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SYNOPSIS

To establish relationships among the blend composition, processing history, and the re-
sultant properties of starch-based thermoplastics, three varieties of corn starch: (1) Waxy
Maize, (2) Native Corn, and (3) high-amylose Hylon VII were extrusion-blended with
poly(ethylene-vinyl alcohol) (EVOH) containing 56 mol % VOH. Wide-angle X-ray scat-
tering (WAXS), differential scanning calorimetry (DSC), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) were used to examine the structural
characteristics of the blends. All starches were destructurized upon compounding and a
fine dispersion was achieved with EVOH. The Native Corn and Hylon VII blends were
phase-separated and exhibited some miscibility between the polymer components as evident
in EVOH melting-point depression, smaller domain sizes, lower contrast between phases
in TEM, and increased resistance to moisture and enzyme-etching treatments. Starches
containing amylose exhibited complexation and crystallinity in the starch fraction, although
most of the crystallinity in the blends was due to the EVOH component. Waxy Maize
blends were well phase-separated with larger domain sizes and underwent phase coarsening
as a function of time in the melt. When subjecting the blends to capillary flow, orientation
of both starch-rich and EVOH-rich domains was observed at various compositions, with
the EVOH component undergoing significantly more orientation relative to starch as evident
by the presence of EVOH-rich fibrils. Finally, EVOH was found to coat the surfaces of
filaments produced from the blends even at rather high levels of starch (70%), which is
expected to improve moisture sensitivity and slow down the initial rate of biodegradation.
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INTRODUCTION

Starch has been considered as a candidate material
in certain thermoplastic applications because of its
known biodegradability, availability, and low cost.}?
Its utilization in nonfood, plastic applications has
been investigated by researchers over the past 50
years.> 20 Reviews of these developments have been
published by Roper and Koch,?! Doane,?? Shogren
et al.,?® and others.?*?® Over the last few years, cor-
porations such as Novamont Inc., a subsidiary of
the Montedison Group in Italy, and the Warner-
Lambert Co., Morris Plains, NJ, have commercially
produced various grades of starch-based thermo-
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plastic resin (marketed under the names, Mater-
Bi® and Novon®, respectively ). In the production of
these materials, heat, moisture, and mechanical de-
formation are used to destructurize starch and blend
it with various polymers and plasticizers in order to
achieve a fine dispersion.*'52™-2 Typical applications
of these blends are food utensils, disposable pens,
packaging for peanuts, composting bags, and other
single-use items. The key to understanding how to
optimize these product properties is establishing the
relationships among the blend composition, pro-
cessing history, and the resultant structural and
physical properties of such materials.

Starch itself is not a true thermoplastic in the
sense that it will degrade when heated and not form
a melt on its own. Combining starch with plasticizers
such as glycerin and water, however, will make
starch behave as a thermoplastic. In this state, it
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can flow as a melt through an extruder and be pro-
cessed in typical thermoplastic applications. Unfor-
tunately, the mechanical properties and dimensional
stability of articles made solely of thermoplastic
starch are very dependent upon the relative humidity
at which these articles are stored.?® One way of over-
coming this problem is to blend starch with other
polymers that possess more stable properties and
some degree of biodegradability. In the present
study, poly(ethylene-co-vinyl alcohol) (EVOH)
containing 56 mol % vinyl content was used. The
addition of this synthetic component serves to im-
prove the processability, increase the toughness, and
ameliorate the moisture instability of the product,
but will also decrease the overall rate of biodegrad-
ability of the system (EVOH biodegrades, although
on a time scale much slower than that of starch263!).
Previous studies focusing on the injection-molding
and fiber-spinning capabilities, physical properties,
and rheology of these particular blends have been
performed.?*323% An in-depth transmission electron
microscopy (TEM) study of the morphology of
starch-based blends has also recently been per-
formed.®*

Since there are many sources of starch and each
of these exhibits different characteristics, three dif-
ferent varieties of corn starch were chosen for study.
These starches, which include a Native Corn starch
and two hybrid corn starches ( Waxy Maize and Hy-
lon VII), differ in the percentage of linear amylose
to branched amylopectin that exist in each starch
granule and in the corresponding molecular weights
of these polymer components. The blend morphol-
ogy that results upon processing these starch vari-
eties with EVOH will not only influence the me-
chanical properties but also the manner in which a
product made from these materials degrades. For
example, crystallinity will decrease the accessibility
of moisture and, hence, microbes to certain areas
within the blend. Also, whether or not the starch
forms a continuous phase or discrete domains within
the EVOH component and the size of these domains
will effect both the biodegradation rate and the me-
chanical behavior. Finally, the biodegradation rate
will be strongly affected if there is surface enrich-
ment by one component.

The processability and properties of any ther-
moplastic blend will depend strongly upon the mor-
phology that results from both the thermodynamics
and kinetics involved in the mixing process.?® The
blending of different starch varieties with EVOH
requires the destruction of highly organized granules
of the Native Corn and Waxy Maize starches or
deorganization of the relatively amorphous, pre-
treated high-amylose particles (Hylon VII). These

raw materials range in size from 5 to 25 um. EVOH
pellets of about 3 mm in diameter and 4 mm in
length must be melted and thoroughly blended with
the starch domains. Whether or not softening of the
EVOH phase occurs prior to, during, or after the
granule destructurization and/or softening of the
starch will influence the morphology of the blend
upon exiting the extruder. Water (both in the “dry”
materials and as a liquid feed) will cause the starch
granules to swell; further destructurization occurs
with the application of heat and shear. In addition,
water as well as glycerin, injected into the extruder
as a relatively nonvolatile plasticizer, may partition
unevenly between the starch and EVOH compo-
nents. Processing additives, such as triglycerides,
may also effect processing by lowering the interfacial
tension between phases in the melt and, hence, the
final blend morphology. The number of variables
involved during the compounding of starch/EVOH
blends makes this a very complex process which is
expected to lead to varied morphologies and asso-
ciated properties.

The present study is a structural investigation of
a systematic series of model blends consisting of
starch, a synthetic polymer, and plasticizers, con-
ducted using wide-angle X-ray scattering (WAXS),
differential scanning calorimetry (DSC), and scan-
ning electron microscopy (SEM). Selected results
from a transmission electron microscopy (TEM)
study are also presented, but they are discussed in
detail in a separate article.?* X-ray scattering was
used to determine crystalline phase types, physical
aging effects in the blends, and crystallinity changes
with temperature and time. DSC was employed to
explore thermal behavior (e.g., T,, and T, of various
components) and perhaps gain information on the
miscibility of the blend. Electron microscopy was
used to examine the morphology of the blends as a
function of starch type and EVOH composition. The
effect of capillary flow on certain blends was inves-
tigated using SEM to gain insight in the flow prop-
erties of the starch and EVOH components. Finally,
a melt phase size coarsening study was also per-
formed to examine the stability of the melt for
starch/EVOH blends. A discussion of the signifi-
cance of these structural observations on the pro-
cessability, biodegradability, and mechanical prop-
erties of starch-based thermoplastics is presented.

EXPERIMENTAL

Raw Materials

Amioca, Melojel, and EK Fl. Hylon VII starches
were supplied by National Starch and Chemical Co.



(Bridgewater, NJ). Amioca Waxy Maize (WM) is
a hybrid corn starch containing essentially 100%
highly branched amylopectin (Map ~ 100 X 10 g/
mol). Melojel is a Native Corn starch (NC) pos-
sessing 28% of linear amylose (Mg ~ 1 X 106 g/
mol) and 72% amylopectin (Mp ~ 50-100 X 10°
g/mol). Both the WA and NC starches were received
in the form of granules before compounding. Hylon
VII (HY) is a genetically engineered corn starch
which consists of approximately 70% amylose (Maym
~ 0.8 X 10% g/mol) and 30% amylopectin (Mup
~ 20-50 X 10% g/mol). The HY starch, as supplied,
is a fine powder that had been previously spray-dried
(any crystallinity in the native granule was de-
stroyed by high-pressure steam) . Based on intrinsic
viscosity measurements performed at National
Starch, [1]osn naon = 0.5 dL./g compared with 0.9—
0.95 dL. /g for the untreated Hylon starch. The sup-
plier estimates that the molecular weight of the EK.
Fl. HY grade is ~ 0.4 X 10¢ g/mol for the amylose
fraction and ~ 10-25 X 10® g/mol for the amylo-
pectin fraction.®®

Film-grade EVOH, EVAL E 105A, was obtained
from EVAL Co. of America (Lisle, IL). The EVOH
contains 44 mol % ethylene, has a melt index of 12
at 210°C, and a number-average molecular weight,
M, equal to 45,000. The weight-to-number average,
M,/M,,is 2.22 (SEC, 90°C in dimethylacetamide /
0.2% LiBr soln, polystyrene standard).?” The peak
melting temperature and glass transition are 165 and
55°C, respectively, for pure EVOH. Deionized water,
glycerin, and naturally occurring triglyceride addi-
tives, used as plasticizers, lubricants, release agents,
and melt-flow accelerators,?® were provided through
Warner-Lambert Co. (Morris Plains, NJ).

