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Transmission electron microscopy (TEM) was used to examine the morphology of extruded thermoplastic starch/
poly(ethylene-vinyl alcohol) (EVOH) blends. Both the starch and EVOH polymers were found to be very beam
sensitive: the maximum allowable beam dosages for the crystalline fraction of both components are estimated at
less than 3.5¢ 1073 C cm™2 at 200 kV and room temperature. In addition, both polymers experienced significant
mass thickness contrast variations which at moderate beam dosagg(( X 10~2C cm™ led to contrast-
reversal of images of the blend morphology. Noting the effect of the electron beam on the materials, low dose
techniques were used with conventional TEM to reliably image the blends. For as-processed starch/EVOH blends,
EVOH was observed to be the matrix component even at very high starch concentrations (up to 70%). Domain
sizes of starch were observed to range from less thaprf.tb greater than @m indicating that all of the starches
became destructurized during the preparation of the blends. Variation in the blend structure was also observed at
similar starch compositions (50%) for the three corn starch types. An analysis of contrast differences in blends
containing Waxy Maize, Native Corn, and high amylose Hylon VIl starches with EVOH suggested increasing
miscibility with increasing amylose content in the starch component. Finally, structural gradients in
thermoplastically formed articles (e.g. a starch/EVOH melt-spun fibre) were obsev&898 Published by
Elsevier Science Ltd. All rights reserved.
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INTRODUCTION in interpreting images taken under specific electron optical

The key to understanding both the flow characteristics and fr(;r;glsrg?sr]séilbrl1neItglc?rc?r?ﬁr?igrc\gvs%ogIviodﬂ\?g:tiogtéh&eufneic%-
physical properties of polymer blends is the determination Py 9

- . tructure of polymer blends that consist of thermoplastic
of their morphology. The polymer morphologist usually > X
seeks to de?ermir?g the nﬁm%er and \E)olumg fraction yof starch and poly(ethylene-vinyl alcohol). Because of the

cerin phases al a gen blend composion, 1o gan STEY T MDA, PIOTIOnen SeReS, ST
information on the domain size, shape, and connectivity p P Y, ging y

of these phases, and to detect if and where crystallization;i?ghr_)g:;ggebggg':;Z‘;hgéqelr’]e 'gre)ﬁ%gaﬂg thermoplastic
and molecular orientation in a blend are occurring. Very i
Transmission electron microscopy (TEM) can be an Starch, processed thermoplastically, can be employed as

especially useful technique to the researcher since one car‘&i biodegradable alternative in certain polymer applications

view sub-micron scale domains without the removal of \&-9: disposable packaging, cups, utensils, composting bags,
sample components by utilizing mass thickness, diffraction, eg:é)' Je Z’i@gggﬁj&iﬁg@ rl‘e()]crE)r:]Sinto gganmlf)l(?{”ztagch i\t/;hICh

and phase contrast differences within the specimen. One carpoI mer constifuents (amylose angcji amylopectin) and the

also examine crystalline regions by performing electron P2 ttents amy yiopect

diffraction on selected areas and by operating the micro- various proteins, lipids, _and _smaller molecules (such as

scope in dark field mode. In addition, the microscopist can water) that are also contained in the starch granule. To attain
observe gradients in strljcture from 'the surface to interior better processability and to increase the level of mechanical

regions of a bulk sample by examining specimen cross- stability and moisture resistance in the final product, starch
sections in TEM. is often extrusion blended with another polymer component,

: - - i ticular case, with poly(ethylene-vinyl alcohol)
Despite these advantages of TEM, obtaining meaningful In our par X - .
results often provides a challenge due to the difficulty in (EVOH) and with plasticizers such as glycerin and water.

obtaining thin specimens with sufficient contrast, in over- The composition of these blends can be tailored to yield the

coming the radiation sensitivity of the polymer samples, and required flow and physical properties necessary for further
thermoplastic processing such as injection moulding, fibre

spinning, or film blowing.

