Used from the Calculation of Shear Viscosity at a
Shear Rate of 508.17 s~

Viscosity
Polymer pair ratio (V)
HDPE/EPDM-g-MA 1.57
HDPE-g-MA/EPDM 0.51
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phase inversion. Therefore, it is clear that the transition in the
core—shell formation for PA6/HDPE/EPDM-g-MA blend is not a
result of phase inversion, while for PA6/HDPE-g-MA/EPDM
blend the observation from Figure 4 was consistent with the
results of Luzinov et al."

For PA6/HDPE/EPDM-g-MA system, it is not a possible expla-
nation for the formation of HDPE subinculstions by employing
the results of Luzinov et al.,'> since EPDM-g-MA demonstrates
a clear tendency to encapsulate HDPE. It is likely that these
HDPE subinclusions are formed in the the initial stages of
blending and are subsequently immobilized by the highly vis-
cous EPDM-g-MA phase. The immobilization of HDPE subin-
clusions in the composite droplets is also encouraged by the
relatively low HDPE/EPDM-g-MA interfacial tension (Table II),
this is also consist with the results obtained by Reignier and
Favis.”

Because of the reaction between the carboxyl group in maleic
anhydride and the amino end group of PA6, EPDM-g-MA and
HDPE-¢-MA will act as a compatibilizer to stabilize morphology
and homogenize the droplet size in ternary blend. The number-
average diameter (d,) of the composite droplets in the PA6/
HDPE/EPDM-¢-MA and PA6/HDPE-g-MA/EPDM blend is
plotted versus the EPDM-¢-MA and HDPE-g-MA composition
in Figure 5(a,b), respectively. Obviously, the composite droplets
size decrease with the EPDM-g-MA or HDPE-g-MA content for
each series of blends. Indeed, the diameter decreases from 0.62
to 0.28 um, and from 0.89 to 0.56 um for the EPDM-g-MA and
HDPE-¢-MA containing blends, respectively. This good compati-
bilizing effect of EPDM-g-MA and HDPE-g-MA induced a dras-
tic decrease in interfacial tension and suppression of coalescence,
leading to smaller droplets size. It is, however, worth noting that
the droplets size in PAG/HDPE/EPDM-g-MA blend are less than
that in PA6/HDPE-g-MA/EPDM with the same content of com-
patibilizer (EPDM-g-MA or HDPE-g-MA). This observation can
be explained as follows. From Figure 4(e,f), it can be seen that
nearly all HDPE-g-MA are located within EPDM phase for PA6/
HDPE-g-MA/EPDM blend, while EPDM-g-MA phase prefers to
forming a interfacial layer to encapsulate HDPE subinclusions
for PA6/HDPE/EPDM-¢-MA blend. Definately, the compatibil-
izer of EPDM-g-MA located at interface will play a much more
remarkable compatibilizing effect during melt mixing, which
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Figure 3. SEM micrographs of different polymer blends: (a) PA6/HDPE 70/30; (b) PA6/EPDM-g-MA 70/30; (c) PA6/HDPE/EPDM-g-MA 70/15/15; (d)
PA6/EPDM 70/30; (e) PA6/HDPE-g-MA 70/30; (f) PA6/HDPE-g-MA/EPDM 70/15/15.

leads to a smaller droplets size in PA6/HDPE/EPDM-g-MA
blend than that in HDPE-g-MA containing blends.

Morphology Evolution during Quiescent Annealing

In order to better investigate the microstructure equilibrium
behavior and better visualize the blend structure, quiescent
annealing was carried out. Quiescent annealing allows the inter-
facial forces dominate and leads the morphology to a thermo-
dynamic steady state.

