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INTRODUCTION

Polyamide-6 (PA-6) has been widely used in elec-
tronics, consumer products, and engineering parts.

PA-6/clay nanocomposite also represents a new type
of high-performance material, in which platelets of
montmorillonite (MMT) clay, about 1 nm in thickness
and over 100 nm in lateral dimension, are dispersed in
polymer matrices. Owing to the large surface-to-vol-
ume ratio of the nano-clay, it offers improved stiffness,
heat resistance, barrier and flame retardation, and
dimensional stability with a small clay load (� 10%)
(1�6). The market potential for nanocomposites is
enormous. Extensive work has been carried out in re-
search laboratories and industrial production sites.

However, commercialization and industrial applications
of nanocomposites have been slow, partially because
of the relatively high material cost compared to con-
ventional polymeric materials.

On the other hand, polymeric foams have been
widely used because of their beneficial properties such
as light weight, thermal and acoustic insulation, and
improved energy-absorption performance on impact.
Microcellular foam, which is characterized by cell size
in the range of 1 to 100 microns, provides further im-
proved mechanical and thermal properties such as
high strength/weight ratio, and enhanced toughness
and fatigue life of parts (7�11). Even though a recent
report shows that microcellular structure may not uni-
versally increase impact strength (12), the advantages
of microcellular structures have attracted significant
attention from the polymer community, which has led
to the development of various microcellular foaming
techniques applied to such processes as batch foaming
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(13�16), thermoforming (17), continuous filament and
sheet extrusion (18�21), and injection molding (22�
25). Among them, the microcellular injection molding
process is one of the most promising methods and
was first commercialized by Trexel (25).

In microcellular injection molding, “supercritical”
nitrogen (N2 ) or carbon dioxide (CO2) is injected into
the machine barrel and dissolved into polymer melt to
create a single-phase polymer-gas solution. It is capa-
ble of producing parts with a microcellular structure
while using lower injection pressure, shorter cycle time,
and less material. It eliminates the need for a packing
stage and improves the dimensional stability of the
molded parts. Microcells also greatly enhance the part
toughness of many polymeric materials by acting as
crack arrestors. For nanocomposites, microcellular
injection molding has the potential to produce a com-
ponent that has excellent physical and mechanical
properties at a significantly reduced part weight and
material cost.

Substantial research and development have been
conducted on the processing and characterization of
many different microcellular and filled plastics (26�
30). However, the foaming process and cell structure
of PA-6 in microcellular processing are very difficult to
control because of the high crystallinity and different
thermomechanical histories of materials. Recent stud-
ies have shown that the addition of the nano-clay fillers
greatly increases the viscosity of the polymer (31). On
the other hand, blending supercritical gas into a poly-
mer melt effectively reduces the viscosity and the glass
transition temperature of the polymer melt, as well as
the interfacial tension (32). Hence, adding supercriti-
cal gas into nanocomposites is a method to tailor the
rheological and surface properties of the polymer to
facilitate better microcell formation and improved me-
chanical properties.

The batch process of microcellular nanocomposites
has been reported (33, 34), where polypropylene/clay
nanocomposite and polystyrene/clay nanocomposite
specimens were inserted into an autoclave and then
saturated with CO2 under 10 MPa at 135°C and 8.4
MPa at 120°C, respectively. Then, the specimens were
allowed to undergo batch foaming when the CO2 pres-
sure was released. The formed structure was stabilized
via cooling to room temperature by water. With the
batch process, it was also reported that the exfoliated
nanocomposites show a higher viscosity and lead to
higher cell density and smaller cell size than the inter-
calated nanocomposites (34). However, the batch pro-
cess poses great challenges to industrial production 
in terms of process economy, throughput, and repeat-
ability. Obviously, the development of continuous or
semi-continuous microcellular nanocomposite process-
es such as injection molding on the industrial scale is
more appealing considering the property-to-cost ratio
and broader applications. Some research work on mi-
crocellular nanocomposite processing has been re-
ported on a continuous extrusion process (35). In this
work, the microcellular nanocomposite processing was

performed on an industrial 150-ton Toyo injection-
molding machine equipped with microcellular injec-
tion molding capability (MuCell process). In this study,
supercritical N2, which is more commonly used in
microcellular injection molding than CO2, was used as
the physical blowing agent. Investigating the process-
ing benefits and property improvements of combining
nanocomposite with the microcellular injection mold-
ing process is one of the primary purposes of this re-
search.