Blend Compounding

Three series of blends, containing different levels of
each starch and EVOH, were compounded at the
Novon Research Division of Warner-Lambert in
Morris Plains, NJ.** Nomenclature, composition,
and processing conditions are summarized in Table
I. Ratios by weight of starch to EVOH for each series
were 100 : 0, 85 : 15, 70 : 30, 60 : 40, 40 : 60, 50 : 50,
40 : 60, 30 : 70, 15 : 85, and 0 : 100. To aid in the
processing of the starch fraction, a small amount of
triglycerides was added to the dry mixture (3 parts
to 100 parts starch ) . Dry materials (starch in powder
form, EVOH in pellet form, and powder additive)
were mixed in a 100 L, Gral Mixer prior to extrusion
blending.

Compounding of this experimental series of
starch/EVOH blends took place in a Leistriz Stan-
dard Model-34, twin-screw, corotating extruder
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equipped with 10 separate zones. Feed was added to
zone 1 through two ports. The dry mixture was fed,
at rates of 10 to 20 kg/h, from a hopper directly
above zone 1. A twin-screw outlet (for all powder
blends) or a single screw (for the powder/pellet
mixture) was employed to produce a constant feed
throughput to the extruder. Glycerin was pumped
through a liquid port at the at zone 2 at rates of 1.7-
3.6 kg/h such that it was approximately 15 wt % of
the total feed. In addition to the feed, deionized water
was added through a separate port leading to zone
2 in amounts just necessary to prevent surging (by
lowering the current draw) during the extrusion of
certain blends. Surging is a phenomenon which oc-
curs when there is a sudden transient rise in the
current draw, usually as a result of material backing
up in the feed zone or bridging in the feed hopper.
At zone 8, a 200 mbar vacuum was applied for
collection of volatiles (i.e., steam). The blends
exited from zone 10 through the die at rates of
11-23 kg/h.

Processing conditions depended upon the com-
position of the blend. Peak extrusion temperatures
(at zones 5 and 6) ranged from 165 to 190°C, except
for the NC100 blend, for which lower temperatures
and higher moisture levels were necessary for pro-
cessing. Screw speeds ranged from 114 to 200 rpm.
The blend consisting of only EVOH and glycerin
was compounded on a Haake extruder (30 mm, L/
D = 13). Peak extrusion temperature was 170°C,
screw speed was 30 rpm, and throughput was 5.3
kg/h. All blends were pelletized upon exiting the
extruder, cooled by air flow on a spiral conveyer,
and collected and sealed in plastic bags.

Moisture and glycerin contents of the blends were
determined after processing using titration and
HPLC techniques, respectively. Further information
on the processing and mechanical properties of se-
lected blends has been published by George et al.**

Sample Preparation

Depending upon the characterization technique,
blends were examined as extruded (pellet form), as
pulverized (powder form), or after undergoing sec-
ondary processing (filament form). Pellets were
pulverized for subsequent X-ray diffraction analysis
using a Fritsch Pulverisette (Model 14701) cryo-
genic grinder with a 0.5 um screen. Filaments were
prepared by placing pellets in an Alex James One-
Shot® fiber spinning apparatus, heating to 150°C,
and extruding the blend through a spinnerette (D
= 0.03in. (763 um), L /D = 3) at approximate shear
rates of 40-140 s 71,
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Table I Model Starch—EVOH Blends®: Nomenclature, Composition, and Processing Parameters

GLY Water Max Extrusion Screw OQutput
Starch : EVOH Content Content Temperature Speed Flow Rate
Blend by Weight (wt %) (Wt %) (°C) (rpm) (kg/h)
High-amylose starch (Hylon VII) blends
HY100 100:0 15.1 8.7 170 150 11.4
HY85 85:15 14.3 8.5 180 176 19.3
HY70 70:30 14.8 10.6 190 130 17.3
HY60 60: 40 14.3 11.1 175 199 19.2
HY50 50:50 15.6 12.1 190 149 19.3
HY40 40 : 60 14.1 6.6 175 191 18.6
HY30 30:70 141 8.0 190 125 17.8
HY15 15:85 14.0 5.6 175 200 16.0
Native corn starch blends
NC100 100: 0 12.2 15.8 119 160 14.2
NCs85 85:15 14.7 9.7 180 175 175
NC70 70:30 18.1 12.7 194 120 199
NC60 60: 40 14.8 6.6 180 200 22.9
NC50 50:50 16.1 9.8 190 125 19.2
NC40 40: 60 14.8 4.8 185 199 24.1
NC30 30:70 13.6 6.8 190 137 18.3
NC15 15:85 14.2 5.6 175 200 18.4
Waxy maize starch blends
WM100 100:0 16.1 7.8 190 131 114
WMS85 85:15 14.8 8.8 185 130 21.3
WM70 70: 30 16.3 5.3 190 114 17.3
WM60 60 : 40 14.8 6.6 180 165 20.7
WM50 50 : 50 14.8 9.0 190 115 19.2
WM40 40: 60 14.8 49 180 180 19.7
WM30 30:70 12.7 7.6 190 129 17.7
WM15 15:85 14.6 4.4 165 175 16.6
EVOH control
EVOH/GLY 0:100 14.0 1.4 170 30 5.3

2 Model blends containing starch were compounded using a Leistriz (34 mm) twin-screw extruder. The EVOH/GLY blend was

compounded on a Haake (30 mm) extruder.

Because moisture content was found to vary de-
pending upon the relative humidity (RH) at which
the blend was stored, certain samples were condi-
tioned by placing the pellets in closed chambers at
room temperature and varying RH (produced from
solutions of differing ratios of glycerin to water) for
at least 1 week.’® Humidity and temperature were
recorded using a Testoterm 6100 thermohygrometer.

Methods of Characterization
Wide-angle X-ray Scattering

Wide-angle X-ray scattering (WAXS) patterns of
blends were collected using a Rigaku automated
standard powder diffractometer attached to a Rigaku
RU 300 rotating anode generator with a copper an-

ode assembly. A nickel beta filter was employed for
all scans. The generator was operated at 50 kV and
200 mA. Powder from pulverized pellets were
mounted on a glass slide by first making a suspension
of the sample in collodion /amyl acetate, depositing
the suspension on the slide, and allowing the liquid
to evaporate. The glass slide was mounted in the
diffractometer. A detector slit of 0.5°, scatter slit of
0.5°, and receiving slit of 0.3 were employed. Samples
were scanned over the 20 range from 2 to 50° (step
size = 0.01°). The scan rate employed was fixed by
the analysis sought: (1) 1° for determining accurate
d-spacing determination, (2) 2° for estimating the
degree of crystallinity, and (3) 10° for surveying a
particular blend. The degree of crystallinity was es-
timated for the neat blends by using the crystallinity
determination module in the Rigaku software which



employed Ruland’s method.?**° Values of atomic and
Compton scattering factors for the atoms composing
each polymer were taken from the International Ta-
bles of Crystallography.*!

Hot-stage WAXS was performed on a Rigaku RU
200 wide-angle powder diffractometer using the Ri-
gaku high-temperature X-ray diffractometer at-
tachment (Model CN231181). A scan rate of 2°/
min was employed. Heating of the specimen took
place in a nitrogen atmosphere, and ice water was
used as the coolant system. Samples were heated at
approximately 10°/min to fixed temperatures
ranging from 20 to 230°C and remained at each
temperature for the length of the scan (typically
20 min).

Thermal Analysis

Thermal analysis of the samples was performed un-
der nitrogen using a Perkin-Elmer DSC-7 fitted with
an Intracooler II. The DSC was calibrated using in-
dium and zinc standards. High-pressure, stainless-
steel capsules were employed to suppress volatile
loss and sample degradation. Approximately 25 mg
of material (cut pellets) was heated from —65 to
200°C, cooled to —65°C, and heated again to 230°C
at arate of 10°C /min for each trial. DSC trials were
run after conditioning each sample at 50% RH or
< 1% RH for at least 1 week. Titration was carried
out concurrently with each DSC trial and a corre-
sponding moisture content recorded for each sample.

