Available online at www.sciencedirect.com

ScienceDirect

polymer

ELSEVIER Polymer 48 (2007) 3349—3360

www.elsevier.com/locate/polymer

Constitutive modeling of HDPE polymer/clay nanocomposite foams

a . -1 b,
Choonghee Jo *, Hani E. Naguib ™*
* Department of Mechanical Engineering, University of Ottawa, Ottawa, ON, Canada KIN 6N5
o Department of Mechanical and Industrial Engineering, University of Toronto, 5 King's College Road, Toronto, ON, Canada M5S 3GS8

Received 26 September 2006; received in revised form 17 March 2007; accepted 19 March 2007
Available online 30 March 2007

Abstract

A constitutive model for tensile behavior of high density polyethylene (HDPE)/clay nanocomposite foams was proposed. The elastic modulus
of HDPE/clay nanocomposite was developed using micromechanics theory, and the modulus for foams was obtained by using representative
volume element (RVE) concept. In order to describe the tensile behavior of the foams, a constitutive equation obtained from a viscoelastic model
was proposed. The constitutive model was expressed in terms of microstructural properties of polymer, and physical properties of the foams. The
effects of the material parameters and processing conditions on the foam morphologies and mechanical properties of HDPE/clay nanocomposite
foams were investigated. Microcellular closed-cell nanocomposite foams were manufactured with HDPE, where the nanoclay loadings of 0.5, 1.0,
and 2.0 wt% were used. The effect of clay loading and foaming conditions on the volume expansion ratio, elastic modulus, tensile strength, and
elongation at break was investigated. Except for the elongation at break, the mechanical properties were improved with nanoclay loading. The
tensile experimental data of the foams were compared with the prediction by the theoretical model. It was demonstrated that the tensile behaviors

of HDPE/clay nanocomposite foams were well described by the constitutive model.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer/clay nanocomposites are of interest because the
characteristics of nanometer scaled silicate pellets, such as
high aspect ratio and their nanometer scale dispersibility, con-
tribute to a good reinforcement and improve the mechanical
properties of the polymer [1,2]. Also, nanocomposites gener-
ally provide improvements in transport barrier, thermal resis-
tivity, and flame-retardance in comparison with the original
polymers [3—5].

Also, recently, a great deal of interest has been focused on
the polymer/clay nanocomposite foams. Since the size of the
filler is in the order of nanometers, it can be used as a nucle-
ation agent in microcellular polymeric foam processing [6].
Nanofillers have at least one dimension in the order of 1 nm
and the platelet-shaped nanofillers have high aspect ratios
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from 10 to 1000 [1]. The interfaces between the nanofillers
and the polymer are potential nucleation sites where heteroge-
neous nucleation can be induced. Microcellular foams usually
have average cell sizes from 0.1 pm to 10 um, and cell densi-
ties in the range of 10°—10" cells/cm® [7]. The mechanical
properties of microcellular foams have been of great interest
because of their unique microstructure. Compared to the un-
foamed polymer, microcellular foams generally possess supe-
rior properties such as higher strength-to-weight ratio [8],
higher impact strength [9,10], increased toughness [11], pro-
longed fatigue life [12] and an increased thermal stability,
and increased thermal and electrical insulation properties
[13,14]. Therefore, microcellular foams have a great potential
for applications such as packaging, insulation, automotive and
aircraft industries, and structural components. In addition,
microcellular plastics are produced using environmentally
safe gases such as nitrogen and carbon dioxide.

Accordingly, studies for characterizing the properties of
polymer/clay nanocomposites and their foams are increasing.
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Also, as the use of semicrystalline polymer/clay nanocompo-
site foams is increased, there is an emerging need for the study
of the constitutive models for the foams as well as for the
nanocomposites. Generally, the elastic modulus of polymer/
clay composites increases with augmenting the clay volume
fractions, while the yield stress and strain decrease with in-
creasing clay volume fraction [15,16]. The enhancing effect
of clay in HDPE applies mainly to the modulus rather than
the strength [17]. This enhancing phenomenon is due to the
exfoliation of the clays in the matrix and high aspect ratio
of clay particles. Lee and Paul [18] developed a model for
the mechanical properties of a nanocomposite containing com-
plex inclusions by using the Eshelby’s equivalent tensor with
a Mori—Tanaka type model. This model permits predictions
for sphere, disc, and fiber shaped inclusions, and the influences
of the primary and secondary aspect ratios on the effective
elastic moduli were examined. However, it is limited to unidi-
rectionally aligned inclusions. The effect of the nanoparticles
on the elastic modulus of polymer/clay nanocomposites has
been studied experimentally [19—24]. Some micromechani-
cally-based constitutive models for semicrystalline polymers
have been studied [25—27]. Also, a multi-scale modeling strat-
egy considering the hierarchical morphology of the polymer/
nanocomposite was developed by Sheng et al. [28]. In the
case of using HDPE, Nikolov et al. [29] proposed a multi-scale
constitutive model for small deformations of semicrystalline
polymers, where viscoelastic and viscoplastic models were
used for crystalline lamellae and amorphous phase behavior,
respectively.