EXPERIMENTS

Materials and Experimental Designs

Two batches of PA-6/clay nanocomposites (desig-
nated N1 and N2) and their corresponding base PA-6
resins (designated as B1 and B2) were used in this
study. These materials are:

Batch 1:
N1 (nanocomposites): RTP-299-A-X-83102-E,
B1 (base resin): RTP-200-A,

Batch 2:
N2 (nanocomposites): RTP-299-A-X-98284-C, and
B2 (base resin): RTP-299-A-X-98284-A

provided by the RTP Company (USA). The base PA-6
resin used in materials N2 and B2 was similar to that
used in materials N1 and B1. For the sake of caution
and completeness, they are designated differently. Both
nanocomposites N1 and N2 contain 5.0% montmoril-
lonite (MMT) clay by weight. These materials were dried
for 4 hours at 100°C under vacuum to remove mois-
ture and then injection-molded. The experiments were
first executed using materials N1 and B1 based on 
an L16 orthogonal array fractional factorial design for
screening purpose (36). After identifying the important
molding parameters, the L9 orthogonal array design
(Table 1) was then used with materials N2 and B2 in
order to enhance the resolution of experiments. As
shown in Table 1, the L9 experiments contain four dif-
ferent molding parameters (i.e., melt temperature, SCF
weight percentage, shot size, and injection speed) at
three different levels. For each trial in the L9 experi-
ment, 60 samples were collected. This study was fo-
cused on the nanocomposite N2 and its base resin B2.
Some additional specific trials were conducted to ob-
tain samples of higher weight reductions and solid
samples for the purpose of property comparison.

Testing Techniques

The molded samples (standard dogbone tensile test-
ing bars and straight impact testing bars) were sub-
jected to tensile testing (ASTM-D-638-02) and impact
testing (ASTM-D-256-02). The samples were also ex-
amined by Scanning Electron Microscopy (JEOL SEM
with accelerating voltage of 20 kV), Dynamic Mechani-
cal Analysis (DMA, Rheometrics DMTA-V). SEM and
DMA specimens were taken from the middle of the
molded dogbone bar. The SEM specimens were char-
acterized both in the melt flow direction and along the
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direction normal to the melt flow. Additional SEM mi-
crographs were taken at the tensile testing fracture
surfaces. The DMA specimens cut from molding sam-
ples were the rectangular strips with dimensions of 
40 mm � 4.5 mm � 3.3 mm. The DMA specimen
thickness was kept the same as the molding sample
to include both the solid layer on part surfaces and
the microcellular core of the specimen. This is to avoid
inducing residual stresses and damage to the micro-
cellular structure resulting from removing the solid
layer. Each specimen was annealed at 85°C for 6
hours before DMA testing to further reduce residual
stresses during the molding and cutting processes.
Measurements covered temperatures from the room
temperature (25°C) up to 220°C at a heating rate of
2°C/min, a frequency of 1 Hz, and 0.1% strain.

Signal-to-Noise Ratio Analyses

To determine the quality characteristics and to opti-
mize the microcellular molding process, the signal-to-
noise (S/N) ratio analysis was performed to encapsulate
the effect of environmental conditions (outer noise),
internal deterioration (inner noise), and variation from
unit to unit (between product noise) on those parame-
ters that can be controlled. The relevance of the S/N
ratio equation is tied to interpreting the signal or nu-
merator of the ratio as the ability of the process to build
good product, or of the product to perform correctly
(37). In this specific application of S/N ratio analysis,
the tensile strength of molded sample was used in the
response calculations. For better tensile strength, the
larger-the-better characteristics are looked for. The
larger-the-better S/N formulation is expressed as:

(1)

where y is the experimental measurement of the ten-
sile strength and n is the number of samples per trial.
To calculate the S/N ratio, it is commonly accepted to
employ the measured data directly as the logarithmic
operands without normalization.