Scanning Electron Microscopy (SEM)

Preparation of samples for SEM included fracturing
filaments or pellets immediately after they had been
immersed in liquid nitrogen for 1-5 min (depending
on samples thickness). Surfaces were imaged as
fractured or after etching out of the starch compo-
nent. For etching, samples were placed in either
aqueous solutions containing a-amylase (27 units/
mg solid from Asperillus oryzae, Sigma Chemicals)
or a control solution of distilled water. Both solu-
tions were adjusted to a pH level of 6.9 using a so-
dium phosphate buffer (Sigma Chemicals). These
solutions were heated at 37°C for 6 h. Samples were
then rinsed with distilled water and allowed to dry
overnight on filter paper. Samples were mounted on
aluminum stubs with conductive tape and sputter-
coated with gold palladium. A Cambridge Stereo-
Scan scanning electron microscope was employed
at a voltage of 10 keV. Images were recorded with
Polaroid P/N 55 film.
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Transmission Electron Microscopy (TEM)

Extrudates from the compounding process were mi-
crotomed to thicknesses below 1000 A at tempera-
tures from —20 to 15°C using a Reichert-Jung FC4E
cryo-ultramicrotome. Prior to viewing in TEM, cer-
tain sections were placed in a stainer containing el-
emental iodine (Mallinckrodt Specialty Chemicals)
and exposed to iodine vapor for 1 h to preferentially
stain the amorphous starch-rich fraction. A JEOL
200 CX TEMSCAN electron microscope was em-
ployed at 200 keV to image the samples. Because of
the sensitivity of both starch and EVOH to the elec-
tron beam, samples were imaged using low-dose
techniques.*? Images were obtained at relatively low
magnification (5-10 kX)) by first focusing on an area,
translating to an adjacent area, and recording a 2-
4 s exposure with Kodak SO-163 image plates. De-
tails on this technique were given in a previous ar-
ticle.®*

Moisture Content

Average moisture content of the samples was de-
termined using a Mettler DL18 Karl Fischer titra-
tion system. Between 0.100 and 0.150 g of material
was placed in a Mettler DO301 oven heated to a
temperature of 200°C. Sample mass was recorded
on a Mettler AE240 balance. Grade 5 dry nitrogen
purge gas was passed through the oven at a rate of
200 mL /min and into the beaker containing reagent-
grade methanol where titration takes place. Hy-
dranol Composite 5 (Fischer Chemical ) was used as
the titrant. A period of 20 min from sample insertion
in the oven to the time of titration occurred to permit
sufficient vaporization of the moisture in the sample.
After the automatic titration process was complete,
a value for water content was recorded based on the
initial sample mass.

RESULTS AND DISCUSSION

Our structural investigation of starch /EVOH blends
was performed to gain insight into how well these
materials will behave as biodegradable thermoplas-
tics. First, the visible appearance of the blends after
exiting the extruder and upon storage will give us
an initial indication of the blend structure and sta-
bility of the blends from which to motivate more
detailed studies (e.g.: Do chemical reactions as ev-
ident by color changes occur? Does melt fracture,
swelling, or foaming of the extrudate take place?
Are the blends opaque, indicating crystallization
and/or phase separation? Are the blends at equilib-
rium? Do the materials change in opacity as a func-
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Table II Appearance and Flexibility of the Model Blends

Flexibility
Blend Color Clarity Texture Foaming (180° Bend)
High-amylose starch (Hylon VII) blends
HY100 Amber Translucent Melt Fracture No No, split occurs
HYS85 Amber Translucent Smooth No No, split occurs
HY70 Yellow Translucent Smooth No Yes
HY60 Yellow Translucent Smooth No Yes
HY50 Yellow Translucent Smooth No Yes
HY40 Yellow Translucent Smooth No Yes
HY30 White Translucent Smooth No Yes
HY15 White Translucent Smooth No Yes
Native corn starch blends
NC100 Yellow Translucent Smooth No Yes
NC85 Yellow Translucent Smooth No Yes
NC70 Yellow/white Translucent Mostly smooth No Yes
NC60 Yellow/white Translucent Smooth No Yes
NC50 White/yellow Opaque Smooth No Yes
NC40 White/yellow Opaque Smooth No Yes
NC30 White Opaque Smooth Slight Cracks on surface
NC15 White Opaque Smooth No Yes
Waxy Maize starch blends
WM100 Clear Translucent Melt Fracture No No, Brittle
WM85 Clear Translucent Melt Fracture No No
WM70 Clear Translucent Melt Fracture No Split occurs
WM60 White Translucent Melt Fracture No Yes
WM50 White Opaque Melt Fracture Yes Yes
WM40 White Opaque Melt Fracture No Yes
WM30 White Opaque Melt Fracture Yes Yes
WM15 White Opaque Melt Fracture No Yes
EVOH control
EVOH/GLY White Opaque Smooth Smooth Yes

tion of storage condition and time? Does plasticizer
leach out of the pellets?). Next, wide-angle X-ray
scattering (WAXS) is performed to discern the
crystalline phase types occurring in each blend, if
physical aging occurs (such as through retrograda-
tion of the starch fraction) and if crystalline shifts
occur as a function of temperature. ( The use of flat
film WAXS to explore orientation effects is pre-
sented in a separate article on fiber spinning.** No
orientation was observed for the extrudate and fil-
ament samples employed in this study.) Through
the use of DSC, the thermal behavior of the blends
can be analyzed for glass transitions, melting/crys-
tallization behavior, and indications of miscibility.
Examination of the blends with SEM allows us to
determine if micron scale phase separation is oc-
curring through observations of blend surfaces as
fractured or enzymatically etched. Once the effec-
tiveness of SEM is determined for observing the
morphology of certain starch/EVOH blends, ori-

entation of phase domains as a function of shear
(in capillary flow) can be established as well as the
stability of the blend structure in the melt. Finally,
TEM is a useful technique for understanding dif-
ferences in phase separation between different
starch varieties with EVOH since submicron details
can be explored. By combining information attain-
able with these structural characterization tech-
niques, we can then predict and explain results from
processability and property tests (e.g., fiber spinning
results, mechanical behavior of the blends, and bio-
degradation rates).

Observation of Extrudate (Pellets) After
Compounding

Observations of the appearance and flexibility of the
model blends are listed in Table II. The blends con-
taining amylose were deep amber or yellow in color,
indicating that certain degradation and Maillard



browning reactions had occurred.**** The WM100
blend appeared clear, indicating that such reactions
were not prevalent in this system. As the EVOH
content was increased, the materials appeared whiter
and more opaque, suggesting phase separation and
crystallization of the synthetic component. Exposure
to a saturated water atmosphere turned pellets from
all blends opaque, except for the HY100, HY85, and
NC100 blends. Pure EVOH does not take up sig-
nificant moisture (<3%) and remains clear when
saturated with water; however, the EVOH/GLY
control sample becomes opaque and absorbs up to
8% moisture.*® This increase in moisture level may
enhance the refractive index difference between
crystalline domains (which exclude plasticizer) and
amorphous domains (which with glycerin is known
to absorb water), making the EVOH/GLY blend
appear opaque. Similar behavior is believed to occur
in the starch/EVOH blends.

Surface observation of the WM100 and HY100
extrudates showed irregularities which may be due
to melt fracture.*” Melt fracture is a phenomenon
associated with the elastic instability of a polymer
to flow and is usually associated with shear stresses
above 10° Pa.® It was not observed in the NC100
material, which is probably due to the high level of
moisture present (thus lower shear) during the
compounding of this particular blend. Melt fracture
was apparent in all of the WM blends and was prob-
ably due the level of branching and lower amount
of entanglements in this starch component. How-
ever, none of the NC or HY blends with EVOH
showed evidence of melt fracture upon exiting the
extruder.

Visible foaming at the die was generally not a
problem since conditions were optimized to elimi-
nate this phenomenon. Conditions to suppress
foaming included lowering the amount of water in-
jected into the extruder and replacing it with a fixed
amount of glycerin, a lower vapor-pressure compo-
nent; venting of water vapor from the extruder’s two
zones before reaching the die; and setting the tem-
perature at the die from 90 to 95°C, which is lower
than the boiling temperature of water at atmospheric
pressure (glycerin was not expected to contribute to
the foaming process since its boiling point is 290°C).
Despite these efforts, a small amount of foaming
was observed in certain blends (i.e., NC30, WM50,
and WM70).

A viscous fluid was observed to migrate to the
surface of some pellets as they were stored. The
composition of the fluid is believed to be mainly
glycerin from its consistency and from the fact that
it has a lower vapor pressure than that of water,
thus making it less likely to evaporate from the sur-
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face. Blends exhibiting this coating were generally
high in EVOH content, greater than 70% for the
WM and NC starch blends. The fluid was also ob-
served on the surface of all the HY blends. These
observations seem to indicate that the partitioning
coefficient for glycerin and water was higher for
blends containing amylopectin than those contain-
ing amylose or EVOH. It may also mean that glyc-
erin and/or water was excluded from the crystalline
domains of EVOH or amylose complexes, thus low-
ering the apparent partitioning coefficient for these
domains. Measurements of the glycerin content via
HPLC did not show a significant drop in plasticizer
levels for the blends higher in EVOH content; how-
ever, values for the bulk glycerin content may be
biased due to the glycerin on the surface of the pel-
lets.*®

Wide-angle X-ray Scattering

Wide-angle X-ray scattering (WAXS) provides in-
formation about the short-range order of the mo-
lecular constituents in polymer blends; levels and
types of crystallinity can be determined by this
technique. WAXS of starches has been often used
to classify starch by their distinct powder patterns
(e.g., A, B, and C types of native starches).***! When
starch is thermally, chemically, or mechanically
treated, it often exhibits the “V”-type pattern, which
is formed upon complexing of amylose or amylo-
pectin with varying agents (usually nonpolar mol-
ecules which insert themselves within the interior
of the polymer helices).*® Thus, WAXS can be used
to track morphological changes in starch as it has
been extruded under varied heat, shear, and moisture
levels,®?®® as a function of aging, and, with the use
of a hot stage, after heating to various temperatures.