*To whom correspondence should be addressed. Tel.: (617) 253-6901; fax:

(617) 258-7874; e-mail: elt@mit.edu Previous studies using scanning electron microscopy
t Present address: Candescent Technologies Corporation, 6580 Via de(SEM) provided general information about the bulk phase
Oro, San Jose, CA 95119, USA structure in extrusion blended starch—EVOH materials in
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which accessible starch-rich phase domains had beenpartially or totally eliminated. We seek to image the
removed. The extent of structural information attainable microstructure that results from the extrusion blending, fibre
with SEM on these blends was quite limited due to the spinning, film blowing, and injection moulding of three
varied susceptibility of different starch types to the enzyme varieties of corn starch (differing in amylose/amylopectin
etchant. Also, the addition of an aqueous carrier for the ratio) with another polymer, poly(ethylene-vinyl alcohol).
etchant causes swelling and deformation of the blend as it isSince there have been very few studies published which
etched, probably changing the overall morphology. Others utilize TEM on thermoplastic starch-based syst&hi§ and
have used light microscopy to image starch—EVOH blénds none in particular on starch/poly(ethylene-vinyl alcohol)
however, the domain sizes observed are roughly the size ofsystems, emphasis is placed on the experimental details of
native starch granules-(10—-25um). imaging such systems in this paper. The structural
TEM has been used to investigate the structure of information on these blends gained from TEM is put in
granular starch, starch gels, and single crystals of amylosecontext with other structural and processing studies and is
complexes, but only a few studies have focused on presented separatéls’.
thermoplastic starch or starch-based blends. In the past, Due to the moisture sensitivity of starch and the presence
emphasis has been placed on investigating the structuralof plasticizers in the blend, special steps are taken during the
components of native granufes. Because of the similarity ~ microtoming and sample preparation process. Next, the
of amylose and amylopectin in chemical composition and beam sensitivity of both starch and EVOH is established in
electron density, differentiation between these componentsTEM, and imaging conditions that will minimize damage of
is not easily achieved in TEM (in fact, no differentiation the sample as it is exposed to the electron beam are
between the two polymers in the microstructure of starch prescribed. Contrast mechanisms, which include mass
gels has been obser/@i The internal structure of starch thickness, diffraction and phase contrast, between starch
granules is revealed only through a complex and lengthy and EVOH-rich domains are considered as well as the effect
series of dehydrating, embedding, sectioning, chemical of partial blend miscibility on the observed structures. The
treating, and staining or shadowing steps which often choice of a selective stain to enhance contrast between the
produce artifacts that limit the interpretability of transmis- starch and poly(ethylene-vinyl alcohol) components, both
sion electron micrographs Such structural development of which are very similar in their chemical composition, is
studies examined the growth rings of various types of addressed. Structural changes which occur in the blends as
starches by methods such as staining with potassiumthey are imaged using the electron microscope are then
permanganate, enzymatically treating witramylase, established. Finally, having obtained a reliable method of
partially degrading by acid treatment (linterization), and/ preparing and then imaging starch/poly(ethylene-vinyl
or shadowing with metatd~** A study performed by alcohol) blends, we present their morphologies as a function
Kassenbeck successfully revealed the fine structure of wheabf composition, compare the morphology of different starch
and maize starches by using periodate, thiosemicarbazideyarieties in blends with EVOH, and observe the blend
silver nitrate, and osmium tetroxide staining agents to structure that arises at the near surface region of a melt-spun
distinguish the crystalline from non-crystalline regions in starch/EVOH fibre.
the starch granulé®’® Kassenbeck established that
amylose is essentially located in the nucleus of the granule
and is surrounded by growth rings formed by amylopectin ExpPERIMENTAL
chains which undergo crystallization into alternating radial .
layers approximately 60 Ahick (i.e. the rasemose model). Materials
A summary of the extensive and varied specimen prepara- Three types of corn starch, varying in amylose/amylo-