An improvement in the molding process or part qual-
ity is signified by an increase in the S/N ratio. With
the larger-the-better formulation, the S/N increases

as the average tensile strength increases. Improved
consistency or reduced variability between the meas-
urements also increases the S/N values. The S/N val-
ues for tensile strengths for these L9 experiments per-
formed were calculated. By averaging the S/N values
for each parameter level, the signal-to-noise response
table was generated. By doing so, the effect of a pa-
rameter or the rank of a factor can be signified by the
difference between the averaged S/N for each level or
the difference between the highest and the lowest av-
eraged S/N values. Based on the S/N response table,
S/N response graphs were drawn in Fig. 1. Instead of
plotting averaged mean response (tensile strength)
measurements, averaged S/N values were used in Fig.
1. The results are discussed in more detail in the fol-
lowing section.

In order to investigate the influence of molding con-
ditions on the cell size and the cell density, the S/N
ratio method was also employed. Since it is desirable
to have finer microcells, the smaller-the-better S/N
formulation was adopted for the cell size analysis and
expressed as:

(2)

where y is the experimental measurement of the cell
size, and n is the number of samples per trial. For the
cell density study, the larger-the-better S/N formula-
tion in Eq 1, where y is the experimental data for the
cell density, was still used.

RESULTS AND DISCUSSION

Mechanical Properties

The objective of the design of experiments in this
study is to identify the effect of molding parameters
on the resulting properties, e.g., tensile strength. With
the consideration of control factors and noise factors,
the order of precedence of the four molding parame-
ters in these L9 experiments (see Table 1) are melt
temperature, supercritical fluid percentage by weight,
shot size, and injection speed.

From the S/N response table and Fig. 1, the mold-
ing parameters that affect the tensile strength of mi-
crocellular nanocomposite samples N2 are, in order of

S>N � �10 � log a y2
1 � y2

2 � p y2
n

n
b

S>N � �10 � log a 1>y2
1 � 1>y2

2 � p �1>y2
n

n
b
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Table 1.  L9 Fractional Orthogonal Experimental Design With PA-6/Clay Microcellular Nanocomposite (N2) and Base Resin (B2).

Melt

Trial for
temperature Supercritical Shot size Injection

materials
(C°) content (wt%) (mm) speed (%)

N2 and B2 Level Setting Level Setting Level Setting Level Setting

1 1 232 1 0.2 1 16.5 1 20
2 1 232 2 0.4 2 18.4 2 40
3 1 232 3 0.6 3 20.5 3 60
4 2 243 1 0.2 2 18.4 3 60
5 2 243 2 0.4 3 20.5 1 20
6 2 243 3 0.6 1 16.5 2 40
7 3 254 1 0.2 3 20.5 2 40
8 3 254 2 0.4 1 16.5 3 60
9 3 254 3 0.6 2 18.4 1 20



their influence, shot size, injection speed, supercritical
fluid weight percentage, and melt temperature, with
the latter three parameters being of much less influ-
ence than the first. Based on Fig. 1, the recommended
optimal molding conditions for the tensile strength are:

1) Shot size: 20.5 mm,
2) Injection speed: 20%,
3) Supercritical fluid weight percentage: 0.6%,
4) Melt temperature: 232°C.

On the other hand, the most important molding pa-
rameter for the tensile strength of microcellular base
resin samples B2 is shot size, followed by melt tem-
perature, injection speed, and supercritical fluid weight
percentage. The recommended levels of these parame-
ters are:

1) Shot size: 20.5 mm,
2) Melt temperature: 232°C,
3) Injection speed: 60%,
4) Supercritical fluid weight percentage: 0.4%.

Apparently, the addition of nano-clay in nanocom-
posites changes the influence of molding parameters
on the tensile properties of the molded parts. Based on
this analysis and within the process window selected,

a lower melt temperature, higher supercritical fluid
weight percentage, higher shot size, and lower injec-
tion speed are desirable for better tensile property in
microcellular injection molded PA-6/clay parts. It was
also observed that the sample weights of microcellular
base resin samples B2 fluctuate around their average
value at the low melt temperature level but are more
consistent at the high melt temperature level. As for
the microcellular nanocomposite samples (N2), at all
the melt temperature levels, the sample weights are
consistent, and the molding process was stable. Over-
all, the major factor on tensile strength for both micro-
cellular nanocomposites and their microcellular base
resin samples is the shot size. Other molding parame-
ters have weaker effects on tensile strength for micro-
cellular base resin samples, and the effects are nearly
insignificant for microcellular nanocomposite samples.