Studies on the influence of the nanoparticles on the consti-
tutive modeling of semicrystalline polymer nanocomposites
are increasing. However, only few models for HDPE/clay
nanocomposites have been reported [15,17,19,28,30]. More-
over, little study has been performed for the constitutive mod-
eling of the polymer/clay nanocomposite foams. A constitutive
model is derived for the viscoplastic response of polyethylene/
montmorillonite clay nanocomposite at three-dimensional
cyclic deformations with small strains [30]. The study focuses
on low-cycle deformation. Luo and Daniel [19] developed
a three-phase model including the epoxy matrix, the exfoliated
clay nanolayers and the nanolayer clusters. In the model, the
region consisting of matrix with exfoliated clay nanolayers
or platelets is analyzed by assuming near uniform dispersion
and random orientation. The properties of intercalated clusters
of clay platelets are calculated by a rule of mixtures based on
a parallel platelet system. The Mori—Tanaka method is ap-
plied to calculate the modulus of the nanocomposite as a func-
tion of various parameters, including the exfoliation ratio, clay
layer and cluster aspect ratios, d-spacing, intragallery modu-
lus, matrix modulus and matrix Poisson’s ratio. When HDPE
is melt compounded with an organically modified montmoril-
lonite, the composite film involves intercalated clay particles,
where the clay enhancing effects apply mainly to the modulus,
instead of the strength [17]. Also, the influence of the organic
monolayer structure on the exfoliation of montmorillonite and
the tensile properties of the HDPE/organo-montmorillonite
nanocomposites was studied [15]. The tensile properties

were correlated to the volume fraction of the inorganic part
of the nanocomposites. A multi-scale modeling strategy was
employed to account for the hierarchical morphology of the
nanocomposite [28]. These geometric features of clays to-
gether with estimates of silica lamina stiffness provide a basis
for modeling effective mechanical properties of the clay parti-
cle. In the case of the semicrystalline matrices, the transcrys-
tallization behavior induced by the nanoclay is taken into
account by modeling a layer of matrix surrounding the particle
to be highly textured and therefore mechanically anisotropic.

In the present paper, a constitutive model for estimating the
tensile behavior of HDPE/clay nanocomposite foams was
proposed. A model for elastic modulus of HDPE/clay nano-
composite foams was developed by using micromechanics
(representative volume element (RVE)) concept. The differ-
ence in the modeling of elastic modulus between the current
work using HDPE/clay nanocomposites and the previous
work [31] using PMMA/clay nanocomposites is on the type
of clay dispersion in the polymer matrix. In the case of
PMMA/clay nanocomposite foams, both deteriorating effect
by agglomerated clays and enhancing effect by intercalated
clays on the elastic modulus were considered. However, in
the present work, only intercalated clay model was used be-
cause, within the used wt% clay concentration, the overall elas-
tic modulus is not decreased but increases very slowly as the
clay content increases. Thus, the intercalated clay stacks in
HDPE/clay nanocomposites are modeled so that the rate of en-
hancing effect on the modulus is diminished gradually. In order
to describe the tensile elastic behavior of the foams, a viscoelas-
tic model was used. The constitutive model was expressed in
terms of microstructural properties of polymer and physical
properties of the foams. Also, the effects of the material param-
eters and processing conditions on the foam morphologies and
mechanical properties of HDPE/clay nanocomposite foams
were investigated. Microcellular HDPE/clay nanocomposite
foams were manufactured using a batch processing method
with nanoclay loadings of 0.5, 1.0, and 2.0 wt%. Then, the in-
fluence of clay loading and foaming conditions on the volume
expansion ratio, elastic modulus, tensile strength, and elonga-
tion at break was investigated. The tensile experimental data
of the foams were compared with the prediction by the theoret-
ical model.

2. Constitutive modeling for HDPE/clay
nanocomposite foams

2.1. Elastic modulus of HDPE/clay nanocomposites

A model for elastic modulus of HDPE/clay nanocomposite
is proposed using micromechanics theory. On the modeling of
the mechanical property of nanocomposites, the effect of the
clay particles on the polymer matrix needs to be investigated
first. The lamellar thickness and interlamellar spacing of
HDPE increased when the crystallization temperature was in-
creased [32]. The crystallization temperatures of HDPE/clay
nanocomposites were tested by Lee et al. [33]: as the clay con-
tents vary from 0 to 3 wt% the crystallization temperature



C. Jo, H.E. Naguib | Polymer 48 (2007) 3349—3360 3351

increased from 117.4 to 118.8 °C. At this temperature range,
the change in the interlamellar spacing and lamellar thickness
was small, keeping 12nm and 26 nm, respectively [32].
Thereof, in this study, the thicknesses of crystalline and amor-
phous layers in the HDPE are assumed not to be changed even
though clays are added. At low clay loadings, some clay par-
ticles are observed as well-dispersed structure throughout the
HDPE matrix, and as the clay content increases some clay
stacks show an intercalated structure [33]. However, in this
study, all clay particles are modeled as intercalated structures
for simplicity sake, and at the same time, variable clay spacing
depends on the clay contents is considered in the model.