Crystalline Phase Types

Blends were first surveyed after compounding to de-
termine the crystalline phase types that existed after
initial processing. WAXS scans of representative
compositions of the three types of starch blends,
taken at a scan rate of 20 of 10°/min, are shown in
Figure 1. Peaks associated with the EVOH compo-
nent were evident at 20 equal to 10.8, 20.4, and 21.7.
These results indicate that a portion of the EVOH
fraction was forming a distinct crystalline phase for
which the melting points as determined by DSC oc-
cur over the range 120-150°C. The level of crystal-
linity measured via WAXS is estimated to be 16
+ 3% for the EVOH/GLY control sample. For
blends containing starch, the estimation of crystal-
linity levels via WAXS using Ruland’s method® is
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Figure 1 (A) Wide-angle X-ray powder diffraction
spectra for selected WM blends compared with the EVOH
control: (a) EVOH/GLY; (b) WM30; (c) WM50; (d)
WM100. (B) Wide-angle X-ray powder diffraction spectra
for selected NC blends compared with the EVOH control:
(a) EVOH/GLY; (b) NC30; (¢) NC50; (d) NC70; (e)
NC100. (C) Wide-angle X-ray powder diffraction spectra
for selected HY blends compared with the EVOH control:
(a) EVOH/GLY; (b) HY30; (c¢) HY50; (d) HY100.

more difficult since some of the peaks corresponding
to the amylose complex overlap with the EVOH
peaks. Scattering associated with the EVOH crys-
talline phase became less apparent, expectedly, as

the starch content is increased. The WM blends,
which contain only amylopectin, did not show crys-
tallinity associated with the starch fraction [Fig.
1(A)]. For the blends containing amylose, crystal-
linity associated with the starch fraction was ap-
parent from peaks occurring at 12.9, 16.6, 18.3, 19.7,
and 22.4° for the HY VII and NC starch blends [Fig.
1(B) and (C)]. To help understand the changes
which occurred in the structure of the starch fraction
during the extrusion blending process, the results of
WAXS scans taken of the raw starch materials are
shown in Figure 2. The NC and WM raw starches
yielded WAXS patterns that are representative of
the “A”-type pattern documented in the literature.?*
% These patterns also indicated that these starches
existed in granular form and that the amylopectin
fraction is responsible for most of the sample’s crys-
tallinity. The HY starch exhibited a WAXS spec-
trum typical of a completely amorphous polymer.
This is consistent with the fact that the HY starch
granules had been steam-treated and all crystallinity
was destroyed prior to compounding.

The WAXS spectra of the neat starch blends are
shown in Figure 3; the scan of the triglyceride ad-
ditives is also shown in this figure for comparison.
After compounding the starch with glycerin, water,
and the triglyceride additives at high temperature
(as listed in Table I), scans taken of these materials
exhibited markedly different structures. The WM
starch, which was initially highly crystalline, exhib-
ited only amorphous scattering. Conversely, the HY
starch, initially amorphous, exhibited peaks asso-
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d) HY 100
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Figure 1 (Continued)
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Figure 2 Wide-angle X-ray diffraction spectra for the
starches before compounding: (a) Amioca WM; (b) Melojel
NC: (c) EK FlL. HY.

ciated with a crystalline component. The peaks at
260 equal to 12.9, 16.6, 18.3, 19.7, and 22.4° can be
attributed to the amylose complex which forms be-
tween the linear starch fraction and certain fatty
acids and triglycerides which also occur naturally in
the starch granule.?® The estimated crystallinity for
the HY100 blend was 10 £+ 2%. These peaks did not
correspond to scattering from the triglyceride ad-
ditives (peaks of which are measured at 5.7, 19.3,
21.0, and 23.2); however, from DSC data, it is hy-
pothesized that at least one of the additives may
have formed complexes with the amylose fraction
(in addition to the complex formation that occurs
between lipids naturally present in the starch
granule®”). The NC blend series also showed peaks
at similar angles, indicating the formation of similar
amylose complexes. The ratio of the peak areas in
the NC100 sample to its amorphous scattering was
less than that observed for the HY100 material;
hence, crystallinity is less than 5% for this material.
Finally, the WM starch blends, in which the WM
component initially showed an A-type crystalline
pattern, exhibited essentially no crystallinity; only
a broad region of amorphous scattering was ob-
served. Again, peaks associated with the triglyceride
additive were not visible from the WAXS scans.
Overall, these results indicated that the amylose
formed a second distinct crystalline phase in the
starch/EVOH blends through complexation and
that essentially all of the branched amylopectin
fraction remained amorphous after thermomechan-
ical processing.
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Physical Aging Studies

To discern if certain changes occur in the level and/
or type of crystallinity as a function of time, WAXS
of newly compounded blends and blends which were
allowed to age over time were collected. Results of
scans taken for blends after 1 week indicate only a
slight increase in starch crystallinity for the NC and
HY series; otherwise, no noticeable difference in the
spectra is observed. Patterns remain relatively con-
stant for powder samples which were tested after 6
months and 1 year after compounding and appear
similar to those in Figure 1. It should be noted that
the as-processed moisture content was maintained
by storing samples in several layers of polyethylene
and foil wrapping and that variations in the spectra
are not due to fluctuations in water content.

WM blends have been documented in the liter-
ature to undergo crystallization over time. This re-
trogradation phenomenon is thought to be respon-
sible for the staling of bread.’® Usually, the crystal-
lization of amylopectin is facilitated by the presence
of water in amounts greater than 14%. A slight 26
peak has been measured around 20° by others for
WM gels that have been aged over a period of days
to weeks. Wide-angle X-ray diffraction measure-
ments for the WM100 blend (with ~ 8% moisture)
do not show evidence of a peak that is discernible

:|: 1300 counts/sec

Intensity

a) HY 100

b) NC100

c) WM100

d) processing
additives

Reflection Angle, 20

Figure 3 Wide-angle X-ray diffraction spectra for the
(a) HY100 blend, (b) NC100 blend, (c) WM100 blend, and
(d) processing additives.
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from the background scatter, even after 2 years of
aging. Patterns taken are similar to those in Figures
1(a) and 3.

Temperature Dependence of WAXS

To complement the DSC analysis and detect tran-
sitions attributed to the crystalline fraction of the
starch in the blends, WAXS was performed on the
HY100 blend at various temperatures. Pulverized
pellets of the HY100 blend were mounted on glass
slides and heated to various temperatures at rates
of approximately 10°C/min. Signal was monitored
at 20 equal to 20.8° during the heating cycle to de-
termine if significant shifts in intensity occurred.
When the desired temperature was attained, the
temperature ramping cycle was stopped and a
WAXS scan was taken over a period of 15-20 min
(see Figs. 4 and 5). One should note also the decrease
in signal from data shown in previous figures. The
signal-to-noise levels are lower due to the hardware
of the hot-stage attachment (i.e., beryllium windows,
platinum heater).

The first trial consisted of taking a scan at 20°C
(slightly below room temperature due to the cool-
ant), heating to 60°C, taking a scan, then cooling
the sample down to room temperature (25°C) and
taking a new scan. Results are shown in Figure 4.
There is a noticeable increase in the scattering in-
tensity of the crystalline peaks, which must indicate

600 cts/sec

a) 20°C

Intensity

b) 60°C

¢) cool to 25°C

! 1 Il 1

15 20 25 30
Reflection Angle, 26
Figure 4 Wide-angle diffraction spectra of the HY 100

blend taken at (a) 20°C, (b) at 60°C, and (c) after cooling
to 25°C. Note the disappearance of the peak at 22.5°.

1000 cts/sec
a
b
2
-
L
5 C
d
<}
t t t t
15 20 25 30

Reflection Angle, 20

Figure 5 Wide-angle X-ray diffraction spectra taken
isothermally at various temperatures for an HY100 powder
sample: (a) 20°C; (b) 60°C:; (¢) 100°C; (d) 150°C; (e) 230°C.

a shifting to a higher level of crystallinity (i.e., an-
nealing at 60°C) and an overall decrease in the
chain-to-chain lateral spacing within the amylose
crystallite. The initial scan at 20°C corresponded
closely with values for 26 taken for the V-type pat-
terns recorded by Mercier and others.’2%%% The
shifting in the scattering peak angles represent a
shifting in the spectra from a hydrated form to a
dry form of the V-complex. This increase in peak
intensity and level of order can also be attributed
to a decrease in the moisture level of the sample
that results from drying of the sample over the
course of heating.®! The shift from the hydrated form
to the dried form of the V-amylose complex repre-
sents shifts in the seven residue left helical packing
of 1.38 to 1.31 nm between helices.’? The disap-
pearance of a small peak at 26 equal to 22.4° also
occurs upon heating the sample to 60°C; this peak
could possibly be attributed to melting of any crys-
tallized starch which would produce an A or B crystal
type.52-64

A second experiment was undertaken in which
the HY 100 sample was heated from 20°C to various
temperatures (60, 100, 150, and 230°C) at which the
isothermal scans were taken (see Fig. 5). Again, an
increase in the scattering intensity for each WAXS
spectra was observed due to drying of the starch
sample. A shift to a higher scattering angle was ob-



served, even to a higher angle in the 100 and 150°C
cases from that of a 60°C trial. This behavior seemed
to indicate that the sample was drying out, forming
a more closed packed crystal. The crystalline scat-
tering peaks associated with the amylose complex
exist until 230°C. It was at this point that the sample
completely degraded and the crystalline pattern was
no longer visible (i.e., V-amylose melting occurs near
the degradation point of the sample).