The testing results of mechanical property are tabu-
lated in Table 2, and some representative stress vs.
strain curves are plotted in Fig. 2. In Fig. 2 and the fol-
lowing figures, the suffix following the material symbol
represents the trial number of molding condition in
Table 1. In this work, the measurements were based
on the average of eight samples from each trial. As ex-
pected, when the same shot size is used or the same
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Fig. 1.  S/N response for tensile strength with respect to different factors: (a) main effects plot for nanocomposite (N2), (b) main effects
plot for base resin (B2).

(a)

(b)



amount of material is injection molded, the finer and
denser microcells in samples usually lead to higher
impact strength and less reduction in tensile strength,
unless some defects such as coalescence and open
cells occur in the cell formation. It was also found that
the effect of shot size on mechanical properties is more
significant than that of cell size. The stress vs. strain
curves of microcellular base resin sample, microcellu-
lar nanocomposite sample, and their solid counter-
parts, are plotted in Fig. 2a. Both the solid base resin
samples and the solid nanocomposite samples exhibit
fairly ductile behavior. The tensile modulus of micro-
cellular nanocomposite sample is higher than that of
its corresponding microcellular base resin sample. It
should be noted that the ductility and tensile modulus
of microcellular nanocomposite depends on the mold-
ing conditions, as shown in Fig. 2b. The same conclu-
sion can be drawn with the microcellular base resin
samples. Compared to solid base resin samples, solid
nanocomposite samples have higher tensile strength
values but lower Izod impact testing values (cf. Table
2). The same behavior is observed with the microcel-
lular nanocomposite and microcellular base resin sam-
ples. The ultimate elongation of microcellular sample
is smaller than its corresponding solid samples (cf.
Fig. 2a ).

In general, microcellular nanocomposite parts have
higher tensile strength but lower impact strength than
microcellular base resin parts. The impact of the nano-
clays on the mechanical properties, which are also af-
fected by weight reduction, is illustrated in Fig. 3. Fig-
ure 3 plots the tensile strength as a function of weight
reduction for solid and microcellular nanocomposite
samples and the corresponding base resin samples
according to Table 2. It shows that going from base
resin to nanocomposite increases the tensile strength
by more than 12% at a constant weight reduction, or
equivalently, nanocomposite provides a 9% additional
weight reduction for a constant tensile strength, com-
pared to its base resin counterpart.

Morphology

Structure and Distribution of Microcells

With the batch process, it was reported that when
the clay concentration of polypropylene (PP)/clay
nanocomposite is 2.0 wt%, a closed cell structure with
pentagonal and/or hexagonal faces is produced, while
the 4.0 wt% and 7.5% wt% clay concentrations result
in closed spherical cells (33). However, the network-
like closed polygon cell structures are obtained with
polystyrene (PS)/clay nanocomposites, even when the
clay concentration is as high as 20%. The resulting cell
structure is similar to that of foamed base PS, except
the cell size is smaller and the cell density is higher
(34). In this study, most of the microcells are either
closed spherical cells or ellipsoidal cells because of
shear flow in the mold cavity, and no obvious polygon
and/or network-like cell structures are seen, except
that there are some irregular cell structures formed
under very high weight-reduction molding conditions.
By blending equal amounts of PA-6/clay nanocompos-
ite N2 and its base resin B2, a 2.5 wt% clay concen-
tration was obtained for the microcellular nanocom-
posite molding process. However, only the spherical
cell structures were achieved, as opposed to the pen-
tagonal and/or hexagonal faces of 2.0% PP/clay nano-
composite.

SEM images of microcellular structures and their
typical solid boundary layers in this work are shown
in Fig. 4. Micrographs in Fig. 4a through e were taken
at the centers of the samples. As usual, the micro-
graph taken at the very center of a sample cross sec-
tion parallel to the melt flow direction is identical to
that perpendicular to the melt flow direction. Figures
4a and 4b present the difference in cell structure be-
tween the microcellular nanocomposite, N2, and its base
resin, B2, molded under the same molding condition
of Trial 3. The nanocomposite has relatively smoother
cell walls whereas its base resin has a rougher wall
surface. This implies that the nano-clay affects the cell
formation and structure directly. Figures 4a and 4c
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Table 2.  Morphological and Mechanical Properties of PA-6/Clay Microcellular Nanocomposite Samples (N2)
and PA-6 Microcellular Base Resin Samples (B2).

