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ABSTRACT: In this work, we investigated the effects of
metal stearate salts on the structure, morphology, and
properties of poly(ethylene-acrylic acid) neutralized by
zinc salts (PI). The samples were characterized in detail
with spectroscopic [Fourier transform infrared (FTIR) spec-
troscopy], microscopic (hot-stage optical microscopy), ther-
mal [thermogravimetric analysis, modulated differential
scanning calorimetry, and dynamic mechanical analysis],
mechanical, and scattering (small-angle neutron scattering
and small-angle X-ray scattering) techniques. The melt
rheological properties of the samples were also investi-
gated. The structure of the ionic domains was determined
by the type of cations and the salt proportion (FTIR). The
predominant interaction was found to exist between the

metal stearate and the ionic group. Na* cation exhibited a
unique behavior, whereas Zn>" showed a coordinated
structure and, hence, properties. The ionic groups in the
Na and Zn stearate systems existed as multiplets and clus-
ters, but multiplets were the main structure in the Al salt
system. The salts acted as plasticizers above their melting
points (mp’s) but as fillers below their mp’s. The melt
flow properties of PI were significantly affected by the
metal cation and salt proportion and were improved
greatly by the introduction of the salts. © 2012 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 000: 000-000, 2012

Key words: ionomers; mechanical properties; rheology;
thermal properties

INTRODUCTION

Ionic associations present in ionomers act as physical
crosslinks; this leads to many of the characteristics
of a chemically crosslinked polymer. Specifically,
significant increases in the melt viscosity, rubbery
modulus, and glass-transition temperature (T,) are
observed because of the presence of these ionic asso-
ciations."™® Such associations make it possible to pro-
duce ionic thermoplastic elastomers, whereas the
weakening of the associations at elevated tempera-
tures permits melt processing, but the long lifetimes
of the associations at room temperature yield cross-
linked, polymer-like behavior. Also, the presence of
ionic groups makes the flow behavior complex and
significantly increases the relaxation time of poly-
mers. The magnitude of the increase in the relaxa-
tion time depends on the type of ion and the poly-
mer backbone, as well as on tern1:>era’cure.9’lo
However, being nonpermanent crosslinks, they can
be reversibly disrupted by the application of heat,
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solvent, stress, or a combination thereof. The ionic
associations are, thus, in a dynamic equilibrium con-
dition. Cooper'' reported that these associations
might exist to very high temperatures, even when
the interchange of ionic groups (with stress relaxa-
tion and promotion of melt flow) was rapid.

The strategy of mixing ethylene ionomers with
different metal cations offers some technological
advantages because of cation exchange; however,
many properties, such as strength, stiffness, and
moisture absorption, can also be tailored according
to the requirements with plasticizers. Many plasticiz-
ers, such as ionic or nonionic plasticizers, have been
investigated to assist melt flow.'>* The complexity
of the flow behavior of ionomers increases with the
type of ionic moiety, degree of neutralization, size,
and so on. The persistence of strong ionic association
even at an elevated processing temperature thus
mandates a method that can weaken the ionic inter-
action. Through the choice of a suitable additive and
the cation borne by it, it is possible to obtain ionom-
ers with excellent mechanical properties and suffi-
ciently low melt viscosities. This can be achieved by
the addition of a polar ingredient that can plasticize
the ionic domains at elevated temperature, only
without any detrimental effect on the room-tempera-
ture mechanical properties. A variety of such unique
ionic plasticizers were described by Makowski
et al.”' In particular, an attractive combination was
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TABLE I
Identification of the Samples and Their Thermal and Viscoelastic Properties
Molar ratio of metal stearate TGA R

Sample to acrylic acid (mol %) Tmax® °C) Weight loss at 420°C (%) E' —150°C (MPa) T; from tan & (°C)
PI — 471.4 5.84 4238.2 32.0
PI-NaST-1 5 476.7 6.20 4551.7 37.9
PI-NaST-2 13 477.5 9.08 4418.7 379
PI-NaST-3 27 476.7 12.55 4466.2 36.5
PI-ZnST-1 5 476.0 7.11 4399.7 33.9
PI-ZnST-2 13 476.7 8.91 4618.2 334
PI-ZnST-3 27 477.5 12.53 4456.7 322
PI-AIST-1 5 475.2 6.13 4447.2 36.9
PI-AIST-2 13 477.5 9.23 4485.2 30.4
PI-AIST-3 27 477.5 12.19 4494.7 32.6

* Tmax = maximum decomposition temperature; E’ = Storage modulus

found to be zinc stearate (ZnST) with zinc salt of
sulfonated ethylene-propylene-diene = monomer.
ZnST is known to behave as an ionic plasticizer
above its melting point (mp) but as filler at room
temperature. Depending on their compatibility, the
thermal, mechanical, and relaxation behaviors can
vary widely. Therefore, the variation of the transi-
tion parameters and different relaxations can be
related to the degree of microphase separation, and
the change in the size and shape of the cluster due
to the addition of a polar additive. In this work, the
modification of the ionic association and the micro-
structure of ethylene ionomer were examined with
various metal stearates. Various mechanical, struc-
tural and morphological aspects and, in particular,
flow behavior were studied in depth to understand
the role of such additives.