Thermal Analysis

In the previous section, EVOH, amylose, and amy-
lopectin are shown to be semi-crystalline to different
degrees. Differential scanning calorimetry was em-
ployed to discern thermal transitions (e.g., melting,
crystallization, glass transitions) and to gain some
information on the miscibility between starch and
EVOH. As described in the experimental section,
three scans for each sample were performed. Since
plasticizers, especially water, will migrate out of the
sample during heating, the first heat values for
melting temperature will give the best indication of
the influence of the plasticizers on the melting point
and glass transition for the blend. Cooling and sec-
ond heating cycles provide more information on re-
versible transitions by erasing any prior thermal
histories associated with the sample.

A typical heat/cool/heat cycle is shown in Figure
6 for an NC70 blend (mass = 20.86 mg) conditioned
in a 50% relative humidity chamber. The moisture
content of this sample was measured to be 5.0%. In
the first heat, a small endothermic peak (AH = 0.8
J/g) was observed at an onset temperature of 56°C
with a peak at 60.5°C. A second endotherm asso-
ciated with the melting of EVOH crystallites oc-
curred with an onset temperature of 121.5°C and a
peak temperature of 133°C (AH = 10.8 J/g). A shift
in the heating curve, associated with the glass tran-
sition of starch, was not readily apparent in this
scan. It may have been obscured by the base line or
the smaller endothermic transition. After 2 min of
holding at 200°C, the cooling cycle was started. At
the scan rate of —10°C/min, crystallization of the
EVOH occurred at an onset temperature of 98.5°C
and a peak temperature of 94°C. The enthalpy of
transition for the EVOH crystallization was 9.9 J/
g. The smaller, low-temperature, endotherm was
again apparent in this blend with an onset temper-
ature of 38°C and a peak temperature of 35°C (AH
= (0.74 J/g). After holding for 2 min at —65°C, the
sample was reheated. In the second heating cycle,
transitions similar to the first heat were observed,
although slightly shifted in temperature. For the
small endotherm, the onset occurred at 48°C with
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Figure 6 DSC curves for (a) first heating, (b) cooling,
and (c) second heating cycles for the NC70 blend. Scan
rates were 10°C/min. Sample was conditioned to 50% RH
before testing.

a peak at 52°C, which was lower than the measured
temperature in the first heating cycle. The EVOH
melting transition began at 125°C and peaked at
134°C. This endotherm is much sharper than in the
first heat and was slightly shifted to a higher tem-
perature, implying a more narrow distribution of
somewhat larger crystal sizes and melting within a
purer phase. Overall, the enthalpies associated with
both transitions were lower than those values mea-
sured from the first heat. The EVOH peak has a AH
equal to 8.5 J/g, and, for the lower temperature
transition, AH equals 0.7 J/g. These two transitions
were observed in every blend which contained both
starch and EVOH. Further cooling and heating cy-
cles yielded reproducible results.

DSC results for the series of blends are shown in
Figures 7-10. Each blend was conditioned for at least
1 week at 50% RH; moisture and glycerin contents
for each component are shown in Figure 11 (a linear
relationship with starch content is evident). In Fig-
ures 7 and 8, values for temperature and enthalpy
are given for the lower-temperature transition. To
clarify the discussion, the term “S-transition” will
be used to designate this transition since it is only
present in DSC scans taken with blends containing
starch. This transition occurred over the range of
40-65°C. In Figures 9 and 10, the endotherm cor-
responding to the melting of the EVOH component
is presented. The normalized enthalpy of this tran-
sition was determined in order to roughly estimate
the percentage of the EVOH component which had
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Figure 7 Peak S transition temperatures as measured
by DSC for the heating/cooling/heating cycles of the HY,
NC, and WM model blends which were conditioned to
50% RH. Values on the right of the graph correspond to
peak transition temperatures for the neat triglyceride ad-
ditives.

crystallized. For blends containing EVOH, the
heating runs yielded endotherms which correspond
to the melting of EVOH crystals. Peak temperatures
ranged from 120 to 152°C depending upon compo-
sition and storage conditions. Smaller multiple
transitions were also observed in these systems that
were extremely dependent on moisture content.
These transitions are most likely related to the glass
transition of the starch and EVOH, but the tran-
sitions often overlapped with the S-transition. For
this reason and because of the low signal-to-noise
level of the glass transition, we do not attempt to
quantitatively describe these data here.

The S Transition

The S transition (AH < 4 J/g) that occurs between
50 and 70°C may be attributed to any of a number
of factors which include melting of the amylopectin
fraction,%® amylose-complex melting due to plasti-
cizer effects, glass transition as influenced by phys-
ical aging,% and, perhaps, crystallization of the pro-
cessing additives. The disappearance of a small
WAXS peak near 60°C in the HY100 at 26 of
~ 22.5° may suggest melting of a retrograded starch

that yields an A or B X-ray diffraction pattern.®*
Hot-stage WAXS showed that amylose-complex
melting occurred at temperatures above 200°C,
which is much higher than the measured S-transi-
tion. Peak temperatures for the heating/cooling/
heating cycles for the starch/EVOH blends are dis-
played in Figure 7. DSC of the triglyceride additives
yielded reproducible melting transitions that oc-
curred in the range from 42 to 65°C. Values obtained
for the first heat, cooling, and second heat are rep-
resented by lines drawn across the composition
range. The first heat transition was slightly lower
than that measured for the neat triglyceride additive.
The cooling and second heating cycle yielded values
for temperature that roughly approximated that of
the pure triglycerides. We can thus conclude that
the S transition observed in this temperature range
is primarily due to the additive.

A note should be made, however, regarding the
enthalpy of these transitions. Figure 8 displays the
enthalpy associated with the S transition for the
series of starch blends (values from the first heating
cycle are connected by lines). Overall, the enthalpy
determined from the cooling and second heating cy-
cle was similar and increased, as expected, nearly
linearly with triglyceride composition. In the first
heating cycle, however, the enthalpy of transition
increased at a greater rate as the starch content in-
creased for the NC and WM blends. In addition, the
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Figure 8 Enthalpy of the S transition for the HY, NC,
and WM model blends which were conditioned to 50%
RH.
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Figure 9 Peak EVOH transition temperatures for the
heating/cooling/heating cycles of the HY, NC, and WM
series of model blends which were conditioned at 50%
RH. Values for Heat 1 and Heat 2 represent melting tran-
sitions. Values for Cool 1 represents EVOH crystallization.

enthalpy of this transition for the first heat was also
much higher than in the cooling and second heating
cycles for all of the starch blends (i.e., all of the S
transition n the first heat cannot be due to triglyc-
eride alone). This difference suggests that the lower-
temperature endotherm between 55 and 60°C is
partially due to the “melting” of retrograded starch.

EVOH Crystallization

From WAXS, it was shown that the EVOH com-
ponent in the starch blends crystallized. Since the
glass transitions of both starch and EVOH com-
ponents are hard to distinguish from DSC, we turned
our attention to the EVOH melting/crystallization
transition in order to gain information on the mis-
cibility of these components (i.e., an increase in melt
miscibility will lead to a depression in the melting
point). The effect of starch type on the crystalliza-
tion behavior of the EVOH component is shown in
Figure 9, which shows the peak melting temperature
for the heating/cooling/heating cycles for each blend
conditioned to 50% RH. Overall, the EVOH melting
points in the HY and NC starch blends generally
occurred at lower temperatures, possibly indicating
increased miscibility in the melt between the amy-
lose-containing starch types with EVOH.
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DSC measurements have shown that the melting
point of EVOH decreases as the amount of starch
in a blend is increased. Usually, this depression will
provide evidence for melt miscibility; however, up
to 30% of the total blend consists of glycerin and
water plasticizers which can both act to depress the
melting point of the EVOH component. To estimate
the effect of the plasticizers on the melting-point
depression, the following comparison is made: First,
values for moisture and glycerin content for the
three-blend series are shown in Figure 11. Overall,
the glycerin content is relatively constant among
the blends (~ 15 wt %). The addition of glycerin
causes about a 15°C decrease in the crystallization
temperature of EVOH (from 165°C to approxi-
mately 150°C). Since the glycerin level in the blends
is relatively constant, the melting point should stay
relatively constant for the blends if starch and
EVOH are completely immiscible in the melt (as-
suming uniform partitioning of plasticizer between
the respective types of polymer domains). At 50%
RH, the amount of moisture contained in each of
the starch varieties is relatively constant, but in-
creases with starch content (from 3 to 8%). Since
melting points follow an inverse behavior with plas-
ticizer content, one might assume that the melting-
point depression is due solely to increased levels of
water. However, in Figure 12, the peak melting tem-
peratures for the EVOH melting transition (first
heat) and corresponding moisture contents are
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Figure 10 Normalized EVOH transition enthalpy for
the heating/cooling/heating cycles of the model blends.
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Figure 11 GLY and moisture contents for the NC series of blends after conditioning to

50% RH for 1 week.

shown at 50% RH and 0.5% RH. (At 0.5% RH, the
blends contain less than 2% moisture and moisture
content does not increase with starch content.) At
both humidity levels, the blends show an approxi-
mately 10° decrease in peak melting temperatures
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Figure 12 (a) Peak melting temperatures of EVOH and

(b) moisture contents for the NC blends after conditioning
at 0.5 and 50% RH for 1 week (DSC first heat cycle).

over the composition range of 0-85% starch. The
difference in melting points ranges from 10 to 15°C
and is a linear function of the increase in moisture
levels at higher relative humidity. Thus, from DSC
measurements of the blends, about 10°C depression
in the melting point of EVOH is attributable to
glycerin and from 10 to 15°C depression in the
melting point at 50% RH is due to the water in the
starch/EVOH blends (note: the presence of glycerin
increases the water uptake of the EVOH compo-
nent). The presence of WM starch leads to less than
a 5°C depression, NC starch, up to 10°C, and the
HY starch, up to 15°C for the blends at 50% RH.
Thus, miscibility does increase as the amylose con-
tent in the starch blends increases. Although tem-
peratures from the second and third scans in DSC,
in most cases, yield more accurate information since
the thermal histories of each blend are made con-
stant, migration of glycerin and water within and
out of the blends may cause significant changes in
the temperature of crystallization and melting (up
to 25°C). Thus, values for first heat are the most
reliable and tell us the most information about the
blend.