Trials for
Weight

materials
reduction*2 Cell size Cell densities Impact strength Tensile strength

N2 and
(%) (microns) (No. of cells/cm3) (kJ/m2) (MPa)

B2 N2 B2 N2 B2 N2 B2 N2 B2 N2 B2

0*1 0.0 0.0 — — — — 3.36 � 0.13 6.36 � 0.31 83.3 � 0.7 67.0 � 0.6
1 18.0 8.8 10.4 � 7.7 28.7 � 7.50 1.84E � 08 1.10E � 07 3.47 � 0.11 5.33 � 0.28 57.0 � 0.5 55.0 � 0.5
2 8.0 7.4 9.1 � 2.7 53.1 � 6.70 2.51E � 08 3.27E � 06 2.98 � 0.05 5.22 � 0.43 63.0 � 0.2 57.8 � 0.2
3 3.4 4.9 55.6 � 4.6 58.2 � 18.8 1.58E � 06 1.55E � 06 3.24 � 0.13 5.09 � 0.20 68.7 � 0.2 61.9 � 0.1
4 8.0 7.4 10.2 � 3.0 59.6 � 6.60 1.60E � 08 1.60E � 06 3.26 � 0.11 4.75 � 0.28 61.7 � 0.3 56.5 � 0.1
5 3.4 5.4 33.7 � 5.4 38.6 � 9.60 5.15E � 06 4.74E � 06 2.73 � 0.09 5.67 � 0.16 68.6 � 0.3 59.0 � 0.1
6 13.1 8.8 13.8 � 4.0 72.2 � 27.8 1.19E � 08 6.39E � 05 3.57 � 0.22 5.15 � 0.10 56.3 � 0.6 53.6 � 0.5
7 8.0 6.4 31.2 � 6.4 59.3 � 16.2 6.95E � 06 1.02E � 06 3.47 � 0.11 5.59 � 0.11 66.8 � 0.3 56.3 � 0.1
8 12.1 8.8 13.8 � 3.7 33.4 � 10.6 9.09E � 07 6.91E � 06 3.38 � 0.05 4.75 � 0.31 56.3 � 0.5 54.6 � 0.3
9 7.3 7.8 10.0 � 3.1 41.0 � 18.7 2.26E � 08 2.45E � 06 3.22 � 0.15 4.84 � 0.57 63.6 � 0.5 55.9 � 0.1

*1Trial is for the solid sample and the molding is based on the level 2s.
*2Weight reduction was calculated with sprue and runner.



678 POLYMER ENGINEERING AND SCIENCE, APRIL 2004, Vol. 44, No. 4

Mingjun Yuan et al.

Fig. 2.  Tensile stress vs strain curves of various samples: (a) Comparison of microcellular nanocomposite (N2) and microcellular PA-6
(B2) with their solid counterparts, (b) Comparison of solid and microcellular nanocomposites (N2) under different molding conditions.



show the comparison of microcellular structures be-
tween samples of same nanocomposite under different
molding conditions. Even with the same SCF weight
percentage, samples of Trial N2-9 in Fig. 4c exhibited
over 5-fold finer cells than that of Trial N2-3 in Fig. 4a.
Its cell density is about 150 times higher than that of
the latter. Evidently, other molding conditions including
shot size, melt temperature, and injection speed also
affect the injection pressure and pressure drop rate,
all of which collectively influence cell nucleation, cell
growth, and thus cell structure. In this case, high melt
temperature and small shot size contribute to finer
cells.