tion techniques for studying the native starch granules by pectin ratio, were extrusion compounded with poly(ethy-
TEM is given by Gallant and Sterlifgand Blanshart?. lene-vinyl alcohol) in order to explore processability,
The often ambiguous results of these initial studies physical property, and morphological changes of these
(attributed mostly to granule folding during sample blends as a function of composition. Each starch was
preparation) were later overcome by an embeddingg andblended in varying proportions with the poly(ethylene-vinyl
microtoming procedure developed by Chanzy et®al. alcohol) using a Leistriz (34 mm) twin screw extruder
Granule sections were observed under frozen hydrated(Novon Research Division, Warner-Lambert, Morris Plains,
conditions by TEM in diffraction mod€. Without staining, NJ) under shear, heat, and moisture condiidfisthat
the presence and location of granules in TEM could only be would ensure starch granular destructurizatioBpecific
determined by supplementing the electron diffraction results details on the compounding of these blends is given in
with optical micrographs (taken with polarized light) of the previous work?>.
same sample region. The location of the starch granules Amioca Waxy Maize (WM, 100% amylopectin), Melojel
became evident from ’'Maltese-Cross’ patterns which Native Corn starch (NC, 72% amylopectin), and Hylon VII
resulted from the predominantly radial orientation of the (HY) a high-amylose starch, were obtained from National
polymer chains within the granii2 The electron diffrac-  Starch and Chemical Co. (Bridgewater, NJ). Naturally
tion patterns of these potato starch samples were typical ofoccurring triglyceride additives were pre-mixed with the
B type starch and exhibited fibre diffraction patterns for the starch fraction in small amounts (3wt.% to the starch
central sections and strongly arced or continuous ring fraction) to aid in processing. Poly (ethylene-vinyl alcohol)
diagrams for non-central or tangential sections of the (EVALCA E105A), containing 56 mol.% vinyl alcohol
granulé®. Further electron diffraction studies have been groups, was supplied by EVALCA Co. (Lisle, IL). Glycerin
performed by Chanzy’s group and others on single crystals (15% by weight of the total feed) was injected into the
of amylosé*??and amylose acetdte extruder during processing. During the compounding of
In the present study, TEM is performed on biodegradable certain blends, a small quantity of water (not more than
blend materials produced from the thermoplastic processing10%) was added to reduce problems with torque build-up in
of starch in which the ordered granular structure has beenthe extruder; water vapour was subsequently vented near the
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extruder exit. Moisture content at the extruder exit was must be stressed that no water was used during the
measured by titration to range from 1.4 to 15.8% depending microtoming process to eliminate swelling of the starch
upon starch type and composittoiNomenclature of each  fraction (ethanol showed no interaction with any of the
blend is presented as ‘starch type:percent of starch’ (i.e.starch blends). Grids containing sample sections were
NC30 refers to a blend containing a 30:70 ratio by weight of placed overnight in a desiccator containing 8 mesh
Melojel Native Corn starch to EVOH). anhydrous calcium sulfate (W. A. Hammond Drierite Co.,
We sought to characterize these materials as polymer—Xenia, OH). Prior to viewing in TEM, certain sections were
polymer blends (i.e. starch-rich or EVOH-rich domains). placed in a stainer containing elemental iodine (Mallinck-
However, given the complex nature of these materials (i.e. rodt Specialty Chemicals) and exposed to iodine vapour for
three polymer components which are each crystallizable,1 h to preferentially stain the amorphous starch-rich
two plasticizers, and various small molecules), we must take fraction. In addition, certain sections were coated with a
into account the effect of plasticizers and various small thin layer of carbon €50 A) using a Ladd vacuum
molecule additives in addition to the likely presence of evaporator (Ladd Research Industries, Inc., Burlington, VT)
orientation from processing in analyzing the overall toimprove the electrical and thermal conductivity as well as
morphology. For this reason, blends containing only the rigidity of the sections in the TEM.
starch or only EVOH with plasticizervic. glycerin and ]
water) were examined first to determine structural features Instrumentation
observable in either polymer. Next, blends of starch with A JEOL 200 CX TEMSCAN electron microscope