33 vol %

50 vol %

67 vol %

Figure 4. Morphologies of the blends as a function of the HDPE and
HDPE-¢g-MA content(vol %, based on the dispersed phase) for the
70(PA6)/30(HDPE/EPDM-g-MA) blend (left column) and 70(PA6)/
30(HDPE-g-MA/EPDM) blend (right column).
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Figure 6 shows the morphology evolution of PA6/HDPE/
EPDM-g-MA blend annealed at 250°C. The initial morphology
observed in Figure 4(c) (0 min) shows a subinclusions of
HDPE particles in the EPDM-g-MA phase. As the blend is
annealed, HDPE subinclusions aggregate with increasing anneal-
ing time indicating that significant coarsening takes place. After
20 min of quiescent annealing, the HDPE phase has coalesced
significantly at the core of the droplets before converting to an
almost complete HDPE/EPDM-g-MA core/shell structure after
60 min [Figure 6(c)]. The morphology evolution of PA6/HDPE-
¢&MA/EPDM blend during annealing is shown in Figure 7. With
annealing time increasing, HDPE-¢-MA subinclusions tend to
coarsen and migrate to the PAG/EPDM interface. After 20 min of
quiescent annealing, most HDPE-g-MA phase has migrated to the
PA6 matrix boundary before inverting to an almost complete
HDPE-g¢-MA/EPDM shell/core structure (EPDM phase located
within the HDPE-g-MA region) after 60 min [Figure 7(c)].
Undoubtedly, for PA6/HDPE-g-MA/EPDM blend, it can be
believed that a perfect HDPE-¢-MA/EPDM shell/core structure
could be formed after sufficient time for quiescent annealing. The
above analysis suggests that a core—shell structure consisting of
HDPE core and EPDM-g-MA shell could be obtained in PA6/
HDPE/EPDM-¢-MA blend and a core-shell structure consisting
of EPDM core and HDPE-¢-MA shell could be obtained in PA6/
HDPE-g¢-MA/EPDM blend, which are consistent with the results
predicated by spreading coefficient (Table III).

It is well known that coalescence in molten polymer blend can
often be observed during quiescent annealing.””> For an
uncompatibilized blend with sea-island morphology, the
increase in droplets size with annealing time following the gen-
eral power law™*:

R*(t)=R*(0)+kt (4)
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Figure 5. Effect of the (a) EPDM-g-MA and (b) HDPE-g-MA content (vol % based on the dispersed phae) on the number-average diameter of the com-
posite droplets, for blend of PA6/HDPE/EPDM-g-MA and PA6/HDPE-g-MA/EPDM, respectively.

where R’ is the cube of the average particle radius, R’ (0) being
the initial value at +=0. The t= 0 is arbitrary, k is the coarsen-
ing constant, which depends on the mechanism, annealing tem-
perature, volume fraction of the dispersed phase, etc. This
equation reveals that R’ increases linearly with time. For a com-
patibilized blend with sea-island morphology, the compatibilizer
located at interface could effectively lower the interfacial tension
and stabilize the morphology against coalescence.”® The sup-
pression of coalescence during annealing of compatibilized
blend suggests that copolymers can prevent coalescence via

steric stabilization.>*™°

A quantitative analysis of the size of the dispersed droplets was
carried out. The number average diameter (d,) of composite
droplets in PA6/HDPE/EPDM-¢g-MA and PA6/HDPE-g-MA/
EPDM blend obtained using image analysis were plotted as a
function of annealing time, as shown in Figure 8.

For PA6/HDPE/EPDM-g-MA blend, the size of the dispersed
droplets is independent of the annealing time, meanwhile the
particle d,, keeps almost a constant value of 0.47 um. The main
reason can be attributed to the reaction between the carboxyl

group in maleic anhydride of EPDM-g-MA and the amino end
group of PA6."” EPDM-g-MA phase, as an emulsifier, located at
the PA6/HDPE interface would form a layer of EPDM-g-PA6
copolymer and effectively suppresses the coalescence of dispersed
phase and stabilizes morphology.*' In addition, the interfacial vis-
cosity increases upon adding a compatibilizer (EPDM-g-MA), it
will be difficult for the EPDM-g-PA6 copolymer to move. Thus,
coalescence is greatly retarded during the annealing and the size
of composite droplets in PA6/HDPE/EPDM-g-MA blend can
remain stable for even an hour (Figure 8). However, quiescent
annealing leads to a relatively significant reduction of the size of
composite droplets for PA6/HDPE-g-MA/EPDM blends. Indeed,
the calculated d,, of the initial composite droplets was 0.61 um
and the diameter decreases to 0.52 and 0.44 um after annealing
for 20 and 40 min, respectively, and finally to 0.42 pum after
annealing for 60 min. Because of the existence of compatibilizer,
i.e, HDPE-g-MA, it is obvious that both Ostwald ripening*' ™
and coalescence** mechanisms are not enough to understand the
diameter decrease of composite droplets in the PA6/HDPE-g-
MA/EPDM blend during annealing. From our understanding, it
can be explained from the following reasons. On the one hand,