Various metal stearates, which could dissociate/
weaken the ionic interactions and also disrupt the
hydrogen bond, were used to ease melt processing.
Although a nonionic plasticizer can plasticize both
the ionic phase and the nonionic matrix, a polar one
can selectively plasticize the ionic domain through
associations with the ionic groups at processing tem-
peratures and, thus, assist melt flow. The polar plas-
ticizer can dissociate, therefore, the ionic groups at
the service temperature and allow the ionic associa-
tions to reform and serve as physical crosslinks. The
aims of this work were to tailor the ionic interaction
and microstructure with alkaline and transition-
metal stearates and to establish their influences on
the ionic aggregation, hydrogen bonding, and vari-
ous other properties, including the melt rheological
behavior of the ionomer. The ionomer, poly(ethyl-
ene-acrylic acid) neutralized by zinc salts (PI), was
used in conjunction with various metal stearates,
including sodium stearate (NaST), ZnST, and alumi-
num stearate (AIST), to vary the level of ionic inter-
action and, hence, modify the properties. The ideal
salt would provide the right melt rheology during
processing with enhanced physical properties.
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EXPERIMENTAL AND CHARACTERIZATION
Materials

The commercially available ionomer, PI (Iotek 4200),
was received from Kemcor Australia. Iotek 4200 was
manufactured by Exxon-Mobil with a melt flow
index of 3 g/10 min, density (d) = 946 kg/m’. It
contained 11 wt % acrylic acid segments, of which
14 mol % was neutralized by zinc salt. The metal
salts used to plasticize PI were NaST (AJAX Chemi-
cals, Ltd., Australia), ZnST, and AIST (CSR Chemi-
cals Pty., Ltd., Australia).

Sample preparation

PI was mixed with various stearate salts in different
proportions (Table I) using a Brabender plasticorder
at 180°C at a rotor speed of 60 rpm. PI was first
melted in the mixer, and then, the metal salts were
added. Mixing was done for 3 min. The mixture was
then compression-molded to make a sheet at 150°C
under a pressure of 31 MPa. The sample was then
cooled to room temperature under the same pres-
sure. The samples with metal stearate systems were
transparent; this indicated that the stearates
remained soluble in the system. The samples were
left for 24 h before testing.

Characterization

Photoacoustic Fourier transform infrared (PA-FTIR)
spectroscopy was used for the structural analysis of
the ionomers. A Nicolet Magna spectrometer (model
750) equipped with an MTEC (model 300) photoa-
coustic cell (Ames, Iowa) was used. Carbon black
was used as the reference. The purge gas used was
high-purity helium at a flow rate 10 cc/s.
Thermogravimetric analysis (TGA) of the samples
was performed with TA 2950 thermal analyzer (TA
Instruments, New Castle, DE) under a nitrogen
atmosphere. The samples were heated from 30 to
600°C at a heating rate of 10°C/min. The onset of
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degradation, the weight loss due to different ingre-
dients, and the residue remaining were evaluated.

Modulated  differential ~ scanning  calorimetry
(MDSC) was conducted with a DSC 2920 (TA Instru-
ments) to analyze the melting/crystallization behav-
iors of the samples. The purge gas used was helium
at a flow rate of 50 mL/min. The sample (~ 5 mg)
was first heated from 30 to 120°C at 20°C/min in
DSC mode, then cooled to 30°C at 0.5, 2, and 5°C/
min cooling rates, and finally heated again from 30
to 120°C at a 2°C heating rate with an amplitude of
modulation of +0.2°C and a period of 40 s in MDSC
mode. The heat flow (HF) associated with the transi-
tions in the materials as a function of time and tem-
perature was measured.

The dynamic mechanical properties of the samples
were measured with a DMA 2980 instrument (TA
Instruments). The sample size used was 15 x 2 x
0.5 mm®. The module dynamic mechanical analysis
(DMA) multifrequency tension mode was used with
a static force of 1 N and a frequency 1 Hz. The sam-
ple was heated from —150 to 100°C at 3°C/min heat-
ing rate. Thermal analysis of each sample was done
in duplicate. The scatter between the experimental
results was =2%.

Hot-stage optical microscopy (HSOM) was used to
measure the phase transitions and crystallization
kinetics of the polymers. Microtomed samples (40
pum thick) were placed on a microscope slide, and a
cover glass was fixed over it. The slide was then
heated at a heating rate of 2°C/min to 120°C, held
for 4 min, then cooled to different temperatures at a
cooling rate of 2°C/min, and finally cooled to 30°C
at 0.5°C/min. The images were recorded on video
with representative images captured during cooling
with the IP Lab image analysis program (Scanalytics
IPLab for Windows, Buckinghamshire, UK), and the
temperature was recorded at the time of capture.

Small-angle X-ray scattering (SAXS) data was
obtained at room temperature with compression-
molded films with a Bruker (Ostliche Rheinbriick-
enstr, Germany) SAXS instrument. The sample-to-
detector distance used was 62.7 cm. The X-ray
source employed was from Cu Ko radiation with a
wavelength of 1.54 A. The scan range of 20 was
from 0.15 to 5°.

Small-angle neutron scattering (SANS) measure-
ments were carried out at the national SANS facility
at the Australian Nuclear Science and Technology
Organisation (Lucas Height, New South Wales).
Samples 1 mm thick were placed in an automatic
holder and exposed to the neutron beam for a total
of four times for 1 h. Data were collected on the 10-
m SANS instrument. The neutron’s wavelength was
3 A. The scattered neutrons were collected on a two-
dimensional position sensitive detector. The sample-
to-detector distance used was 5000 mm. The g range
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Figure 1 FTIR spectra of PI and PI-MST-2 at 13 mol %.

used was 0.012-0.14 A~'. The scattered intensity
data were placed on an absolute scale by their com-
parison with scattered intensity from a standard
sample (porous silica) collected under identical ex-
perimental conditions.