EVOH were examined. equipped with a tungsten filament source was employed at
_ 100-200 keV to image the samples. The spherical aberra-
Sample preparation tion coefficient and focal length of the objective lens were

Bulk polymer samples require microtoming into sections 6.7 mm and 5.0 mm, respectively. Objective apertures of 20
that are sufficiently thin so that the electron beam can passand 40um diameters, corresponding to 0.10 and 0.17 A
through the specimen thus forming an image in the FEM  cut off values in reciprocal space were most often employed.
For polymer—polymer blends, the shape, size, and distribu- Because of the sensitivity of both starch and EVOH to the
tion of the polymer phases also define limits to the specimen electron beam, samples were imaged using low dose
thickness. Ideally, specimens should be thinner than thetechniques and employing a small condenser aperture
thickness of the phase domains one seeks to image and ther€00ym) and small spot siZe>3173% |mages were
should be no overlapping of domains in projection. obtained at relatively low magnification (5-1&k by
Otherwise, only uncorrelated fluctuations in the observed first focusing on an area, translating to an adjacent area, and
projected images are detected and valid dimensions ofrecording a 2—4 s exposure with Kodak SO-163 image
individual domains cannot be readily discerned (such as for plates.
the case of a large volume fractiorn~ 30%) of randomly ]
distributed domains which are small in comparison to the Image analysis
specimen thickne$9. Selected negatives were digitized using a UMAX UC630

A Reichert-Jung FC4E cryo-ultramicrotome was scanner with transparency attachment. Adobe Phot&shop
employed for preparing sections using a sample temperature(version 2.5 LE) was used for digitizing the images at 300 or
setting of — 20 to 15C and a knife temperature from 20 600 dpi over a range of grey scales from 0 to 255 (0, black;
to O°C. Cutting temperatures were optimized with respect to 255, white). Optical densities corresponding to measured
the mechanical characteristics of each blend; usually, grey scales were obtained through calibration of the scanner
specimen and knife temperatures decreased as the EVOHwvith a Kodak Q-14 Gray Scale (20 density steps at 0.1
level increased. For starchiy is a strong function of the  density increments). Digitized images were saved as TIFF
relative humidity at which it is stored and can range from files which were imported into the NIH Image program
below room temperature to greater than Z0. For pure (Version 1.35) for analysis of domain size and intensity.
EVOH, T, occurs at 5%C. The presence of glycerin and Intensity profile plots were determined from various
water in the blends will serve to lower these transition micrographs to quantify image contrast and its dependence
temperatures. Moreover, the small molecule componentson microscope operating conditions and on beam damage.
may partition unevenly between the polymeric components.
An accurate determination of the glass transition tempera-
tures for the blends via differential scanning calorimetry RESULTS AND DISCUSSION
was difficult due to the low signal to noise of thE The observation of a starch/poly(ethylene-vinyl alcohol)
transition and the overlapping temperatures of multiple blend in the TEM is not as trivial as for a simple binary
endothermic transitions for the blefdslowever, the range  blend system, for example, a polystyrene/polybutadiene
of — 20 to 15C was found to cause the least damage to blend in which one primarily uses mass thickness contrast to
blend specimens and it is estimated thatThealues in the discern the relatively large> 1 um) unstained polystyrene
blends do not fall in this temperature range. domains from polybutadiene domains heavily stained with

Samples were cut with a razor prior to placing them in the osmium tetroxide. For this reason, we highlight the
sample holder. A trapezoidal mesa& (0.2 mm per side) was  following issues involved in the imaging of starch/EVOH
trimmed with the microtome using a glass knife following blends: (1) the beam sensitivity of both starch and
procedures detailed in the literattte A 35° diamond poly(ethylene-vinyl alcohol), (2) the contrast mechanisms
(Diatome®) knife was used to cut sections using the involved in discerning starch from EVOH domains, and (3)
microtome setting of 30—-50 nm. Samples were carefully contrast changes as a function of electron beam exposure.
collected from the knife with an eyelash tool and deposited These issues are important to the interpretation of blend
onto a droplet of ethanol placed on a either a 400 or 600 morphology as a function of blend composition, of starch-
mesh copper grid (Ted Pella, Inc., Redding, CA). The grids type, and of subsequent thermoplastic processing (e.g. melt
were blotted on filter paper to remove any excess ethanol. Itfibre spinning).
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Beam sensitivity of starch and EVOH additional 20 s. With increasing electron dose, the HY100