Figures 4c and 4d show some controlled nucleation
and growth of microcells with the nanocomposite as
compared to its base resin under the same molding
conditions. Microcells with smoother wall surface ob-
served in the nanocomposite samples were normally
smaller than those in the base resin samples, as shown
in Table 2. In addition, the cell density in the nano-
composite is much higher than that in its base resin.
The experiments also show a slightly better control
over the cell size at increased gas concentrations, pos-
sibly and partially because of a highly dispersed nano-
clay phase in the polymer/gas matrix. For the base
resin, the microcellular structures under different mold-
ing conditions are compared in Figs. 4b and d. The
structural difference between them implies that the
molding conditions can greatly affect the cell structure
and cell distribution. In Fig. 4b, the uniform cell dis-
tribution with the molding condition of Trial 3 can be
clearly seen. On the other hand, Fig. 4d indicates that
the molding condition can also improve the cell wall

surface quality of the base resin. It seems that at high
melt temperature and SCF weight percentage, and low
injection speed, the non-uniform cell growth and for-
mation of base resin becomes more obvious, as shown
in Fig. 4d. The excessive cell growth process can be
clearly seen in Fig. 4e when the sample weight reduc-
tion increases from 7.8% at the B2-9 condition (Tables
1 and 2 ) to 20% by varying the shot size in combina-
tion with the SCF weight percentage. This will be fur-
ther discussed later. It should be mentioned that the
sample weight reduction does not solely depend on the
shot size because of the inherent shot-volume control
variation of the molding machine. In addition, the ex-
perimental results in this work show that the weight
reduction of sprue and runner follows the same trend
as the dogbone part formed in the mold cavity, with the
dogbone part weight reduction being slightly higher.

SEM analysis shows that the solid boundary layer
of microcellular nanocomposite samples present little
structural difference from that of their fully solid coun-
terparts. The micrograph in Fig. 4f shows nearly the
entire sample cross section normal to the melt flow di-
rection, and the typical and gradual cell structural vari-
ation can be seen from the surface layer to the center
of sample. For the same sample, along the melt flow
direction, elongated microcells are visible in the vicin-
ity of surface layer because of the fountain flow and the
shear stress, while uniform spherical cells occur in the
center. The deformational pattern of microcells is as
shown in Fig. 7. These morphological trends were also
observed in the microcellular base resin samples.

Similar results were achieved in the microcellular in-
jection molding processes of nanocomposite N1 and its
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Fig. 3.  Correlation of tensile strength and weight reduction for microcellular nanocomposite and base resin samples.
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Fig. 4.  SEM micrographs of various samples under different molding conditions: (a) along the melt flow direction (N2-3), (b) along
the melt flow direction (B2-3), (c) along the melt flow direction (N2-9), (d) along the melt flow direction (B2-9), (e) along the melt flow
direction (B2 with weight reduction of 20%), ( f ) edge and cell structures perpendicular to the melt flow direction (N2-5).



base resin B1. In this work, it is assumed that the crys-
tallization behavior and crystallinity of PA-6 play an im-
portant role during the microcell formation. Although
much work has been done on the study of crystalliza-
tion behavior of PA-6/clay nanocomposite (38�40),
there has been no report on crystallization behavior of
the microcellular nanocomposite. Research on this
subject is being undertaken by the authors.

Cell Size and Density

The averaged cell sizes and the cell densities obtained
from the SEM analyses for all the L9 DOE trials for
nanocomposite N2 and base resin B2 are listed in Table
2. From Table 2, it can be seen that under the same
molding conditions, the microcellular nanocomposite
N2 samples have smaller cell sizes and much higher
cell densities than the microcellular base resin B2 sam-
ples. This phenomenon was also observed for the mi-
crocellular nanocomposites N1 and its base resin B1,
except for a few special cases. It is believed that the
nano-clays may serve as nucleating agents that pro-
mote heterogeneous cell nucleation, resulting in higher
a cell density. Meanwhile, the increase of viscosity in
the nanocomposite hinders the cell growth, leading to
a smaller cell size (34).

Through the S/N analyses, the S/N response graphs
for the cell densities of nanocomposite N2 and its base
resin B2 are shown in Fig. 5. From Fig. 5, it can be
seen that shot size is the only factor that significantly
affects the cell density of nanocomposite samples. The
maximum cell density was achieved at the medium
shot size. It is postulated that a larger shot size leads
to higher molding pressure, which hinders cell nucle-
ation, whereas the smaller shot size results in higher
cooling rate, and thus lower cell density. More studies
would be required in this aspect. Unlike nanocompos-
ites, there is no single molding parameter that pre-
dominantly affects the cell density of a base resin. The
relative significance of molding factors affecting cell
density of base resin in descending order is injection
speed � SCF weight percentage � melt temperature �
shot size.