The intercalated clay stacks are modeled as cuboids which
have dimensions @; and thickness a3, and one of the length
directions always keeps a right angle to the load direction
(Fig. 1). When the angle between the clay plane and load
direction varies from 0° to 90°, the reinforcing effect of the
clays on the elastic modulus can vary from maximum to min-
imum. If each intercalated clay stack is deformed uniformly
both in the length direction (6a;) and in the thickness direction
(0as), the displacement of the clay stack in the load direction
can be expressed as:

U, = 0as cos 0, (1)

where 6 is the angle between the clay plane and the plane per-
pendicular to the load. When an overall tensile stress (o) is
applied in a RVE, the force applied on a clay stack becomes
oa? cos 6. Since the force component to the direction of clay
thickness is ga? cos? 0, the displacement das is calculated
from the linear stress—strain relationship, as:

gas cos® 0

0
as ER )

(2)

where Ey is the elastic modulus for the laminated composite
by the Reuss model (#=0). Originally, the Reuss model
was made for large-particle composites. However, since the
intercalated clay stacks have a dimension greater than 100 nm,
the Reuss model does apply in this model. Inserting Eq. (2)
into Eq. (1) uj, is obtained as:

—5Qq

clay

—

polymer

Fig. 1. Model for intercalated clay stack.

3
oa;z cos’
= 3
l/lp ER ( )
In the case of no clays, the corresponding displacement in the
direction of load is

aas
to E.,cosd ()
where E,, is the elastic modulus of polymer matrix. Thus, the
decrease of the tensile displacement of an intercalated clay

stack due to the presence of the clay is:

gas; {1 cos*é
— S . 5
U= Uy — Up o 0( - Ee ) (5)

The decreased overall strain due to a clay stack can be
obtained by using the RVE concept as:

/2

12 2 1 3
E"‘:——/ ua?cosﬁdﬁzﬂa ———. (6)
VT 1% Em 8ER
0

In Eq. (6), a2a3V ! is the volume fraction of the intercalated
clay region and can be expressed using the volume fraction
of clay particles (vp) as [31]:

—1d,
Vpi = Vp (1 + npn d) ) (7)
p dp

where 7, is the number of clay layers in each intercalated clay
stack, d,, and d,, are the clay layer thickness and clay layer
spacing, respectively. Then, the overall strain decreased by
all intercalated clay stacks are:

o 13
eP = Ng :Vpi(y(E_m_E). (8)

Thus, the effective strain becomes € = ¢® — P and by using

" = 0/Ey and Eg = (EnEp)[Emvpi + Ep(1 — vp)] 7', the effec-
tive elastic modulus of HDPE/clay nanocomposites is yielded
as:

_ 3, -
E= E:n{l — Vpi +%[Ep —Vpi(E, = E:n)]} ) 9)
p

in which E is the elastic modulus of HDPE containing PE-g-
MAn. When PE-g-MAn is added to the HDPE the elastic
modulus increased by 4% compared to the pure HDPE [34].
In Eq. (9), the modulus of the volume between the clay layers
is assumed to have the same modulus as clay layers. The mac-
romolecular chains intercalated in clay layers are confined in
a very small space and their behavior is quite different from
those in bulk matrix, which results in macromolecules becom-
ing rigid [35—37]. Also, the increasing effect of the tensile
modulus by considering the interfacial region between the
polymer matrix and clay particles was proved by Ji et al.
[37]. Therefore, the elastic modulus in the intercalated region
can usually be regarded as the same to that of clay particles.
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2.2. Elastic modulus of HDPE/clay nanocomposite foams

Since most HDPE/clay nanocomposite foams have rela-
tively low volume expansion ratios [33,38,39], the following
two conditions can be considered in the modeling of the elastic
modulus: there is a dilute distribution of the voids in the poly-
mer matrix and the voids are randomly distributed. In this
study, the shape of voids in the foams is assumed as spherical
cavities. Under the uniaxial tensile loading, the cavities in RVE
cause an increase of the tensile strain. Thus, the overall strain
increment of the polymer nanocomposites containing voids
can be estimated from the locally incremented strains. Within
the volume V of RVE, the average strain () is expressed as:

E=8"+%, (10)

where 9 is the average strain of the RVE without cavities and
€€ is the additional strain increment due to the presence of the
cavities. The magnitude of €° can be obtained by using the vir-
tual stress—strain concept on the cavity surfaces and reciprocal
theorem [40] as:

11
g 7V/2(n®u+u®n)d5, (11)

0Q

where 0Q denotes cavity surface and 7 is the exterior unit nor-
mal on the cavity surface and u is the displacement by actual
loading. When the coordinate axes are formed at the center of
a spherical cavity of radius R, the displacement field in the
infinite elastic body under uniaxial remote tension (g) was
derived within the linear elastic theory [41] as:

or|2+4 13484 (R P 3(14+4)(RY
U = — — - | =
4u(2434  14494\r)  14+94\r
or|  5(5+34)(R\’ 9(1+4)(R\’
A L ko () et L 26
T4l T avoa <r> 14+94\r) |