Figure 6. SEM micrograph of PA6/HDPE/EPDM-g-MA (70/15/15 vol %) blend after annealing for (a) 10 min, (b) 20 min, and (c) 60 min at 250°C.
Note that the EPDM-g-MA has been extracted with xylene to enhance the contrast between the phases. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 7. SEM micrograph of PA6/HDPE-g-MA /EPDM (70/15/15 vol %) blend after annealing for (a) 10 min, (b) 20 min, and (c) 60 min at 250°C.
Note that the EPDM has been extracted with xylene to enhance the contrast between the phases. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

the initial morphology of PA6/HDPE-¢g-MA/EPDM blend before
annealing shown in Figure 4(d) shows that all the HDPE-¢-MA
subinclusions are located within the EPDM region rather than
the PA6/EPDM interface, which weakens the ability of HDPE-g-
MA to stabilize the phase morphology. On the other hand, based
on the drive force of interfacial tension, HDPE-g-MA phase is
apt to migrate to the PA6/EPDM interface and suppress the coa-
lescence during annealing. Thus, the diameter decrease of com-
posite droplets is likely caused by the reduction of the interfacial
tension as well as the volume relaxation of dispersed phase dur-
ing annealing above melting point. Moreover, the morphology
evolution of PA6/HDPE/EPDM-¢-MA and PA6/HDPE-g-MA/
EPDM blends during annealing can also be reflected in the time
sweep results as shown in Figure 9, which clearly show that the
elastic modulus of the two blends rose with time, indirectly signi-
fying the change of phase structures during annealing. However,
the amplification of the storage modulus (AG'/G)) for PA6/
HDPE-¢-MA/EPDM blend with a value of 6.3 is considerably
larger than that of 0.6 for PA6/HDPE/EPDM-g-MA blend, which
means more significant changes of phase structures of the sam-
ples happened during annealing. The time-dependent tan ¢ curve
in Figure 9(b) also gives similar results. For PA6/HDPE/EPDM-g-
MA blend, the tan ¢ value keeps unchanged with increasing time
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Figure 8. Effect of annealing time on the number average diameter (d,)
of composite droplets in PA6/HDPE-¢g-MA/EPDM and PA6/HDPE/
EPDM-g-MA blend.
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reflecting that the viscoelasticity of the blend melt barely changes,
owning to the unchanged interfacial properties between phases
during annealing shown in Figure 6, while for the PA6/HDPE-g-
MA/EPDM blend, the tan ¢ increases with increasing time in the
initial stage (time <17 min), and then monotonously decreases
with increasing time from 17 to 120 min. The decline of tan J
means the elastic property of the blend melt becomes more sig-
nificant, which is likely attributed to the changed interfacial
properties induced by the formation of HDPE-g-PA6 copolymer
when HDPE-g-MA migrates to the PA6/EPDM interface during
annealing.

In order to further investigate the coalescent mechanism of sub-
inclusions in composite droplets for PA6/HDPE/EPDM-g-MA
and PA6/HDPE/EPDM-g-MA blend, we defined a parameter K,
which means the average number of HDPE particles encapsu-
lated in one EPDM-¢g-MA domain or the average number of
HDPE-g-MA particles encapsulated in one EPDM domain. The
value of K calculated from image analysis was drawn as a func-
tion of annealing time, and are shown in Figure 10. For PA6/
HDPE-g-MA/EPDM blend, the value of K before annealing
(annealing time =0 min) is about 3.5 and with the annealing
time increasing, K decreases from 2.7 to 2.0 when the annealing
time increases from 10 to 40 min, afterwards to almost 1.0 after
annealing for 60 min. However, for PA6/HDPE/EPDM-¢g-MA
blend, unexpectedly, K dramatically decreases from 6.5 to 1.7
within the first 10 min annealing. With further annealing after
20 min, K keeps a constant value of nearly 1.0 even till anneal-
ing for 60 min. All in all, the curves shown in Figure 10 indi-
cate that the coalescence mechanism of subincusions for the
two blends display a significant difference.