Organic materials undergo radiation damage when shows significant . dimensional changes includl_ng the
exposed to the electron beam. The degree of damage ighlargement of voids, mass loss, and the formation of a
related to the total dosd), the product of beam current fippled texture. The lighter oblong areas, with major axes
density,j (A cm~?), and irradiation timet 3%, For polymers, ~ approximately 0.1-0.2m in size, which are observed in
the main effects of radiation damage are cross-linking and Figure 13 are barely visible in the beam damaged sample.
chain scission. Both occurrences generally result in loss of The diffraction pattern for the HY100 blend was difficult to
mass through the production of volatile components (e.g. record due to the multiple scattering from the specimen and
H,, CH,, CO, CQ,, H,0). The geometry of the sample and  the limited amount of crystallinity present which will lower
the cross-section of the electron beam, in combination with the extent of diffraction contrast attainable from this
the beam intensity, will also cause changes in the specimensamplé. Faint rings corresponding to a V-amylose complex
due to secondary thermal effects (e.g. loss of crystallinity, Were nevertheless visible providing evidence for crystal-
desorption of substances such as water, and decomposition)linity (see inset ofFigure 18. At the operating voltage of
charging effects with strong electric fields (e.g. specimen 200 keV, the electron beam lifetime of the V-amylose
motion and curling of sections) as well as dimensional Crystals in HY100 was estimated to be no more than a
changes due to crosslinking. quarter of that of stretch-oriented PE film (an accurate value

In order to understand the effect of beam damage on thewas difficult to determine), and, therefore, the maximum
starch/EVOH blends, TEM was performed on the HY100 allowable beam dosage for V-amylose crystals is estimated
and the EVOH/GLY blends. This initial study was to be less than & 10~°Ccm? (based on the total end
performed to gain information about the crystalline nature Point dose for polyethylene crystals at 200 keV ant0
of each blending component and the nature of beam A different beam damaged morphology was observed for
damage. It should be noted that a starch/EVOH blend EVOH (seeFigure 2). Initially appearing as a relatively
does not represent a superposition of the two pure homogeneous materiaFigure 29, the EVOH/GLY blend
components since different partitioning of plasticizers (i.e. developed a mottled texture as the sample became damaged
glycerin, water) and some polymer—polymer mixing may (Figure 20. The ring-like domains<1 xm in size) which
occur. Figure la depicts the morphology of unstained form may indicate the out of plane buckling of small EVOH
HY100 as imaged under low dose conditions using an SPherulites due to beam effetts A banded spherulitic
estimated electron dose of approximatelyx 20~ * C cm . texture as observed in more typical semi-crystalline
Figure 1b shows the influence of beam damage on the polymers was not observed for the EVOH/GLY material.

sample which has been exposed to the beam for anCrystallinity, however, was readily apparent in the diffrac-
tion pattern (see inset d¢figure 2g and corresponds to X-

ray diffraction dat&?°. The crystal lifetime for EVOH
containing 44 mol.% vinyl content was easier to measure

Figure 1 Bright field micrographs of the HY100 blend (Hylon VII high Figure 2 Bright field micrographs showing a microtomed section of the
amylose starch compounded with glycerin and water). (a) The morphology EVOH/GLY blend (EVOH compounded with glycerin). (a) The morphol-
and electron diffraction pattern observed under low dose conditions ogy and electron diffraction pattern observed under low dose conditions
(D~9 x 10~* C cm™?). (b) The same region after 20 s total exposure to the (D~9 x 1074¢C cm™?). (b) The same region after 20 s total exposure to the
electron beam@~3.5 x 10~ C cm™) electron beam@~3.5 X 10~° C cm™?)
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than for the starch and corresponded to a somewhat higheradjacent locations 1 and 2, can be expressed asl(for

maximum allowable beam dosage3.5 x 1073 C cm™. greater than,):
The observed morphology of both starch and EVOH is — St St
. | _ | e o1ly e Spﬂz 2
thus highly dependent upon the amount of beam dose that C=1"2_ )
each receives (i.e. both components are very sensitive to the Iy e~ St