(12)

where 7 is the radial distance in the spherical coordinate and
0 is the angle from the tensile loading axis. The parameter
A is expressed as 4 = A/u, where A is a Ramé constant and
u is the shear modulus. The radial displacement at the surface
of the spherical cavity is obtained from Eq. (12), where 4 =
2v/(1 — 2v) was used:

30R(1—v)[ 1 5
- 2 cos 2 1
"R — ) <1+u+4C°S 6)’ (13)

where v is the Poisson’s ratio. The additional overall volumet-
ric strain by a cavity is defined as:

1 (1
sR=" _
=y / S(n®u+u®n)ds. (14)

0QR

Thus, #R is obtained by substituting ug into Eq. (14) and
integration from # =0 to 6 = Tt as:

1
ER :V / MRdS

0Qr
/2
1 30R(1 — 1
_13RA 1), 25 / sin 0 df
Vo u(7—5v) 1+v

/2
5
+2/ ZcosZﬁsinﬁdﬁ
0
71 TR (1 —v)

VvV ou(l4v) 7 (15)

For simplicity sake, when all cavities in RVE are assumed
to be uniform and have dilute distribution, then ¢ = N&R,
where N is the total number of cavities per unit volume.

The applicability of dilute distribution and uniform distri-
bution of cavities in this model is verified quantitatively by
comparing the stress over the surroundings of the cavity
with overall stress. In the dilute distribution of micro-
inclusions, the interactions among inclusions are not consid-
ered. Also, the inclusions are assumed to be distributed evenly
throughout the volume. In this situation, elastic moduli do not
depend on the distance between inclusions [42]. When the
overall stresses are assumed to be prescribed, it underestimates
the effect of the interaction between cracks [43]. However,
prescribed stress is not considered in this model. First, the dis-
tance between cells in the foams is calculated with the follow-
ing model. If the voids in the foams are assumed as spherical
cavities and densely packed in a cube, a packing model of the
spheres in the cube can be proposed. When the diameter of
spheres and the dimension of cube are D and d(=n x D), re-
spectively, n spheres are arrayed along one edge of the cube.
Then, another array is added at the next of the first array so
that each of the spheres can be located between the spheres
in first array, where the distance between the first array and
the second array is calculated as (v/3/2)D. So, (2/+/3) arrays
are located on the other side of cube. Now, n x (2/v/3)n
spheres are packed on a plane. Next, the same plane arrays are
placed on top of the first plane array so that each of the spheres
in the second plane can be positioned at the center of the three
spheres in the first plane. Then, the distance between planes is
(3/4)D. Therefore, the total number of spheres packed in
the cube becomes n x (2/+/3)n x (4/3)n = (8/3+/3)n’. This
packing model can be an example of the distribution of cells
in the foams which have uniform distance among cells. In
this case, the distance among cells is equal to D because all
adjacent spheres are contacted at the surface of the sphere
and the center of cells is coinciding with the center of the
spheres. In this model, the size of cells should be smaller
than the spheres and is assumed to have diameter D’. Then,
the volume of cells in the foam is expressed as
(40)(D'/D)*d® /(9/3), where n = d/D was used. The volume
ratio of air in the cube foam is (47)(D’'/D)’/(9v/3), and is
equal to (1 — 1/ER), where Eg is the volume expansion ratio
of foams. Therefore, the ratio of the distance between cells
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and cell diameter is represented as a function of volume
expansion ratio as:

P20

and plotted in Fig. 2. In the range of the volume expansion ra-
tio from 1.02 to 1.07, the ratios of the distance between cells
and cell diameter were 2.5—3.5. Next, the influence of stresses
due to a cavity over the surroundings of the cavity is investi-
gated. When an external remote tension load is applied at in-
finity, the tangential component of the stress at cavity is
expressed as [44]:

oo 13 (R\’ 3 R\’
== +ol s (D) a5 ()
5(1—2v) (R\’ 21 (R\’
=) amms () Jemf
where R is the radius of cavity, r is the radial distance from the
center of cavity, and v is Poisson’s ratio. To investigate the ef-
fect of this stress on other cavities, the magnitude of this stress
in the direction of applied load (f = 7t/2) is calculated between
cavities. As shown in Fig. 3, this stress is maximum at the sur-
face of the cavity and decreases as r increases. Since the influ-
ence of this stress is almost disappeared at the distances longer
than 2.5 times of the cavity radius, the interactions between
cells can be negligible in the /R range between 2.5 and 3.5.
Thus, the distribution of cells in HDPE/clay nanocomposite
foams can be regarded as a dilute distribution because the
interactions among cells may not be considered.
Therefore, the additional volumetric strain due to the pres-
ence of the cavities can be expressed by:

3(1—v)

& :'f4,u(1 +7)

g, (18)

5.0

»
o
|
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cells and cell diameter

Ratio of the distance between
5
1
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Fig. 2. The ratio of the distance between cells and cell diameter represented as
a function of volume expansion ratio.
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Fig. 3. Stress concentration factor in load direction between cells.