Furthermore, we introduced parameter 1/tysx to evaluate the
coalescence rate of subinclusions (HDPE or HDPE-g-MA) in
the composite droplets for both the two blends of PA6/HDPE-
¢MA/EPDM and PA6/HDPE/EPDM-g-MA involved in our
work, and f5x means the required annealing time that the
value of K decrease to half of the initial value of K. The calcu-
lated 1/#y sk of different blends from Figure 10.

It can be found that for PA6/HDPE-g-MA/EPDM blend 1/15x
has a value of 2.3 X 1077 less than 14.5 X 10 > for PA6/
HDPE/EPDM-g-MA blend, which indicates HDPE-g-MA subin-
clusions in EPDM phase has a lower coalescence rate than that
for HDPE subinclusions in EPDM-g-MA phase. The different
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(b) loss tangent (tan J). Here AG'/G'y represents the ratio of the increment of storage modulus (AG') during time sweep to the initial storage modulus
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coalescence rate between HDPE-g-MA and HDPE is most prob-
ably caused by the different rheological properties of HDPE-g-
MA/EPDM and HDPE/EPDM-g-MA pair. Generally speaking,
coalescence during mixing will be governed by the interfacial
mobility. The interfacial mobility of polymers described by van
Gisbergen® shows that high polymer matrix viscosity should
give rise to a relatively immobile interface which should result
in long drainage times for the intervening film, consequently
retard the coalescence. On the contrary, the rate of coalescence
is expected to increase in the case of a less viscous matrix.**
From Figure 2, it is obvious that EPDM has a higher viscosity
than HDPE-¢g-MA for HDPE-g-MA/EPDM pair while EPDM-g-
MA has a lower viscosity than HDPE for HDPE/EPDM-g-MA
pair at the shear rate of 508.17 s~ '. Therefore, HDPE subinclu-
sions should be merged more rapidly in a lower viscosity matrix
of EPDM-g-MA for HDPE/EPDM-g¢-MA pair, as it is actually
result. Moreover, there may be exists another probable reason
responsible for the higher coalescence rate of HDPE subinclu-
sions. It can be noted from Figures 8 and 10 that comparison
with the PA6/HDPE-g-MA/EPDM blend, for the PA6/HDPE/
EPDM-¢g-MA blend, the initial composite droplets diameter is
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Figure 10. Effect of annealing time on the parameter K for PA6/HDPE-g-
MA/EPDM and PA6/HDPE/EPDM-g-MA blend.
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smaller and the initial parameter K is larger, which means the
average inter-HDPE subinclusion distance is shorter. This would
enhance the contact opportunity of HDPE subinclusions, and
in turns improves the coalescence rate of HDPE subinclusions.
Likewise, it can be inferred that the grafted maleic anhydride
group in HDPE-g-MA and the higher viscosity of EPDM cause
the lower coalescence rate of HDPE-¢-MA subinclusions.

CONCLUSIONS

This study examines the issue of core—shell morphology forma-
tion and evolution for PA6/HDPE-g-MA/HDPE and PA6/
HDPE/EPDM-g¢-MA systems. The initial phase morphology of
PA6/HDPE-g-MA/EPDM and PA6/HDPE/EPDM-g-MA blend is
observed as HDPE-g-MA suninclustions encapsulated by EPDM
phase dispersed in PA6 matrix and HDPE subinclusions encap-
sulated by EPDM-g-MA phase dispersed in PA6 matrix, respec-
tively. Quiescent annealing test results reveal HDPE-¢g-MA
subinclusions tend to coarsening and migrate to the PA6/EPDM
interface due to the drive of interfacial tension while HDPE
subinclusions prefer to aggregate to a larger particle, which is
consistent with the predication of spreading coefficient theory.
In addition, the further investigated of coalescent behavior indi-
cates that the coalescence rate of HDPE-g¢-MA subinclusions is
lower than that of HDPE subinclusions which is caused by the
steric hindrance effect of graft maleic anhydride group as well
as the lower viscosity ratio of HDPE-g-MA/EPDM pair. Mean-
while, combining with the rheological measurement, different
coalescent mechanism between the two blend systems is further
revealed by employing time sweep.
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