The rheological properties of the samples were
investigated with an AR 1000N instrument (TA
Instruments) under oscillation mode. Isothermal
measurements were taken in the temperature range
115-155°C over the frequency range 0.1-50 Hz. The
sample was placed between the parallel plates and
heated to the desired temperature under a nitrogen
atmosphere. The quantities measured were the in-
phase and out-of-phase components of the shear
stress, from which the shear storage modulus (G)
and loss modulus (G”) were calculated.

The relationship between the force and fractional
deformation was measured according to the ASTM
D 882-97 specification. The stress—strain behavior of
the materials was also studied.

RESULTS AND DISCUSSION
Structural investigation by PA-FTIR spectroscopy

The effects of various amounts of NaST, ZnST, and
AIST on the ionomer’s structure were investigated
with PA-FTIR spectroscopy. Figure 1 shows the
superimposed Fourier transform infrared (FTIR)
spectra of the ionomer with various metal stearates
(MSt) at 13 mol %. All of the spectra were corrected
with linear baseline correction for peak intensity
comparison. The main differences in the spectra of
the original ionomer and the samples prepared by
mixture with different salts were observed in the
region 1300-1800 cm ™' (Fig. 1). The intense band at
1700 cm™' was ascribed to the C=O stretching
mode peak from the unneutralized acid or hydrogen
bonded —COOH group. No shift was observed for
this peak with the type of salt used. However, its in-
tensity decreased and became broader with increas-
ing proportions of stearate present. This observation
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indicated that the metal salt also acted as a hydro-
gen-bond disruptor, which lowered the extent of
such bonding. The effect of different salts on the
local structure of the ionomer is clearly revealed in
Figure 1. For the PI-ZnST systems, a comparison of
the spectra in the range 1530-1650 cm ' clearly
revealed that because of the presence of the same
cation (zinc), the spectra of the ionomer and PI-
ZnST-2 displayed similar doublet peaks at 1560 and
1600 cm ™}, respectively; however, the peak inten-
sities marginally increased with the addition of
ZnST. Thus, the local structures of PI and PI-ZnST-2
were much the same at such low salt proportions
and also provided strong evidence that ZnST
appeared in the ionic region, not in the polymer ma-
trix. PI-NaST-2, on the other hand, showed a broad
peak centered at 1580 cm ™' with a hint of two satel-
lite peaks, and PI-AIST-2 showed a narrow peak at
about 1590 cm™ ' with two satellite peaks. These
results demonstrate that the local structure of the
ionomer was changed to some extent with the addi-
tion of Na and Al salts. In addition, the structure
also depended on the size and valence of the metal
cations. The major broad peaks in the spectra of PI-
NaST-2 and PI-AIST-2 occurred at different wave
numbers; this indicated the different strengths of the
ionic group interactions.

In the samples with various levels of NaST (Sup-
porting Information, Fig. A), no band for the free
acid group was detected at 1750 cm™'. A clear dif-
ference was noticed between the samples in the
region 1500-1660 cm ' that reflected one broad peak
flanked by two shoulders. The main peak did not
shift with the proportion of NaST; however, the
shoulders at 1560 and 1538 cm ' became more
prominent and shifted to lower wave numbers. The
peaks in this range were ascribed to the local struc-
tures of ionic groups from multiplets (low wave
numbers) to clusters (high wave numbers). These
two bands were related to the asymmetric stretching
vibration of the carboxylate groups in the ionic mul-
tiplets and in the ionic clusters, respectively,” > and
as the proportion of metal salt in the multiplets
increased, the local structure became more complex.

In the samples with various levels of ZnST (Sup-
porting Information, Fig. B), two peaks were
observed in the region 1500-1660 cm™'. In PI-ZnST-
1 systems, the peak at 1600 cm™' was due to the
stretching of the carboxyl (—COO™) group and indi-
cated that the local structure of Zn salt was mainly
zinc acid salt. The peak at 1560 cm ™' was relatively
smaller than the peak at 1600 cm '. ZnST also
showed a strong band at 1538 cm ™' due to asym-
metric carboxylate stretching of zinc carboxylate
(vibration of tetracoordinated zinc carboxylate and
hexacoordinated zinc carboxylate multiplets).** In
PI-ZnST-2, the relative intensity of the peaks at 1560
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and 1538 cm ' increased relative to the peak at 1600
cm'; this indicated increasing multiplet content. In
PI-ZnST-3, the peak at 1538 cm ™' became the main
peak with a shoulder at 1560 cm ™!, whereas the
peak at 1600 cm ! decreased; this indicated the pres-
ence of plasticizer within the ionic domain. These
results indicate that the ionomer at low ZnST level
had the same local structure as that of PI and, at
higher levels, (PI-ZnST-3) remained in tetracoordi-
nated zinc carboxylate and hexacoordinated zinc car-
boxylate multiplet forms.