where fis the volume fraction of the cavities in RVE. The ad-
ditional volumetric strain in Eq. (18) is sum of the component
in the direction of uniaxial tensile stress and the component in
the other two perpendicular directions. Then, within the isotro-
pic linear elasticity, the component of additional volumetric
strain in the direction of tensile stress (o) is obtained as:

g = (1—2v)z". (19)
Thus, the average strain defined in Eq. (10) is modified for
the effective strain in the uniaxial stress direction as:

e=8"42,. (20)
By using € = ¢/E and € = ¢/E, Eq. (20) is changed to:

3(1—v)

o 0
=== — 0.
4u(l+v)

+ (1 =2w)f (21)

o

Then, the overall elastic modulus is expressed as:

E= EJF (1— 2V)f%:| - (22)

If volume fraction of cavities is converted to the relative
density of foams (p,) and shear modulus is expressed by elas-
tic modulus, the ratio of elastic modulus of foams (E*) and
that of unfoamed polymer is yielded as:

E* 3(1—v)
E {1 —(1- Pr)m} (23)

Eq. (23) is valid at the beginning of the tensile deformation be-
cause both unfoamed and foamed materials show linear elastic
property at the starting of the deformation. Therefore, replac-
ing E in Eq. (23) with the elastic modulus of HDPE/clay
nanocomposites (Eq. (9)), the elastic modulus of foams (E*)
is yielded as a function of the relative density of foams (p,),

— 3Vi ’ !
E = E:n{l — Vpi JFg?p[Ep —vi(E, Em)}}
p

X {1 —(1- pr)ij((ll__zyy))} (24)
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This expression is valid for the foams which have low void
fractions.

2.3. Constitutive equation

The tensile behavior of HDPE/clay nanocomposite foams
can be described by viscoelastic—plastic constitutive model.
For overall behavior of polycrystal structure, a self-consistent
approach using large deformation viscoplastic theory was de-
veloped by Molinari et al. [45], where elasticity was neglected.
Since the amorphous phase plays a predominant role in many
aspects of the properties of semicrystalline polymers [46],
elastic part of tensile deformation is considered first in the
present paper, and viscoplasticity model is left for future study.
The mechanism of elastic deformation in response to tensile
stress is due to the elongation of the chain molecules in the
direction of the applied load. The semicrystalline polymers
can be modeled using lamellar crystal layers separated by
amorphous layers. Among the deformation mechanisms of
amorphous layers of HDPE, interlamellar shear parallel to
the lamellae is dominant in the early phase of deformation
[47,48]. To describe the overall elastic behavior by shear de-
formation of amorphous layers, a three-element viscoelastic
model (Fig. 4) can be used, where the proposed elastic modu-
lus of foams can be applied directly. The elastic modulus E; in
Fig. 4 depends on the strain rate [49]. However, it is consid-
ered as a constant for simplicity sake because a constant strain
rate is used in this study. The equation of motion of the three-
element viscoelastic model is:

. E E\E .
6+—lg= 17725+(E1+E2)s. (25)

The corresponding constitutive relation is obtained from
Eq. (25) as:

azﬁs—ge—&—né{l—exp(—%ﬂ, (26)

where the equivalent elastic modulus (E) and relaxation time
constant (1) [50] are Ej + E» and nE;", respectively. When
Eq. (26) is used for HDPE/clay nanocomposite foams
Eq. (24) is substituted for E. The crystallinity was not used
in Eq. (26). However, the influence of crystallinity is con-
trolled indirectly by viscoelastic parameters.

E,

Fig. 4. Three-element viscoelastic model.

3. Experimentation

Microcellular HDPE/clay nanocomposite foams were manu-
factured in a batch processing method and their mechanical
properties were obtained by experiment.

3.1. Materials

HDPE (SCLAIR 59A, Nova Chemicals) with a density
of 0.962 (ASTM D792) and a melt index of 0.72 g/10 min
(ASTM D1238) was used. The maleic anhydride-grafted
HDPE (PE-g-MAn, Fusabond MB100D, DuPont Canada)
was used as a coupling agent. Organically modified clay with
dimethyl dehydrogenated tallow alkyl ammonium (Cloisite
20A, Southern Clay Products) was employed as a layered sili-
cate. A commercial grade carbon dioxide provided by Praxair
was utilized as a blowing agent.

3.2. Preparation of HDPE/clay nanocomposites

HDPE/clay nanocomposites were prepared using a parallel
counter-rotating intermeshing twin-screw extruder (Model
D6/2, C.W. Brabender, diameter =42 mm, L/D = 10) having
a barrel temperature profile ranging from 140 to 180 °C from
the feeding zone to the die zone. The residence time depends
on screw rpm and the characteristics of materials like MFI or vis-
cosity. In this case, the screw speed was set as 70 rpm. HDPE and
Cloisite 20A were used as it is without special treatment. Prior to
extrusion, organoclay powder, PE-g-MAn and HDPE were
mixed thoroughly in a container and placed into the hopper of
a screw feeder. The PE-g-MAn content was fixed at 15 wt%
and the clay contents were varied at 0.5, 1.0, and 2.0 wt%.
The extrudate was pelletized. The pelletized HDPE/clay nano-
composites were then compression molded with a hydraulic
heated press machine (Caver Inc.) for 10 min using 5 ton of
force (1.52 MPa). The temperature of the hot pressing plates
was 160 °C. The molded samples were quenched in cold water
to room temperature. The size of compression-molded samples
was 6 mm x 50 mm X 1.55 mm (width x length X thickness).