The transition enthalpy, normalized to the
amount of EVOH in the blend in order to assess
crystallinity levels, is plotted in Figure 10 as a func-
tion of starch content. If there is no effect on the
level of crystallization of the starch or plasticizers,
the values for normalized transition enthalpy should
be constant. Values for the first heat (connected
dots) show an increase in EVOH crystallinity up to
40% starch content. This behavior was not as dra-
matic for the second heating and cooling cycles and
is probably a result of the initial thermal history of
the blend during compounding and storage. Crys-



tallinity subsequently dropped off at starch contents
above 50% for the HY and NC blends as is evident
in all of the heating and cooling cycles. Higher tran-
sition temperatures and values of enthalpy may in-
dicate increased phase separation between the starch
and EVOH components; the purer the EVOH phase,
the more it will crystallize. Overall, the WM blends
showed the highest transition temperatures and
transition enthalpies, indicating that the two poly-
mer components are well phase-separated. DSC re-
sults for the NC and HY blends seem to indicate
that there is some miscibility between the starch
and EVOH in the HY and NC blends.

Electron Microscopy Studies
SEM of Untreated Fracture Surfaces

Electron microscopy was next performed to obtain
information on the phase morphology of the starch/
EVOH blends. First, the untreated fracture surfaces
were examined with scanning electron microscopy
(SEM). Representative blend fracture surfaces for
the WM50, NC50, and HY50 blends are shown in
Figure 13. SEM showed no evidence of the original
WM or NC starch granules such as are evident in
thermoplastics employing starch as a filler.5"
Brittle fracture bands were visible in all blends.
Starch-rich or EVOH-rich domains were not directly
evident on the fracture surfaces. Small tufts (< 0.2
um), visible on the NC50 sample, are indicative of
some ductility prior to fracture. These regions ap-
pear bright in the micrographs due to charging of
the specimen. Some small voids (< 0.5 um) were
evident in the WM, NC, and HY blends; these may
be attributed to a small amount of foaming during
the processing of the blends.

Overall, examination of the fracture surface does
not lead to much insight into the phase behavior of
the particular blends. Because no distinct phases
were evident, one might propose that there is con-
siderable miscibility between the sample phases.
However, similarities in the mechanical properties
of the EVOH and starch components at low tem-
perature will yield similar fracture behavior even for
completely incompatible materials. In addition,
there appears to be good interfacial adhesion be-
tween the polymer components. Finally, since the
glass transition of the both components is probably
near or above room temperature, a relaxation of a
more “rubbery” component (as the sample heats up
to room temperature after cryofast fracture) that
would provide a distinction between the rubbery and
plastic domains, does not occur.”
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Blend Morphology as Observed by SEM and TEM

To distinguish between starch- and EVOH-rich do-
mains, etching away of one component or prefer-
ential staining is necessary. In the SEM study, en-
zymatic etching” was employed according to the
procedure outlined in the experimental section. The
a-amylase enzyme attacks the «f1,4)-glycosidic
linkage in both amylose and amylopectin, facilitating
their removal from the blend structure into an
aqueous solution. For TEM imaging, iodine vapor
is used to provide the required levels of contrast to
discern starch-rich domains from EVOH-rich areas.
Both techniques yielded useful information about
the blend morphology of the starch/EVOH blends.

SEM micrographs of untreated and etched sur-
faces of WM?70 filaments are shown in Figure 14. In
Figure 14(a), an untreated WM70 showed evidence
of small voids, probably due to foaming during pro-
cessing. In Figure 14(b), the etched WM70 filaments
exhibited significant removal of the starch-rich
fraction. The volume removed, as determined by
image analysis, was less than 70%, however, since
some of the WM was encapsulated (even at this
composition) and was therefore not accessible to the
etchant. (Note that weight loss determination of
volume removal was not possible due to unknown
partitioning of the water and glycerin components
after the etching procedure.)

Results of etching filaments of representative
WM, NC, and HY blends are shown in Figures 15,
16, and 17, respectively. The morphology of the WM
blends was most effectively revealed by etching. In
Figure 15(a), the etched WM30 blend exhibited ap-
proximately spherical cavities which ranged in size
from 0.1 to 4 um. In some areas, smaller domains
in the process of coalescing were observed. Slightly
smaller, yet more numerous, domains were visible
in the WM50 sample. These domains ranged in size
from 0.05 to 3 um in size and were shaped like prolate
spheroids. In both cases, the EVOH component
seemed to compose most of the matrix structure of
the blend.

More extensive removal of the starch-rich do-
mains was observed for the case of the WM70 sample
(Fig. 15(b)]. Because starch was the majority com-
ponent in this blend, one would have expected com-
plete collapse of the filament which has been etched.
Due to incomplete etching, one can conclude that
this partial removal is that of accessible starch-rich
domains and that the EVOH-rich domains contrib-
ute to most of the matrix of this particular blend
and may even encompass large starch-rich domains.
Fibril-like threads approximately 0.4-0.7 um in di-
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Figure 13 Scanning electron micrographs of cryofracture surfaces for the (a) WM50,
(b) NC50, and (c) HY50 extrudates. Images on the right side represent magnified views of
the surfaces on the left. Distinct phase domains are not evident using this method.

ameter were visible on the etched surface and ap-
peared to be intertwined among each other and the
remaining unetched bulk sample. It should be noted
that these fibrils form during flow through the cap-
illary and would therefore be oriented predominantly
along the longitudinal direction of the filament. Fi-
brils observed in this axial cross-sectional view have
most likely folded over upon drying of the etched
filament. These observations led us to propose that
a co-continuous morphology forms at this compo-
sition since the EVOH-rich domains were distrib-
uted throughout the blend structure even though
EVOH was the minority component. The fact that
the EVOH domains appeared as fibrils indicates that

there has been a significant amount of orientation
within the melt as it passed through the spinnerette
which became quenched in as the filament cooled.
In Figure 15(d), the result of etching the WMS85
filament is shown. In this case, the filament col-
lapsed during the etching treatment. EVOH-rich fi-
brils approximately 0.35 um in diameter and of
lengths greater than 5 um remain after etching. At
this composition, the starch-rich phase formed a
matrix in which the minority EVOH component ex-
perienced extensive orientation in the WMS85 blend
during capillary flow through the spinnerette.
Etching of the NC starch blends was less effective.
Removal of the starch-rich domains was apparent
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Figure 14 Scanning electron micrographs of (a) untreated and (b) a-amylase etched
fracture surfaces of a WM70 filament. Images on the right represent magnified views of
the images on the left. Foaming is evident in the untreated filament. Large-scale removal
of the starch-rich domains occurs during enzymatic etching.

for the NC blends containing less than 50% starch,
but only erosion of the filament fracture surface was
observed for the NC70 and NCB85 filaments. For the
NC30 and NC50 blends, roughly spherical domains
were visible after etching. These cavities ranged in
size from 0.05 to 3 um [Fig. 16 (a) and (b)]. The
surfaces of the NC70 and some areas of the NC85
filament appear nodular, which may result from
drying of a previously swollen filament [Fig. 16 (c)
and (d)]. Note that these results are somewhat rem-
iniscent of etching starch-based films and fibers with
boiling water.”%

Little morphological information was obtainable
from etching of the HY blends. No differences be-
tween unetched and etched HY30 and HY50 fila-
ments was observed [Fig. 17(a) and (b)]. The dark
areas appearing in the micrograph were most likely
due to holes in the gold-palladium coating which
were observed due to loss of volatiles (i.e., water va-
por, scission products) from the blend during ex-
posure to the electron beam.” The HY70 and HY85
blends also did not show much etching behavior [Fig.