The AIST system showed one peak at 1590 cm '
with two shoulders at lower wave numbers (Fig. 1).
The peak shifted to higher wave numbers with
increasing AIST level (the FTIR absorption spectrum
of AIST is shown in the Supporting Information, Fig.
C, for reference). Currently, there are no reports on
how trivalent metal cations influence the structure of
ionomers. In general, in the presence of AI’" salts,
the dominant ionic structure was multiplet with
some clusters, so the peak wave number shifted. At
the same time, because of the existence of other
kinds of aggregation, either peak broadening
occurred. The structure of the ionic groups in the
ionomer became complex with higher valence of
metal cations and salt level. At higher stearate levels,
the system exhibited phase-separation behavior with
the metal salt resident in the ionic domain.

Thermal stability

TGA was used to evaluate the thermal stability and
the decomposition pattern of the ionomer with vari-
ous metal salts. After the preparation of the samples,
they were kept in desiccators to prevent moisture
absorption before the TGA measurements. Thermog-
ravimetric—differential thermogravimetric curves of
PI were reported in our earlier communication.”*®
Table I lists the maximum decomposition tempera-
ture of all of the samples. The weight loss—tempera-
ture curves (Supporting Information, Fig. D) showed
a major peak at 471.4°C (PI) due to the decomposi-
tion of the ionomer. However, a two-step weight
loss pattern was observed in the NaST systems: the
first one due to the decomposition of metal stearate
(200—400°C) followed by the subsequent decomposi-
tion of the ionomer (>400°C). The initial weight loss
ranges were from 5 to 20% in the PI-NaST systems,
related to the uncomplexed organic acid.**® The
thermogravimetric curves of the samples with NaST
shifted marginally to higher temperatures (~ 5°C)
compared to PIL; this indicated that NaST did not
affect the thermal stability of PI. The residue fol-
lowed the order: PI-NaST-3 > PI-NaST-2 > PI-
NaST-1 > PL The ZnST and AIST systems showed a
similar trend. When we compared the samples with
various salt levels, it was clear that the maximum
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Figure 2 SAXS profiles of PI and PI-MST-2 at 13 mol %.

decomposition temperature changed marginally and
indicated that the thermal stability of the ionomer
remained invariant with the addition of various
metal salts.

Microstructure and morphology

The ionic microstructure of the representative sam-
ples were determined with SAXS and SANS. Figure
2 shows the SAXS profiles of PI with various metal
salts at 13 mol %. A peak was observed in the scat-
tering pattern for most samples in a scattering angle
range of 0.5-1°. The ionomer curve showed one
peak (0.69°, 128 A) and an upturn at a very low
angle. Although this peak was the evidence of
microphase separation in the ionomer, there is no
model that can describe the size, shape, and distri-
bution of the ionic domain. The PI-NaST-2 curve
showed that the cluster peak shifted to a lower angle
(0.65°, 136 A) compared to PI. The increase of the
cluster size in low-angle scattering also suggested
that the local structure of the ionic domains was
modified by the addition of NaST and revealed the
presence of Na cations in the ionomer cluster. This
process reorganized the domain microstructure and
allowed the incorporation of the metal salt; this,
thereby, increased the volume fraction of the cluster
present in the sample. In addition, it increased the
size and the electron density difference between the
matrix and the cluster. The intensity of the upturn
for PI-NaST-2 was also higher than that of PI; this
indicated the presence of the ions in the ionic
domains. The presence of those two features repre-
sented two-distinct environments of the ions, that is,
clusters and multiplets. In particular, the upturn (or
low-angle scattering) originated because of the inho-
mogeneous distribution of isolated ionic groups. The
SAXS curve of PI-ZnST-2 demonstrated that the
cluster peak (ionic domain) did not shift but became
broader compared to PL This observation indicated
that the cluster size of the ionomer was independent
of the ZnST proportion, but the local structure of the

ionomer became more complex with increasing salt
content. The result of the addition of PI-AIST-2 was
obviously different from other samples. The ionic
peak intensity increased and shifted to a lower scat-
tering vector (indicating a larger size). A very high
upturn intensity appeared, and the cluster peak
occurred at 0.66° (134 A), which was lower than that
of PI. The PI-AIST-2 results demonstrated that the
ionic groups mainly existed as multiplets rather than
clusters. The appearance of the small cluster peak
was due to Zn salt from the ionomer. The shift of
the peak to a lower angle suggested that some Al
cations also resided in the clusters. When we com-
pared the samples examined, it was clear that mono-
valent and divalent salts existed in the clusters and
that multiplets in the ionomer and the quantity of
the clusters and multiplets depended on the salt lev-
els, but trivalent cations gave rise to multiplets,
which acted as ionic association disruptors. Various
metal salts in the ionic phase changed the electron
density contrast between the matrix and clusters and
reduced the volume fraction of the cluster in the ion-
omer, which resulted in reduced ionic peak
intensity.

The microstructure of the ionomer was also inves-
tigated as a function of metal cation (Na and Al)
with SANS. Figure 3 exhibits the SANS profiles of
PI, PI-NaST-2, and PI-AIST-2. A distinct upturn was
observed in all of the samples, followed by a broad
peak, which was associated with the ionic region.
The intensity of the upturn was higher for the ion-
omer with the salts than that for neat PI. This trend
indicated that the volume fraction of separated ion-
rich aggregate increased because of the addition of
stearate salts.”’ The maximum scattering intensity
was observed corresponding to an average spacing
(calculated with d = 2n/q). The upturn appeared at
g=011 nm ' (d = 57 nm) for PI and g =0.13 nm
(d = 49 nm) for PI-NaST-2 and PI-AIST-2. The na-
ture of the small peak for PI-NaST-2 and PI-AIST-2

31 -=-PI
—~ PI-NaST-2
25 - - PI-AISt-2

Intensity
nN

T T =

01 01 03 05 07 08 1.1 13 15
q(nm™)

Figure 3 SANS profiles of PI, PI-NaST-2, and PI-Al ST-2.
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Figure 4 Polarized optical microscopy pictures of PI-NaST-2, PI-ZnST-2, and PI-AIST-2 after various cooling times from

the melt (the scale bar at the top left corner is 50 pm.).

was similar. The position of the peaks essentially
merged with the small angle upturn.