3.3. Microcellular foaming

A batch microcellular foaming process was used for foam-
ing. In the first stage, the compression-molded samples were
saturated in a pressurized CO, chamber at 5.8 MPa, at room
temperature, for 85 h. Then, the pressure was released rapidly
to supersaturate the samples with CO,. The samples were im-
mersed in a hot glycerin bath for foaming, where the foaming
temperature was 130 °C. In order to control the expansion ra-
tio, variable foaming times were used. The foamed samples
were immediately quenched in cold water to prevent cell
deterioration.

3.4. Sample characterization and mechanical testing

The morphology of HDPE/clay nanocomposites was stud-
ied by transmission electron microscopic (TEM) analysis.
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Ultra thin sections (70 nm thickness) of the nanocomposite
samples were cut by ultracryomicrotome equipped with a dia-
mond knife. Images were recorded using a Hitachi HD-2000
STEM microscope operating at 200 kV. Foam density was
measured by a buoyancy method using a density determination
kit supplied by Denver Instruments. The Archimedean princi-
ple was applied for determining the specific gravity of the
foams. The relative foam density is defined as the ratio of
the foamed to unfoamed polymer density, whereas the expan-
sion ratio is defined as its inverse. The foam samples were
examined using scanning electron microscopy (SEM). The
samples were coated using a cold coating process by applying
a thin layer of gold with the aid of a sputter coater (SEM Coat-
ing Unit PS3). The gas pressure was set at 2 kPa (20 mbar) and
the current was applied at 9—10 mA. The entire coating time
lasted 70 s. The edges of the coated samples and the SEM
mounts were then painted with a conductive carbon paste. A
JSM scanning electron microscope (Model 6060) was then
operated at 20 kV, and images were acquired from several
locations on each sample.

Uniaxial tensile mechanical tests were performed with an
Instron 4482 machine with a 100 kN load cell at room temper-
ature. A crosshead speed of 50 mm/min was used, and the
strain was measured based on the change in the displacement
of the crosshead. The elastic modulus was obtained from the
maximum slope at the initial elastic portion of the stress—
strain curves. The tensile strength and elongation at break
were also reported. A minimum of five specimens was tested
for each data point and the averages were reported.

4. Results and discussion
4.1. Characterization

The transmission electron micrographs of HDPE/clay nano-
composites are shown in Fig. 5. To all of three clay loading
cases, intercalated clay clusters dispersed in the polymer ma-
trix are detected. As shown in the figure the thickness of inter-
calated clay clusters is decreased as clay content increases,
which means that interlayer spacing in clay clusters is de-
creased as clay content increases. Fig. 6 shows the scanning
electron micrographs of foamed samples. HDPE/clay nano-
composites produced foams of smaller cell size (=1 pm)
and also show low foaming grade. This phenomenon is due
to low solubility and diffusivity of CO, by the crystalline
structure in HDPE. In general, compared to the amorphous
polymer, foaming of the semicrystalline polymer is difficult
because of the crystalline structures in the semicrystalline
polymer, which was demonstrated in Refs. [31,33,51,52],
where the expansion ratio was decreased with increasing crys-
tallinity. Also, the foaming grade of HDPE is usually de-
creased with increasing molecular weight or with decreasing
melt flow index [53]. With increasing molecular weight, cell
size is decreased and cell density is increased [53].

The effects of clay contents and foaming times on the vol-
ume expansion ratio of HDPE/clay nanocomposite foams
are shown in Fig. 7. The figure indicates that relatively low
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Fig. 5. Transmission electron micrographs of HDPE/clay nanocomposites:
(a) 0.5 wt% clay; (b) 1.0 wt% clay; (c) 2.0 wt% clay.

void fractions were achieved. This result is similar to the
Rachtanapun’s [38] experimental result, where the volume ex-
pansion ratios of HDPE foams could reach up to 1.067. From
Fig. 7, it was demonstrated that clay particles provide favor-
able condition for foaming in HDPE. Since the crystallinity
decreases with increasing clay contents [54], high clay
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Fig. 6. Scanning electron micrographs of HDPE/clay nanocomposite foams
(x10000): (a) 0.5 wt% clay; (b) 1.0 wt% clay; (c) 2.0 wt% clay.

loadings result in a drop in crystallinity and, consequently, can
result in a favorable effect on foaming. Higher volume expan-
sion can be achieved by increasing the foaming temperature
[38,39], or by using low-molecular weight HDPE, or lower
viscosity material [53]. However, high foaming temperature
may cause the deformation of the samples and, as a result,
decreases the mechanical strength.
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Fig. 7. Effect of clay content and foaming time on the volume expansion ratio
of HDPE/clay nanocomposite foams.