18(c) and (d)], but some changes in the surface
structure most likely attributable to swelling and
subsequent drying of the structure were evident.
Since the a-amylase etchant will attack the
a(1,4)-glycosidic linkage and not the «(1,6) linkage,
it was not expected that the WM blends would etch
the most easily. The NC series showed some removal
of the starch-rich domains at compositions less than
50% starch, but at higher compositions, little etching
was observable. Surprisingly, the HY blends with
almost all «(1,4) linkages showed the most resistance
to etching. This can be understood in terms of the
accessibility of the etchant to the starch, crystallinity
of starch, and the use of water as a carrier for the
enzyme etchant. The extent of etching relies on the
susceptibility of the blend to the penetration of the
aqueous carrier phase. The diffusion of water and
access of the water-soluble enzymes into a blend is
expected to be less for a miscible starch-EVOH re-
gion than for a pure starch domain. Therefore, com-
patibility of starch with the EVOH component may
diminish some of the ability of the blend to etch and
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Figure 15 Scanning electron micrographs of a-amylase etched fracture surfaces of (a)
WM30, (b) WM50, (¢) WM70, and (d) WMS85 extrudates. Discrete starch domains are
evident at compositions less than 50% starch. EVOH-rich fibrils are observable at higher
starch compositions. Collapse of the WMB85 filament occurred during etching and EVOH-
rich filaments are present in the collected residue.

domains will become less evident. Also, if certain
components are crystalline, etching will be retarded
in the crystalline regions compared to the amor-
phous regions. At lower compositions of the starch
component, the fraction of domains accessible to
the etchant decreases and the fraction of isolated
clusters increases, thus making etching less effective.
Treatment of the 100% starch blends with water
showed complete collapse of the WM100 filament,
swelling of the NC100, and slight swelling of the
HY100 filaments. Treating the same blends with
enzyme solution results in breakup of the WM100
and NC100 filaments and slight swelling of the
HY100 filament. Because of the sensitivity of the
waxy maize to water, etching of the starch-rich do-
mains in the WM blends can be carried out even in
the control water solution. The addition of the en-
zyme, however, has resulted in greater removal of
polymer, possibly by scissioning any chains that
have become entangled and allowing lower molecular
weight chains to be carried into solution. Studies by
others™ have also demonstrated that the suscepti-
bility of native granules is dependent upon the rel-

ative amounts of amylose and amylopectin present
in the starch; high-amylose varieties are less readily
attacked by enzymes (because of increased H-bond-
ing and retrogradation’®”) whereas WM varieties
are most susceptible.

TEM provided more detailed information on the
blend morphology of the starch/EVOH blends.?
Micrographs of the WM50, NC50, and HY50 blends
are shown in Figure 18 which illustrate the existence
of distinct starch-rich domains for each of the starch
varieties employed in this study (iodine-stained
starch-rich domains appear dark against the lighter
EVOH-rich matrix via mass thickness contrast). For
the WM blend (WM50), a phase-separated structure
reminiscent of an incompletely mixed incompatible
polymer was observed [Fig. 18(a)]. Oriented droplets
ranging from 0.05 um to approximately 5 ym in
length were visible with L/D values averaging 1.8
+ 0.5 (smallest droplets are least oriented, as ex-
pected). Irregularities in droplet shape and the fact
that these droplets exhibited some preferred ori-
entation indicates that optimum blending between
the two polymer components was not achieved dur-
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Figure 16 Scanning electron micrographs of a-amylase-etched fracture surfaces of (a)
NC30, (b) NC50, (c) NC70, and (d) NC85 extrudates. Discrete starch-rich domains are
present in the NC30 filament. Starch removal occurs in the NC50 blend, but domains are
less discrete. Etching of filaments containing more than 50% starch is less effective at
distinguishing between starch-rich and EVOH-rich domains.

ing the extrusion process.” Smaller light-phase do-
mains appear within the darker regions, indicating
the formation of composite droplets. Domain sizes
are consistent with those observed in SEM for the
etched WMS50 blend [Fig. 15(b)].

Unlike in the WM50 blend, no composite droplets
were observed in the NC50 blend [Fig. 18(b)]. The
EVOH-rich, lighter area, appeared continuous
throughout the sections, indicating that this com-
ponent (or a mixture of mostly EVOH and some of
the starch fraction) forms the matrix. Starch-rich
domains were visible as discrete domains ranging in
size from approximately 0.05 to 1.2 um. Although
the electron densities of the WM and NC starches
are similar, the contrast between the starch-rich do-
mains and the blend matrix is lower. This fact may
indicated that the amylose fraction in the NC starch
may be partially miscible with the EVOH fraction.

Finally, the HY50 blend exhibits a finer disper-
sion of smaller starch-rich domains (d < 0.25 um)
distributed throughout a gray matrix [Fig. 18(c)].
Overall, HY blends are more difficult to visualize
due to the lower initial contrast level between the
starch-rich and EVOH-rich domains which quickly

fades as the sample is observed in TEM. This lower
contrast as well as finer domain sizes provides evi-
dence for even greater levels of miscibility between
the starch and EVOH components. The presence of
visibly discrete starch-rich domains, however, in-
dicates that, for the most part, all the starch types
in this study are somewhat immiscible with EVOH.
(It should be noted that the level of starch/EVOH
contrast evident in WM, NC, and HY blends is also
observed to decrease in blend sections that have not
been stained. Thus, the observed contrast differences
are not merely due to iodine uptake variations
among the starch types.)

The addition of EVOH will affect the extent to
which the starch component will be sheared during
the extrusion process. Rheological measurements
from Villar et al.*? can be used to further understand
our structural observations. Capillary viscometry
measurements showed that the viscosity of the
blends generally decreases as the EVOH content in-
creases (except for the WM blends). At 150°C and
a shear rate of 100 s™!, EVOH, WM100, NC100, and
HY100 have viscosities of 900, 320, 1000, and 5100
Pa-s, respectively. At compositions of more than
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Figure 17 Scanning electron micrographs of a-amylase-etched fracture surfaces of (a)
HY30, (b) HY50, (c) HY70, and (d) HY85 extrudates. The etchant had no effect on blends
containing less than 50% starch. Some texture development in blends containing more
than 50% starch occurred, but domains corresponding to EVOH-rich or starch-rich com-
positions are not distinguishable.

50% EVOH, the viscosity of the blends tends to ap-
proach that of neat EVOH. Villar et al. proposed
that the starch molecules experience lower stress at
these compositions and undergo less chain scission
during the compounding process. This behavior will
have direct consequences on the mixing behavior
between the starch and EVOH components. SEM
on the WM series has shown that distinct starch-
rich domains are evident for the 30, 50, and 70%
compositions. For WM50, the blend structure is
similar to that of traditional incompatible polymer
blends, whereas for blends with high starch contents,
the minority EVOH component appeared to be well
distributed throughout the starch matrix. For the
NC blends, discrete starch domains were evident at
compositions less than 50% starch; however, no dis-
crete phases were evident in SEM. (Further TEM
of the NC series, shows that, similar to the WM
blends, EVOH is finely dispersed in blends high in
starch content.?®) For the HY blends, the viscosity
of the starch is much higher than that of the EVOH
component; however, finer mixing of the phases is
evident. As demonstrated in the viscometry data,

incorporation of EVOH into the blend lowers the
viscosity of the material even at relatively high
amylose content. This observation is consistent with
the results of this morphology study in which the
EVOH and HY appear to have the most interaction.

Phase Coarsening of Starch/EVOH Blends

A study was performed on the WMS30 blend pellets
in order to understand more about the stability of
the phase structure of starch blends in the melt.
This property is extremely relevant to processing
applications such as injection molding, film blowing,
and fiber spinning where holding time in the melt
becomes very important. Pellet sections (~ 25 mg)
were heated in the DSC (in high-pressure capsules,
with a nitrogen purge) to 150°C at a rate of 10°C/
min, held at that temperature for 0.01, 0.1, 1.0, 10,
100, and 1000 min, and cooled at the maximum DSC-
7 cooling rate (set to 500°C/min). DSC results
showed consistent sample-to-sample melting be-
havior. The samples were then removed from the
DSC capsules, placed in liquid nitrogen for 1 min,



Figure 18 Transmission electron micrographs of iodine
stained starch/EVOH (50 : 50) blends: (a) WM50; (b)
NC50; (¢) HY50 extrudate sections.

and then immediately fractured using a razor blade
to initiate the crack. One section was viewed in SEM
as fractured. The other section of each fracture was
etched with a-amylase before viewing in the SEM.
Both sections were coated with Au—Pd before im-
aging in the microscope.

As shown in Figure 19, domain growth of the
WM-rich fraction was observed. However, images
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of the some of the control samples show voids in-
herent in the pellets which may have formed during
their initial processing or in the thermal treatment.
These voids (from volatile foaming) may have fa-
cilitated the etching behavior of some of the pellets,
resulting in artifacts inherent in the observed sys-
tems. Because of this inherent phenomena, a quan-
titative analysis of the domain growth will be in er-
ror. Estimates of average void size as a function of
time are 0.9, 1.2, 1.5, 1.5, 2.8, and 3.8 £ 0.2 um over
the time range; this behavior does not follow Ostwald
ripening kinetics for nucleation and growth of mi-
nority-phase domains (i.e., d # t'/%) as has been ob-
served for other polymer blends.™ Instead, a slower
rate of coarsening (d ~ t'/®) is observed, which may
be a result of the initial phase sizes present upon
exiting the extruder, diffusional properties of the
starch-domains at 150°C (partially due to the high
molecular weight of the starch component), inter-
facial effects involving the processing additives,
partial miscibility of components, and plasticizer
migration in the blend.