HSOM was performed to visualize the effect of
metal salts on the melt crystallization behavior of
the ionomers. The micrographs of PI after crystalli-
zation at various times (0-120 min) were shown and
discussed elsewhere.” In this work, only the polar-
ized optical microscopic images of PI-NaST-2, PI-
ZnST-2, and PI-AIST-2 are shown in Figure 4. The
images of PI-NaST-2 show that PI-NaST-2 was in
the melt form at 100°C (initial), with some crystals at
87.5°C (after 60 min) and with more crystals at
85.0°C (after 90 min). At 58.0°C (after 120 min), a ho-
mogeneous spread of small finer crystals was clearly
observed. In PI-ZnST-2, the crystallization process
showed a similar trend as that in PI-NaST-2. PI-
AIST-2 was in the melt state at 100°C, and the exis-
tence of small crystals was obvious because of the
presence of AIST. The crystals grew with decreasing
temperature. It was noted that an extent of phase
separation existed in these four images. The dark
areas represented AIST, and the light area was the
ionomer matrix. Solid AIST acted as a nucleating
agent for the crystallization process during cooling.
The crystallization of the polyethylene (PE) phase
started in the presence of AIST. The crystallization

Journal of Applied Polymer Science DOI 10.1002/app

process of PI-AIST-2 was somewhat different from
that of the other samples. It showed a droplet matrix
structure with the ionomer as the continuous phase
and AIST as isolated domains in the matrix. Less
defined crystals of the ionomer due to the ionic
groups and the metal salt were evident under
HSOM. It indicated a lower level of crystallinity, as
also confirmed from MDSC (discussed later). The
results indicate that the ionic domains restricted the
formation of the nonspherulite, which was depend-
ent on the type of metal cations. The images show
that fine crystals occupied the complete area at 85°C,
and the amorphous regions could exist in the inter-
unspherulitic area of PI, PI-NaST-2, and PI-ZnST-2.
At all experimental temperatures, PI-AIST-2 showed
the presence of smaller crystals but a more coarse
morphology than the rest. It appeared that the melt
went through homogenization and refinement and
crystallized under HSOM; this led to a more even
distribution of the stearate droplet in the matrix.
Differential scanning calorimetry (DSC) was also
used to determine the influence of metal stearate on
the melting and crystallization behaviors of the ion-
omers. PI showed the order—disorder transition of
ionic cluster at 53.2°C and the melting of PE at
95°C.*® Table 1II lists these two transition
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TABLE II
Cluster Transition and PE Melting Temperature from DSC
PE melting PE melting
Sample T; °C) temperature (°C) Sample T; (°C) temperature (°C)
PI 53.2 96.2 PI-ZnST-2 56.2 95.5
PI-NaST-1 521 97.1 PI-ZnST-3 56.7 94.8
PI-NaST-2 51.6 97.0 PI-AIST-1 53.8 96.9
PI-NaST-3 514 96.0 PI-AIST-2 55.9 95.6
PI-ZnST-1 54.5 95.9 PI-AIST-3 53.0 96.8

temperatures for all of the experimental samples.
The results show that the PE melting temperature
did not change with the addition of metal stearate;
this indicated that the metal salts did not plasticize
the polymer matrix. This result was in line with the
DMA observation (discussed later). The cluster tran-
sition temperature was affected marginally by vari-
ous metal salts and their concentrations.

The samples were also examined with MDSC. The
total HF, reversing heat flow (RHF), and nonrevers-
ing heat flow (NHF) of the samples and the crystal-
linity obtained from the MDSC results at a 0.5°C/
min cooling rate are listed in Table III. The MDSC
curves of PI are reported in our earlier communica-
tion.”® The MDSC curves of PI-NaST samples were
similar to those of PI; this indicated that the addition
of NaST did not affect the morphology of the PE
crystals (Supporting Information, Fig. E). However,
Table III shows that the reversing and nonreversing
components did change. RHF increased, whereas
NHF decreased with increasing NaST proportion.
This result demonstrates that the presence of NaST
reduced the melt entanglement density and
increased the number of multiplets and ionic
domains. However, the total HF values due to melt-
ing of the PE phase of the ionomer in these samples
were similar. Metal stearate salts could contribute
two different effects: (1) metal stearate could form
small ion-rich zones or multiplets and increase their
numbers and change the crosslink density to restrict
PE crystal formation, and (2) stearate groups could
reside in the clusters or outside the remaining micro-

phase-separated region and act as fillers, and/or the
stearate groups could remain miscible with PE
phase, so some crystals were formed, including PE
chains and stearate groups, which resulted in a
more homogeneous system. Duvdevani et al.*’ and
Jackson et al®° made similar observations and
reported that ZnST formed small crystallites that
acted as fillers. These crystallites were presumed to
interact with the ionic groups to give good adhesion
between the filler and polymer.