4.2. Mechanical properties

Dispersed clay platelets in HDPE led to increased elastic
properties, and also resulted in a reduction of the degree of
crystallinity [34]. In this experiment, the elastic modulus of
HDPE was improved by 9% when nanoclays were added
(Fig. 8). However, the variation of the elastic modulus by in-
creasing clay contents was small. This could be a result of
the degree of the intercalation. Other researchers reported
that the clay fraction in HDPE has little effect on the intercala-
tion extent within 5 wt% clay loadings [17]. In Fig. 8, theoret-
ical prediction was compared with the test results. In the model,
dld, =35, 4, and 3 were used for 0.5, 1.0, and 2.0 wt% clay
composites, respectively, which were determined on the basis
of XRD studies of HDPE/clay nanocomposites [15,55—57]:
When 1.0 and 2.0 wt% clay (Cloisite 20A) concentration was
used the d-spacing of the clay was measured as 35 A [56]
and 30 A [17], respectively, which indicates that macromolec-
ular chains are intercalated into the interlayer of Cloisite 20A.
In the case of these interlayer distances, the ratios of clay layer
spacing and clay layer thickness (dy/d,,) for 1.0 and 2.0 wt%
clay concentration are calculated as 2.5 and 2, respectively,

1000
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o
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4 600
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©
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€ 400
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®
©
w 200 A | | Experiment
Eq. (9)
O T T T T T
0.0 0.5 1.0 15 2.0

Nanoclay contents (wt.%)

Fig. 8. Effect of clay loading on the elastic modulus of HDPE/clay
nanocomposites.
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in which 1 nm thick of silicate layers was used [58]. Also, it
was reported that the d-spacing of Cloisite 20A was enlarged
from 24 A t0 35.6 A at 2.5 wt% clay concentration [55], which
corresponds to dy,/d, =2.6. No obvious change in clay layer
spacing is found for HDPE/clay nanocomposite when the
clay content increases from 2 to 5 wt%, however, the d-spacing
was proved to be decreased with increasing clay concentration
[17,55]. The d-spacing of clays can also be increased by maleic
anhydride-grafted polyethylene (PE-g-MAn). When organic-
montmorillonite (Org-MMT) is added in HDPE/clay nanocom-
posites the d-spacing of Org-MMT is increased as the content
of PE-g-MAn increases [57]. Thus, in the present model, 1.5
times of d/d, values were adopted as d/d, =4 and 3 for
1.0 and 2.0 wt% clay loadings, respectively, because 15 wt%
of maleic anhydride-grafted polyethylenes were used in the
HDPE/clay nanocomposites. Also, for the case of 0.5 wt%
clay loadings, more increased interlayer spacing of clays (d,,/
d,=5) was used in the model. The number of clay layers
(np) in each intercalated clay cluster was assumed as 5. As
shown in Fig. 8, the developed model for the elastic modulus
of HDPE/clay nanocomposites was found to have a trend sim-
ilar to the experimental results.

The effect of the clay loadings on the elastic modulus of
HDPE/clay nanocomposite foams is shown in Fig. 9. The re-
inforcing effect of the clays on the elastic modulus of foams
was maximized when clay loading was 0.5 wt%, and then de-
creased with increasing clay content. In other words, the rate
of decrease of elastic modulus by foaming becomes the least
at 0.5 wt% clay loading. This decreasing phenomenon of the
relative elastic modulus implies that some of the nanoclays
acted to have a deteriorating effect on the foams after
0.5 wt% clay loading. Lee et al. [16] reported that some
stacked clays were found above 3 wt% clay loading when
PE-g-MAn was used as a compatibilizer in synthesizing nano-
composites. In this case, montmorillonite was treated with
a swelling agent (octadecylamine) before melt mixing to in-
crease the interlayer distance of the clays. However, in this
study, clays are used as received in the melt compounding. Ac-
cordingly, the deteriorating effect by stacked clays might be
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Fig. 9. Effect of clay content on the relative elastic modulus of HDPE/clay
nanocomposite foams.

created before 3 wt% clay loadings in this experiment. The
theoretical models for tensile elastic modulus of HDPE/clay
nanocomposite foams were compared with the experimental
results shown in Fig. 10, where the Poisson’s ratio was fixed
as 0.35. As shown in the figure, the elastic modulus decreased
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as the relative density decreases. As indicated in Fig. 10a, Eq.
(23) is representing the elastic modulus of foams at high rela-
tive density. Thus, the application of Eq. (23) in Eq. (24) is
regarded as appropriate. The test results of the elastic modulus
in Fig. 10b may look as consisted of three data groups, which
are due to the limited recording system from the tensile test
machine. Also the figure look as there is big deviation between
experiment and prediction. However, the elastic modulus de-
creases with decreasing the relative density because the
change in the experimental elastic moduli moves between data
groups. Also, the theoretical curves in the figure are connect-
ing the each data group. To compare the theoretical models
with experimental results more accurately, 1% secant modulus
was used in Fig. 10c. The 1% secant modulus is smaller than
the elastic modulus (=0% secant modulus) used in Fig. 10b
by approximately 6.5%. However, the 1% secant modulus
can be representative of the tensile modulus in this experiment
as it is quite close to the maximum modulus values. Also, the
use of the modulus can be an effective method for fully non-
linear elastic behavior as well as it can overcome the limit of
the recording system of test machine. As shown in Fig. 10c the
theoretical model (Eq. (24)) predicts the tensile elastic modu-
lus well. Also, this model shows no big difference between
clay contents as represented by experimental data.