The S/N response analysis on the cell size reveals
that the shot size is the single molding parameter that
significantly affects the cell size of nanocomposites,
which is similar to the case for the cell density. The
minimum cell size was achieved at the medium shot
size. Conceivably, the larger the shot size, the slower
the cooling rate, and thus the longer the cooling time
promotes more cell growth. On the other hand, with the
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Fig. 5.  S/N response for cell density with respect to different factors: (a) main effects plot for nanocomposite (N2), (b) main effects plot
for base resin (B2).

(a)

(b)



smaller shot size, the cells have more space to grow,
which is in favor of larger cell sizes. Similar to the case
for cell density of base resins, not one single molding
factor affects the cell size predominantly. The order of
significance of molding parameters is also the same as
that for the cell density of base resins.

Morphology Development
at High Weight Reductions

As the sample weight reduction increases, the trend
of cell growth can be clearly seen (cf. Figs. 4d and 4e).
However, the cell structural change can be dramatic
when the sample weight reduction exceeds a certain
critical value. To obtain the information of cell mor-
phological development, molding trials with higher
weight reductions were conducted. The molding pa-
rameters used were based on the Trial 9 in the L9 ex-
periments (Table 1) with variations of both shot size
and SCF content. The evolution of cell structures with
increasing weight reductions for the base resin and
the nanocomposite are displayed in Figs. 6 and 7, re-
spectively. For the base resin, the non-uniform cell
growth can be clearly seen, while the cell growth in
nanocomposite is relatively uniform. For both the
base resin and the nanocomposite, as the weight re-
duction increases, each cell tends to grow to contact

its neighboring ones and a higher degree of cell shear-
deformation can be seen. The limit of the uniform cell
structure formation is to form the network-like closed
cells, in which each cell contacts its neighboring cells
without coalescence, as was reported in the batch pro-
cess (33, 34).

For the nanocomposite at further higher weight re-
ductions, even with the presence of nano-particles in
microcellular samples, it was observed that the cell co-
alescence may take place, and some open cells can also
be formed. It is also normal to see irregular cell struc-
tures and cell distribution when the sample weight re-
duction is very high. The big voids can be easily found
when the weight reduction of samples exceeds some
critical value. These phenomena may be associated
with the breakdown of the process window of micro-
cellular injection molding. It is possible that big voids
form when the solubility limit of N2 into the polymer
melt is exceeded. It was also observed that cell wall sur-
faces are still smooth even when irregular cells or big
voids form at very high weight reduction conditions.

Fractography

The fractographic structure directly relates to the
mechanical properties of the sample. The fractographs
of microcellular nanocomposite tensile testing bars are
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Fig. 6.  SEM micrographs of cell structures of microcellular base resin (B2) along the melt flow direction (indicated by arrow):
(a) weight reduction 10%, (b) weight reduction 20%, (c) weight reduction 25%.

Fig. 7.  SEM micrographs of cell structures of microcellular nanocomposite (N1) along the melt flow direction (indicated by arrow):
(a) weight reduction 10%, (b) weight reduction 20%, (c) weight reduction 30%.



shown in Fig. 8 (taken at a quarter length from the
edge). Combining with Fig. 2b, it can be seen that the
molding conditions significantly affect the fracture be-
havior of microcellular nanocomposites. Based on the
textures at the fractured surfaces, the molded samples
under different molding conditions can exhibit brittle,
ductile, or hybrid fracture behavior. Samples of Trial 1
in Table 1 (low melt temperature and small shot size)
have certain “brittle” fractured structure across the en-
tire cross section (Fig. 8a ). On the other hand, samples
of Trial 7 (high melt temperature and large shot size)
show a much more ductile fracture behavior, as dem-
onstrated by the heavily stretched fracture surface
throughout the entire cross section (Fig. 8c ). Samples
of Trial 4 (median melt temperature and median shot
size), however, exhibit a transition from ductile near
the sidewalls to brittle structure in the center.