electror_1 b(_eam). Studies by Reim&showed that only 50% For S, of approximately 3.5¢ 10*m?mg ' and a constant
of the initial mass remained for starch and 50% of the (t1 = t,) estimated thickness of 1000 #e initial contrast,

original polyvinyl alcohol remained after Iogg term 2gelectron C, between starch p~1.45gcn®) and EVOH
irradiation at a current density of®x 10~ Acm™ (In (p~1.15gcm?) is approximately 0.08, indicating that
other words, electron beam damages principally through giarch and EVOH-rich domains should be initially discern-
chain scission and crosslinking and results in mass 10ss Uptojpe via mass thickness differences. Image analysis
50% via irradiation for starch and polyvinyl alcohol.) Using - herformed on a near-focus image (where phase contrast
a simple rule of mixtures, only 60% of the initial mass of 4t |59e scaled objects is minimized) of an unstained
EVOH containing 56% vinyl alcohol repeat units is  Nc30blend (30% native corn starch/70% EVOH), yielded
expected to remain after long term electron beam exposure g yajye for contrast of 0.05 between unstained starch-rich
For polyethylene, which retains 80% or more of its initial 5,4 EVOH-rich domains. This lower value of contrast
mass, mainly cross-linking occurs and mass loss is primarily 3y indicate partial miscibility between the starch and
attributed to the formation of Hgas”. For polymers  £yoH fractions which would result from a decrease in
containing alcohol groups, chain scission at the —COH gensity for the starch-rich domains and a density increase
residue is favoured and 41 CO, and BO gases areé i, the EVOH-rich areas. A quantification of the level of
formed™. Loss of crystallinity, cross-linking, and chain miscibility between the starch and EVOH fractions by
scission will result in both density and thickness variations using measured contrast values was considered but not

in the polymers as _they are“imaged. The structurgl achieved to due the effects of beam damage on the
appearance of radiation sensitive polymer blends will samples.

change since the mass thickness contrast between phase piftraction contrast results from scattering outside the
domains is altered during TEM imaging. For this qpieciive aperture by crystalline regions which are properly
reason, micrographs depicting the starch/EVOH blend qiented for diffraction. Diffraction contrast is often used to
morphologies were taken under low dose conditions o, oyt the displacement fields, defects, or textures present
(i.e. 5—10|%< magn;flcatlon with minimum beam exposure, crystalline samples (e.g. see Chacko al%%). The
<1x10""Ccm™) by focusing on an area, then gitracted intensity depends on the local deviations of the

translating to a previous_ly unirradiated, adjacent area to crystal lattice planes from the Bragg anleas follows:
take the exposure. In this way, structural changes to the
sirfrst
i

specimen are minimized by operating the TEM under 3)
sirtrs

conditions that are below the maximum allowable beam
((jisggf 10~ 3f%r Cmfs)ta;ﬁz thata\?v(ijll minI?r\n/SeH the g%setrz]ags whereF(hkl) is the structure factor for thénkl) reflection,t
of beam damage that results in crqsslinking and scission of'BSr;he (C:(r)ynséﬁ!otrt"c_:fﬁgs dsi%fgrgég itrr:tee nds(ietv 'afgﬂg (f):ff)rtg tzheero
the starch and EVOH polymer chains. 99 ' o y
at less than one degree of misorientation for crystals of
. thickness of approximately 100.8y employing an objec-
Contrast mechams_ms . o . tive aperture with a cut ofyax diffraction contrast occurs
Contrast arises in TEM due to spatial variations in the j, regions where the Bragg condition is satisfied and where
phase ar]d gmplltude of the. specimen transmission functlpn,K > Kuax. Thus, in bright field mode, these regions appear
¥(r), as incident electrons interact with the sample. Details g5rker in the TEM image than areas where 0 and/orK <
on the image format.|on aljd contrast mechamsms_ usingk, ..., sincel = I, — I(s). When the objective aperture is set
TE22/|7‘§EQ6’3P79 found in various references in the litera- {5 collect electrons scattered under a certain Bragg condi-
tur - In this section, we address contrast mechan- ijon, (i.e. dark field mode), these imaged areas appear bright.
isms and discuss the relevance of each type of contrast ingecause of the relatively low levels of crystallinity in the
interpreting TEM images of the starch/EVOH blends. EVOH and starch materials and the rapid loss of crystal-
Amplitude contrast (mass thickness or diffraction con- |inity due to electron exposure, diffraction contrast is not a
trast_) results from .Ios.s of electrons by their scatter_lng significant contrast mechanism for the starch-EVOH sys-
outside of the objective aperture. For non-crystalline tems.