The tensile strength of the HDPE/clay nanocomposite was
also improved by 5—7% by adding nanoclays as shown in
Fig. 11. When HDPE/clay nanocomposites contain partially
intercalated/exfoliated clays, their tensile modulus and tensile
strength could increase continuously up to 7 wt% clay load-
ings [16]. In this study, however, the tensile strength creates
no big difference to the change in the clay contents within
2.0 wt% clay loadings and some decreasing phenomenon after
1.0 wt% was found out as well. This implies that some of the
clays in the samples remain in the stacked state and resulted in
a retrogressive effect on the reinforcing process. Murphy et al.
[24] also reported that organoclay loading in polyethylene had
an adverse effect on the tensile yield stress. As shown in
Fig. 12, the HDPE/clay foams containing 0.5 wt% nanoclay
had higher tensile strength than other clay loadings.

25

20
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Tensile Strength at Yield (MPa)

0.0 0.5 1.0 1.5 2.0 25
Nanoclay contents (wt.%)

Fig. 11. Effect of clay loadings on the tensile strength of HDPE/clay
nanocomposites.

The percent elongation at yield decreased by 20 when nano-
clays were added to the HDPE, and the variation was small
between 0.5% and 2.0% clay loadings (Fig. 13). The decrease
in yield strain is probably due to the confined movement of the
polymer between the clay particles. The percent elongation at
break of HDPE was considerably reduced with the addition of
nanoclays (Fig. 14). As foaming increases, the percent elonga-
tion at break decreased until the relative density was 0.95 and
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Fig. 12. Effect of clay loadings on the relative tensile strength at yield of
HDPE/clay nanocomposite foams.
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Fig. 13. Percent elongation at yield of HDPE/clay nanocomposites.
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Fig. 14. Percent elongation at break of HDPE/clay nanocomposites.
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began to increase again (Fig. 15). Also, the percent elongation
at break decreased as the clay content increased. Similarly, as
tensile strength, the highest percent elongation of the foams
was obtained at 0.5 wt% clay loading.

The uniaxial tensile test results of the HDPE/clay nanocom-
posites and nanocomposite foams are plotted in Fig. 16. The
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Fig. 15. Percent elongation at break of HDPE/clay nanocomposite foams.
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Fig. 16. Effect of clay loadings on the tensile behavior of: (a) HDPE/clay
nanocomposites and (b) HDPE/clay nanocomposite foams.
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Fig. 17. Tensile elastic behaviors of HDPE/clay nanocomposite foams depend-
ing on: (a) the clay contents and (b) the relative densities.

HDPE/clay nanocomposites show plastic deformation result-
ing from the separation of the crystalline block segments in
HDPE. By adding clay particles, the elastic modulus and ten-
sile strength of HDPE were improved somewhat. However, the
percent elongation at break decreased greatly as the clay con-
tent increased. The percent elongation at yield of HDPE/clay
nanocomposites changed a little with clay loading. The pro-
posed constitutive model was compared with experimental
results in Fig. 17. The effects of clay contents and relative
density of foams on the tensile behavior were investigated
with model prediction. The viscoelastic properties of HDPE/
clay nanocomposite foams were well described by the model.
The viscoplastic model which can be applied after yielding
will be studied in the future work.

5. Conclusion

The effects of the nanoclay and foaming conditions on the
foam morphology and tensile mechanical properties of poly-
mer/clay nanocomposite foams were studied. The microcellu-
lar closed-cell nanocomposite foams were prepared by batch



3360 C. Jo, H.E. Naguib | Polymer 48 (2007) 3349—3360

foaming process with 0.5, 1.0, and 2.0 wt% nanoclay loadings.
The effect of clay contents and foaming conditions on the cell
morphologies such as cell size and volume expansion ratio,
and on the mechanical properties such as elastic modulus, ten-
sile strength, and elongation at break was investigated. The
nanoclays in both nanocomposites and nanocomposite foams
played a role in improving the mechanical properties such as
elastic modulus and tensile strength at yield. Compared to
the pure HDPE foams, HDPE/clay foams showed better tensile
properties. At 0.5 wt% nanonclay loading, the mechanical
properties of both nanocomposites and nanocomposite foams
were improved most. A constitutive model for characterizing
the tensile elastic behavior of HDPE/clay nanocomposite
foams was developed using micromechanics theory and com-
pared with the experimental results. Within high relative den-
sity region, the theoretical model could predict the uniaxial
tensile elastic behavior of HDPE/clay nanocomposite foams.
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