In ZnST samples, RHF, NHF, and total HF were
similar. This observation indicated that the morphol-
ogy of the PE crystal was independent of the ZnST
content. PI-AIST-1 and PI-AIST-2 showed a similar
reversing component, but a higher value was observed
for PI-AIST-3 compared to PI. The NHF and total HF
decreased with increasing salt proportion. The crystal-
linity of the PE phase decreased as well. This was
because AI’" needed three —COO™ groups for interac-
tion. The size of ionic domains was bigger and looser
with more free volume than that formed from mono-
valent and divalent metal cations. The shoulder for
folded chains shifted to lower temperatures with
increasing content of NaST and AIST; this indicated
that the morphology and the microstructure of the
ionic domains in the ionomer were different with vari-
ous amounts of metal salts. The results for the divalent
ZnST systems clearly show a difference between the
monovalent and trivalent salts. The shoulder in NHF
and total HF only appeared at a 0.5°C/min cooling
rate, indicating that the addition of ZnST reduced the
formation of folded chains. The ionic transition peak

TABLE III

Effect of Various Metal Salts on the

Melting Behavior of PI from MDSC

RHF NHF HF
Sample J/g Temperature (°C) J/g Temperature (°C) J/g Temperature (°C) Crystallinity (%)
PI 15.3 90.6 454 94.9 60.7 944 20.9
PI-NaST-1 19.5 92.6 40.1 95.2 59.6 94.6 20.6
PI-NaST-2 25.0 92.9 349 95.9 60.0 95.2 20.7
PI-NaST-3 22.1 90.7 335 95.1 55.5 94.8 19.2
PI-ZnST-1 13.2 90.0 45.1 94.8 58.3 94.4 20.1
PI-ZnST-2 12.8 90.4 43.2 94.0 56.0 93.5 19.3
PI-ZnST-3 12.5 89.5 40.3 93.8 52.8 93.1 18.2
PI-AIST-1 14.5 92.3 43.6 95.3 58.1 94.8 20.0
PI-AIST-2 13.1 91.2 39.2 94.9 52.2 94.1 18.0
PI-AIST-3 19.3 91.8 34.5 96.0 53.8 95.4 18.5
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Figure 5 Plots of E' and tan 3 as a function of tempera-
ture for PI with and without metal salts.

did not appear in the MDSC run. This was because for-
mation of clusters was time-dependent.” In all the sys-
tems, the crystallinity dropped with the addition of
various metal salts in different proportions (Table III).

Dynamic mechanical properties

The dynamic mechanical properties of the ionomer
were studied as a function of various metal stearates
to understand the viscoelastic behavior and to make
a structure-property correlation. The E’ and tan &
values of the ionomer are shown in Figure 5 as a
function of various metal salts at 5 mol % PI-MST-1
(where M is metal). The values of E’ and the ionic
transition temperature (T;) of the ionic groups are
listed in Table I. E' in all cases decreased with
increasing temperature and was close to zero at
100°C because of the onset of the melt flow of the
samples. A significant drop in E’ was also observed
in all samples below —100°C followed by a plateau
in the range of —100 to —40°C, which was related to
Tg of the PE phase. In all the samples, Tg of PE did
not change; this indicated that the metal stearate
salts did not affect the amorphous part of PE. The
second dramatic drop of E’ for all samples was
observed from —25 to 50°C, corresponding to the
cluster transition. E’ of the ionomer was improved
with the addition of the salts but changed margin-
ally between the samples with metal salts (Table I).
E’ above 0°C did not show a difference between the
samples; this indicated that the metal salts acted as
fillers in the cluster below the cluster transition. T,
of PE and the cluster transition temperatures found
from the tan & curves were —130 and 32°C, respec-
tively.”® Table I shows that the cluster transition
temperature (from tan 6) did not change very much
with the addition of ZnST and AIST (with the excep-
tion of PI-AIST-1). The tan 6 curves (Fig. 5) showed
a sharp upturn after 70°C, which was related to the
melt flow of PE phase, which was not affected by
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the salt proportions but by the metal cations. Similar
behavior of metal stearates was also reported earlier,
where they acted as ionic plasticizers,'*!” which
selectively plasticized the ionic regions as a result of
their preferential segregation in the ionic template.
Such salts show temperature-dependent functions.
Above its mp, the salt behaved as a melt flow pro-
moter, but it acted as a filler at ambient temperature.

Melt rheology

The melt rheological properties of the ionomer and
its compounds were measured over a range of fre-
quency and temperature. The dynamic G’ is shown
in Figure 6(a) as a function of frequency at 125°C for
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Figure 6 (a) G' as a function of frequency curves for vari-
ous PI-metal stearate systems at 125°C. (b) Plot of viscos-
ity (n*) as a function of temperature for PI with various
proportions of metal salts at 1.089 Hz. (c) E of the melt
flow as a function of frequency for various systems.
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PI, PI-NaST-2, PI-ZnST-2, and PI-AIST-2 systems.
The G’ and G” (not shown) values of all of the sam-
ples increased with frequency and followed the
order: PI-AIST-2 > PI-ZnST-2~PI > PI-NaST-2. This
result shows that at 125°C, the melt behavior of PI
was affected by the addition of metal salt. The addi-
tion of NaST reduced the shear modulus of the ion-
omer, whereas the addition of AIST increased the
shear modulus, but the introduction of ZnST did not
change the flow behavior of PI. G' and G” decreased
with increasing temperature in all of the samples. It
must be noted that each stearate salt melted at a dif-
ferent temperature. NaST melted at 110°C. There-
fore, during rheological measurement at 125°C, it
acted as a flow promoter or plasticizer. On the other
hand, ZnST and AIST melted at higher temperatures
(130 and 150°C, respectively), so they remained as
fillers. The samples showed similar behaviors at 115
and 125°C. At 145°C, the G’ and G” curves of all the
samples were lower than those of PI; this indicated
that the melt flow of the ionomer was promoted by
the addition of metal salts. Metal salts acted as plas-
ticizers, disrupting the ionic association. Thus, all of
the metal salts below the mp acted as fillers, but
above the mp, they acted as plasticizers; this has
also been reported by other investigators.”