SEM of Etched Filaments—Effect
of Capillary Flow

To gain some insight on the bulk morphological
structure that forms when molten starch/EVOH
blends are forced through a capillary to form a fil-
ament, the surfaces, axial cross sections, and lon-
gitudinal cross sections of certain filaments were
examined. Results for the WM30 and WM70 blends
are shown in Figures 20 and 21, respectively. On the
left side of each figure are untreated surfaces; on the
right side are the results of enzymatically etching
the filament (with exposed surfaces) following the
procedure given previously.

The etching procedure appeared to have little ef-
fect on the outside surfaces of starch/EVOH fila-
ments. The WMS30 filament surface was highly tex-
tured with nodular and oblong protuberances rang-
ing in size from 1 to 10 microns which indicate
inhomogeneity in the sample flow [Fig. 20(a)].
Etching with enzymatic solution does not appear to
dramatically change the appearance of the filament
surface, although some oblong holes (up to 5 um
long) and cracks extending along the flow direction
are visible. Sharking or ribbing of the WM?70 fila-
ment surface was observed [Fig. 21(a)]; this was a
result of unstable flow through the spinnerette.'®
The etched WM70 filament also possessed some
holes and grooves but its appearance was still
strongly reminiscent of the original filament.

As evident in Figures 20(b) and 21(b), which show
the axial cross sections of the filaments, some foam-
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Figure 19 Scanning electron micrographs of WM30 extrudate that has been held at
150°C for (a) 0.01 min, (b) 0.1 min, (¢) 1 min, (d) 10 min, (¢) 100 min, and (f) 1000 min.
Samples were etched with a-amylase aqueous solution prior to viewing in the microscope.

ing had occurred in the WM30 blend and more ex-
tensively in the WM70 filament. Both fracture sur-
faces appear very different after etching. In the axial
cross-sectional view, the WM30 filament contained
approximately circular domains ranging in size from
0.2 to 3 um [Fig. 20(b)]. The WM?70 filament pos-
sessed many irregularly shaped domains that ranged
in size from 0.5 to 17 um. The longitudinal cross-
sectional view of the WM30 filament indicated that
the starch-rich domains were ellipsoidal in shape
and are aligned along the fiber axis. Values for L/D
range from 1 to greater than 10. Phase inversion
appears to occur in the WM70 sample. Here, the
EVOH phase forms long threadlike particles. These
threads are connected together horizontally, possibly

indicating a co-continuous structure since the
minority EVOH component appears to extend
throughout the length of the sample. It should be
noted that there is no evidence from flat film WAXS
that the EVOH or starch phases are oriented; this
result indicates that, though the phases are oriented,
the molecules contained in the domains have re-
laxed.

Structural Influences on Starch/EVOH Blend
Processability and Properties

During the compounding of the model series of
blends, adequate amounts of plasticizer (glycerin and
water) as well as sufficient levels of heat and shear
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Figure 20 Scanning electron micrographs of various surfaces of a WM30 filament (d
= 710 um): (1) surface; (2) axial cross section; (3) longitudinal cross section. Draw direction
is vertical (draw ratio = 1). Images on the left (a) are of untreated filaments. Images on
the right (b) are similar filaments which have been etched with a-amylase aqueous solutions.

allowed for the destructurization of the initial gran-
ules. SEM and TEM showed no trace of intact native
granules for all of the WM and NC starch blends.
X-ray and thermal analysis confirmed that the
starch component formed a molten phase during the
compounding process as evident in the loss of crys-
tallinity in the amylopectin component. Partial
miscibility of the amylose fraction is also suggested

due to etching behavior and melting-point depres-
sion of the EVOH component. The distribution and
connectivity of starch-rich phase domains which are
smaller than granule size will alter the transport
processes leading to biodegradation of the blend.
Crystallinity in the NC and HY blends occurs in
both the EVOH and starch domains. An increase in
crystallinity will lower the rate of biodegradation
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Figure 21 Scanning electron micrographs of various surfaces of a WM70 filament (d
= 1080 um): (1) surface; (2) axial cross section; (3) longitudinal cross section. Draw direction
is vertical (draw ratio = 1). Images on the left (a) are of untreated filaments. Images on
the right (b) are similar filaments which have been etched with a-amylase aqueous solutions.

for these types of blends. As noted from the etching
studies, the aqueous solutions do not penetrate the
HY extrudates or filaments and the a-amylase does
not readily etch the starch phase from the bulk
structure. Similar results should occur with micro-
bial attack. In solution, amylose, more than amy-
lopectin, undergoes a phenomenon called retrogra-
dation in which interchain hydrogen bonding be-

tween polymer chains causes them to precipitate out
of aqueous solutions.®® This action of the amylose
chains would serve to exclude plasticizer from “re-
trograded” regions. Plasticizer was observed on the
outer surface of the HY blends which seems to con-
firm this hypothesis. Retrogradation of amylopectin
is also documented to occur but much more slowly
over time.™® This process contributes to the small



endotherm observed in DSC between 55 and 60°C
for the NC and WM blends (note that most of this
endotherm is, however, attributed to the additive)
and will increase the brittleness and slow the rate
of biodegradation for these blends.

Under certain processing conditions (i.e., filament
formation), EVOH has been shown to primarily coat
the blend surfaces as is evident in the enzymatic
etching experiment (similar results are evident in
studies employing cross-sectional TEM of starch/
EVOH fibers®**). EVOH is more moisture-resistant
and less biodegradable than is starch. Articles made
with this coating will therefore be less moisture-
sensitive and initially more resistant to microbial
attack.

The mechanical properties of starch/EVOH
blends will also depend the distribution of starch-
rich and EVOH-rich phases. Smaller and well-dis-
tributed phase domains will lead to mechanical be-
havior that is more consistent with a blend of two
components (i.e., load is more uniformly distrib-
uted). Conversely, large domains of starch will more
likely act as points of concentration for stress, re-
sulting in mechanical failure at lower tensile stresses.
Thus, blends can contain higher amounts of de-
structurized starch rather than dry starch granule
filler. If miscibility exists between starch and EVOH,
the interfacial adhesion between phases may im-
prove, and debonding of domains from the matrix,
leading to failure, is expected to decrease. Finally,
blends containing more amylose are more likely to
be stronger, partially due to the larger amount of
linear, crystallizable polymer present. The mechan-
ical behavior of the starch/EVOH blends is explored
in more detail in a separate study.*

CONCLUSIONS

The extrusion blending of three varieties of corn
starch with poly (ethylene-vinyl alcohol) (EVOH)
to produce a biodegradable thermoplastic resin was
investigated by examining the structural character-
istics of the resulting blends. The corn starches,
Waxy Maize (WM), Native Corn (NC), and high-
amylose Hylon VII (HY), varied in their branch
content (amylose-to-amylopectin ratio) and molec-
ular weight. The starches were blended with EVOH
containing 56 mol % VOH over a systematic com-
positional range from 100% starch to 0% starch
(control sample ). Glycerin and water were employed
as plasticizers.

X-ray, thermal analysis, and electron microscopy
results indicated that the WM and NC granules were
destructurized during the extrusion process (the HY
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starch was pretreated prior to blending), and a
polymer—polymer blend was formed with the EVOH
component. All the blends showed evidence of phase
separation between starch and EVOH. The NC and
HY blends, in particular, appeared to be partially
miscible as evident from EVOH melting-point
depression beyond the effects due to the two plas-
ticizers alone, smaller domain sizes, and lower con-
trast between phases in TEM. Blends containing
amylose exhibited crystalline scattering patterns
associated with the amylose complex in WAXS, al-
though most of the crystallinity was due to the
EVOH component.

Whereas WM blends are most susceptible to
moisture and enzyme-etching treatments, the NC
and HY blends showed more resistance to swelling,
dissolution, and degradation due to increased levels
of crystallinity, H-bonding in the starch fraction,
smaller phase sizes, and partial miscibility with the
EVOH component. SEM was the most useful for
studying WM blends and NC blends with starch
contents of 50% or less. More morphological infor-
mation was attainable with TEM (using iodine as
a stain for starch) in which distinct starch-rich and
EVOH-rich domains were clearly evident for all
three starch types. Starch-rich domain sizes de-
creased as the amylose content of the starch com-
ponent was increased (1.e., dwmso > dncso > duyso)
and contrast between phases decreased, indicating
increased miscibility between the polymer compo-
nents. At least four polymer phases are formed in
these systems: (1) amorphous starch, (2) amorphous
EVOH; (3) crystalline amylose, and (4) crystalline
EVOH. Phase separation of the amylose and amy-
lopectin components in amorphous starch is also
likely due to branching and molecular weight dif-
ferences.

The influence of time in the melt and shear ( cap-
illary ) flow on the phase morphology for select WM
blends was then examined since this series yielded
the most structural information with SEM. WM-
rich domains undergo phase coarsening as a function
of time in the melt, although much slower than Ost-
wald ripening kinetics (d ~ t'/®). Orientation of
both starch-rich and EVOH-rich domains, but not
molecules, was observed at various compositions;
EVOH underwent significant orientation relative to
starch as evident by EVOH-rich fibrils in blends
with a large amount of starch. Little etching was
observed on the filament surfaces, indicating that
EVOH is coating the specimen as it is extruded
through a capillary.
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