Four different regions exist at the fractured surfaces
of PA-6/clay microcellular nanocomposite tensile bars,
as sketched in Fig. 9. From the specimen edge to the
center, one can find a boundary layer that surrounds
the foamed ductile region close to the edge, brittle re-
gion near the center, and transitional region in be-
tween, respectively. For PA-6/clay nanocomposite, the
boundary layer is highly ductile. The transitional re-
gion is usually a beltline. Depending on the molding
conditions and material properties, only two regions
may exist in the single cross section of a sample:
boundary layer and brittle region, or boundary layer
and ductile region. For the Samples N2-7 shown in
Fig. 8c, for instance, it was noticed that inside the
boundary layer there is only a ductile region. With the
decrease or the vanishing of the brittle region, the sam-
ple shows more ductile behavior as a whole.
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Fig. 8.  Fractographs of microcellular nanocomposites: (a) Sample N2-1, (b) Sample N2-4, (c) Sample N2-7.

Fig. 9.  Schematic of fractured sur-
face on PA-6/clay microcellular
nanocomposite part.



Figure 9 also shows that the solid boundary layer
has a different fractured structure from the micro-
cellular region. The fractured structure in this solid
boundary layer has been found to be the same as that
of its fully solid sample. The fractured structure of mi-
crocellular region is surrounded by this solid bound-
ary layer, as exemplified in the boundary layer encys-
tation in Fig. 9. Compared to the original shape of
microcellular region in the sample cross section, after
fracture, the shape of microcellular region remains
the same, which implies that the microcells play a role
in the fracture behavior of the sample.

Dynamic Mechanical Analysis

Many studies have been reported regarding the rhe-
ological behavior and morphology of nanocomposites
(41�46), but only a few correlate foam structures with
rheological properties of nanocomposites (33). For mi-
crocellular nanocomposites, dynamic rheological study
is of special interest, because the properties of the mi-
crocellular nanocomposite depend not only on the
bulk properties of the matrix, but also on the size and
spacing of the cells as well as the physical and chemi-
cal properties of the nano-fillers in the matrix. Some
results of studying foams with DMA have been report-
ed (47). But the issues in microcellular nanocompos-
ites are far more complicated because of the additional
interfacial phenomena introduced with the clay/poly-
mer/cell structure. In this study, the DMA testing spec-
imens, which contain both of the solid and foamed

structures, were cut from the molded samples as de-
scribed previously. The preliminary results in this study
are exemplified in Fig. 10. It can be seen that the elas-
tic modulus curves of the microcellular PA-6 sample
and the microcellular nanocomposite sample follow
the patterns of their corresponding solid counterparts.
The elastic modulus of microcellular base resin sam-
ple is smaller in magnitude than that of microcellular
nanocomposite sample. However, the glass transition
temperatures of these molded materials change only
slightly. The phase angle curves for the solid and mi-
crocellular nanocomposite samples are flatter than
those of the solid microcellular base resin samples.
These DMA results correlate well with microcellular
morphology, where it has been noticed that the cell
growth depends strongly on the polymer rheological
properties, which are affected greatly by the presence
of nano-clays. The increase of viscosity hinders the cell
growth and coalescence, resulting in a smaller cell size
(34). At the same time, the presence of exfoliated nano-
clay platelets may serve as nucleation sites, leading to
the high density of microcells.

CONCLUSIONS

Microcellular nanocomposites present a new research
area with numerous potential applications. PA-6/clay
nanocomposites have been employed in microcellular
injection molding to achieve small, uniform microcells
with high cell density. Effects of molding conditions
on the mechanical properties and microstructure have
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Fig. 10.  DMA of microcellular nanocomposite samples (N2-0, N2-8, B2-0, B2-8): (a) elastic modulus change with temperature, (b)
phase angle change with temperature.



been studied. Both nano-clay and molding conditions
have strong influence on the cell structures and the
mechanical properties of the molded samples. The ad-
dition of nano-clay promotes the formation of smaller
and more uniform cell size and higher cell density.
Among the four molding parameters studied, shot size
appears to be the most predominant molding parame-
ter affecting the cell size, cell density, and tensile
strength in microcellular nanocomposites. On the
other hand, the four molding parameters selected
seem to have comparable effects on the cell size and
cell density in base resins. Microcellular nanocompos-
ites have higher tensile strength but lower impact
strength compared to microcellular base resins. Mi-
crocellular nanocomposites also exhibit various de-
grees of ductile behavior. The fractographical study in-
dicates that different regions (boundary layer, ductile,
transitional, and brittle) at fractured structures exist
that affect the sample’s ductility and modes of failure,
depending on the molding conditions.
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