The effects of the type and level of metal salts on
the viscosity of the ionomer are shown in Figure 6(b)
as a function of temperature. As expected, the viscos-
ity of all of the samples decreased with increasing
temperature. In most cases, the drop in viscosity was
more prominent up to 130°C except PI-AIST-1, as
these metal salts (NaST/ZnST) acted as plasticizers
at this temperature. The salts reduced the viscosity
of the ionomer either by solvation or by a shear-
induced exchange reaction between the salts and the
carboxylate group.’' The viscosity drop of PI-AIST-1
was prominent at higher temperatures because of the
higher mp of AIST. In the NaST system, the viscosity
changed marginally with the salt level [Fig. 6(b)] but
was lower than that of PI; this indicated that NaST
acted as an efficient flow promoter. In ZnST systems,
the viscosity decreased with increasing salt content
at low temperature, independent of the salt content
at high temperature. The decrease in the viscosity
followed the order AP’" < Zn*" < Na'. Nishio
et al.’” reported that the zero-shear viscosity of poly
(ethyl methacrylic acid)-EMMA ionomers depended
on the kind of metal cations. Xie and Ma> observed
the same phenomenon in their sulfonated ethylene—
propylene—diene monomer ionomers.

For polymer materials, above their softening tem-
perature, the viscosity follows an Arrhenius trend.
To compare each material’s ability to flow and relate
that to plasticization, the activation energy (E) of the
melt flow processes at a constant frequency was cal-
culated with an Arrhenius equation: n’ = A exp(E/

RT), where n’ is the viscosity at a constant fre-
quency, A is a constant, R is the gas constant, and T
is the temperature. The plots of activation energy, E
of the melt flow as a function of frequency for vari-
ous systems are shown in Figure 6(c). For all sam-
ples, E decreased with increasing frequency, show-
ing shear thinning nature. In the NaST systems, E
followed the order PI-NaST-1 ~ PI-NaST-2 > PI >
PI-NaST-3. E thus reflected the ease of flow due to
the interaction force between the polymer chains
when cooperative motion started. It was clear that
NaST acted as a plasticizer; this indicated the reduc-
tion of the ionic association with the addition of
NaST. An increase in E of the ionomers with the
addition of plasticizers was observed by Granick*
and Xie and Ma.*® Often the addition of plasticizers
to an ionic polymer increases the number of ionic
domains but decreases their size, which subse-
quently increases the number of crosslinks. Thus, E
of melt flow increased. E in ZnST and AIST systems
showed an increase with increasing salt proportion
and changed marginally at higher proportions.

The G’ and G” values as a function of the angular
frequency for PI-NaST-1 (Supporting Information,
Fig. F) increased with frequency and displayed a
linear log-log relationship over the range of experi-
mental temperatures. They decreased with increas-
ing temperature. All of the experimental samples
showed similar characteristics to those of PI-NaST-1.
We observed that the viscoelastic function for PI-
NaST-1 measured at various temperatures and fre-
quencies could be superimposed onto a master
curve with time-temperature superposition (TTS).
The TTS master plot was constructed on the G’ and
G” data with TA Instruments TTS software with a
reference curve at 125°C.%* Figure 7(a) shows the
master curves of G’ and G” as a function of fre-
quency for PI-NaST-1. Both G’ and G” obeyed the
TTS principle; therefore, the curves at different tem-
peratures were found to superimpose well on a mas-
ter curve. This observation indicated that PI-NaST-1
was a thermorheologically simple system within the
experimental range. The shear modulus curves of
each sample at low stearate contents showed excel-
lent superposition, and the curves of both moduli
(G" and G”) were superposable by application of the
same shift factors; this indicated the materials to be
thermorheologically simple at low ion content. How-
ever, the master curves failed for the samples with
high ion contents (within the experimental range);
this indicated thermorheological complexity. The
microphase separation in these ionomers affected
their dynamic rheological properties.**?”

G’ and G” master curves with various ionic con-
tents were also constructed with the Arrhenius shift
factor. Figure 7(b) shows the superimposed G' and
G”; master curves of the samples with various ZnST

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 (a) G’ and G” master curves of PI-NaST-1. (b) G’ and G” master curves of PI with various ZnST contents. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

contents. The samples with various ZnST levels
showed similar results to those of PI and indicated
that the melt flow behaviors were independent of
this metal salt. A similar trend was observed by
Duvdevani et al.?’ and Jackson et al.’*® However, the
G' and G” master curves for the ZnST and NaST
samples showed dependency on the ionic contents.
The melt flow behavior of the ionomer did not
change with ZnST proportion in our study. The mas-
ter curves with AIST showed an increase with ionic
content and then dropped dramatically at 27 mol %
AIST loading.

Differences in the rheological behavior certainly
existed [Fig. 6(a)] when different salts were
employed. When the ratio of stearate to acrylic acid
was 13 mol %, the G’ and G” values of the samples,
except PI-AIST-2, were lower than PI. The G’ and G”
values of PI-AIST-2 were much higher than PI,
which indicated that G’ of PI increased at such AIST
content. With AIST, an ester interchange reaction
could occur where it remained strongly associated
with the ionic group or it disrupted the ionic do-
main due to higher ionic potential; this increased the
number of multiplets or crosslinks. The results at 5
mol % show that the PI-AIST-1 master curves were
above that of PI-ZnST-1, which were the same with
PI, whereas PI-NaST-1 showed the lowest moduli.
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This indicated that the melt rheology behavior of the
ionomer depended on the type of metal salt. NaST
primarily acted as a plasticizer at various
proportions.

At 27 mol % ion content, TTS curves were obeyed
only in the ZnST system. At higher NaST and AIST
proportions, the TTS curves failed. This was due to
further complexity in the melt flow behavior. Thus,
the motion of different kinds of molecular systems
in a chain exhibited temperature dependencies. In
general, plasticizers increased the rate of relaxation.
Thus, in the studied poly(ethylene acrylic acid) ion-
omer, two relaxation processes were prominent, one
of which may have been too rapid or too slow to be
apparent in the timescale studied.”® Plasticizers
could change the rate of the PE melting relaxation
process sufficiently so that the relaxation processes
appeared in the studied timescale. It was clear that
the addition of metal salts or so-called polar plasti-
cizers to the ionomers led to a lowering of the
microphase separation, which thereby changed the
rate of the second relaxation process.

Mechanical properties

The mechanical properties of all of the samples were
determined from the stress—strain measurement.
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Figure 8 Effect of metal stearates on the stress—strain
behavior of PL

Figure 8 shows the stress—strain curves of the ion-
omer with various proportions of ZnST, PI-NaST-1,
and PI-AIST-1. The typical curve, in all cases,
showed a linear relationship between the stress and
strain at a very low strain regime followed by a
yield point, and finally, strain-hardening behavior
was observed before fracture. PI had the lowest
yield stress. The yield stress increased with increas-
ing ZnST proportion; this indicated that the addition
of salts improved the mechanical properties of the
ionomer. It was noteworthy that the elastic proper-
ties beyond the low range of stress or strain were
deteriorated to some extent by the addition of metal
stearate. Thus, the strain at break decreased signifi-
cantly compared to that of PI; this indicated that the
elongation of the specimens after yielding decreased
as the ZnST content increased. The ionomer became
more brittle with increasing salt content. The stress
at break also decreased with increasing salt content.
A higher modulus and stiffness in a sample, which
is seen in the elastic region, represents a higher
stress for similar strain. Such stress can accelerate
the ion-hopping process efficiently in the presence of
metal stearate and result in a loss of integrity of the
ionic domains and, hence, of physical crosslinks.
Thus, the breaking strength of the ionomer
decreased with the addition of metal stearate. The
yield stress values of the samples in NaST and AIST
systems were also higher than that of PI but
changed marginally with the salt content. The elon-
gation at break decreased in the NaST/AIST system.
The yield stress and the elongation at break for dif-
ferent types of salts followed the order Na® > Zn*"
> AI’". The enhancement in the mechanical proper-
ties of the ionomer was more marked in the NaST
system. It has been reported that the tensile strength
of ionomers was in direct progortion to the ionic
potentials of the metal cations. The ionic domains
are more dispersed in a high ionic potential system;
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therefore, the tensile strength of the ionomer is
higher.

CONCLUSIONS

The effects of type and level of metal stearate in tai-
loring the properties and improving the melt flow
behavior of ionomers were examined in this work.
From the thermal, thermomechanical, rheological,
and microscopic results, it was evident that the
metal stearate acted as an ionic plasticizer in the
melt state. Most of the samples were clear and trans-
parent at room temperature; this indicated the solu-
bility of the stearate in the polymer matrix. The
addition of metal stearate resulted in predominant
interaction between the metal stearate and the ionic
groups rather than between the ionic groups. The or-
ganization of the ionic domains was related to the
size and charge of the metal cation and the distance
between the ion pair. In most cases, Na™ exhibited
unique behavior, whereas 7n**, due to its partial
covalent nature, showed a coordinated structure
and, hence, properties.

The morphological studies revealed that the ionic
groups in the NaST and ZnST systems existed as
both multiplets and clusters, depending on the salt
proportion, but multiplets were the main structure
with some in ionic domains in the Al system. G’ of
the ionomer improved with the addition of the salt
but changed marginally with the salt content and
the type of metal cations. The crystallinity of the ion-
omer did not change with the addition of the salt.
The melt rheology results show that the melt flow
properties of the ionomer were improved greatly
with the introduction of the salt. NaST showed
enhanced flow characteristics and was the most effi-
cient plasticizer among the different salts investi-
gated. The addition of metal salts enhanced the me-
chanical properties of the ionomer, but the
elongation at break was reduced. The metal stea-
rates, thus, mainly affected the characteristics of the
ionic domain and acted as fillers below their mp’s
but as plasticizers above their mp’s.
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