samples that scatter incoherently in bright field (i.e. N0 ppase contrast depends on the phase shift of the
diffraction contrast), mass thickness contrast arises from yansmitted wave which is a function of the electron

differences in the fraction of the incident beam intendify,  mjcroscope transfer function and the specimen transmission
which is collected by the objective aperture for different function, ¥(r)283537 | bright field, image phase contrast

domains (which extend completely across the film thick- can pe represented by the inverse Fourier transform of the
ness) of densityp, and thicknesst. This intensity,l, also product of the microscope transfer function, and the Fourier

depends on the optics through the choice of beam enBtgy,  transform of the function¥(r), if we consider a weak phase
and objective aperture size, parameters which define the  gpject:

effective mass scattering cross-secti§p,The value ol at
locationi, is defined by:

1(s) = IF(hkI)I?

l(r) B Iave=

I ave

Cphase= F~2AK) sinx(K)F¥(N]  (4)

(Eo, )i =1, e~ $(Eo )it 1) _ _
The electron microscope transfer function
The level of contrasc, in bright field mode, resulting from  A(K) sinx(K) modulates object frequencies in the image,
mass thickness differences between two components atwhere A(K) = 1/0 inside/outside the objective aperture
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and theK-dependent phase shift is given by: and V-amylose crystals are also reportedL(4 g cn3)*%.
s T 3.4 Based on mass thickness contrast, starch should appear
x(K) = m\N(AZ)K” + G K (5) darker taking into account density differences. However,

. ) . beam damage which affects specimen composition, density
AZ andC; are the defocus and spherical aberration coeffi- ang thickness, will influence values for the mean inner

cients of the objective lens. _ potential.
¥(r) is proportional to the product of the mean inner
potential,¢(r), and the sample thickness: Staining of the starch-rich domains
¥ = " 13 6 To improve mass thickness contrast between the starch
= )\—Vot¢(f) ) and EVOH domains it is desirable to use a specific heavy

. ) metal stain (so as to increase the electron density of one
where\ is the wavelength of the electron aM} is the  phase). Since starch and EVOH have essentially the same
accelerating voltage. The mean inner poteniglcan be  chemical constituents (both contain C—O, O—H, C—H, and
estimated from the sample densipy,andf;, the electron-  c_C groups), finding a stain which would distinguish
scattering factor at zero angle of tite atom of the basic  petween the two components in TEM provided a challenge.

structural unit of molecular weighM: Stains considered were osmium tetroxide (QsQuthe-
_ ) nium tetroxide (Ru@), uranyl acetate (UA), ruthenium red
¢=69 Z fi ) (RR), and iodine. Neither of the Og@nd UA stains react
]

with polysaccharide chains specifically, and essentially
Using values of 4(0) = 0.221,f(0) = 1.024,f5(0) = 0.840 concentrate into regions of high free volume. Uranyl acetate
in p-units’®, the mean inner potential was calculated to be has been used in the past with some success in obtaining

roughly 7.2—7.3V for various types of starch~1.45— structural information through TEM of starch g&$°and
1.47 gcm®, M = 161 g mol™, monomer units) and 7.3V starch and starch blend thin sections in which the granule
for EVOH (56mol.% VOH, p~1.15gcm?, has not been completely destructuri2&d Previous work

M~37 g molY, monomer units), respectively. The close has shown that ruthenium red, although it seems a prime
similarity of the respective mean inner potentials indicates candidate for polysaccharide stainfhgis unreactive with
that one probably cannot discern between unstained starcheutral polysaccharid&$ lodine is a well known positive
and EVOH domains through phase contrast. stain for amylose and amylopectin, forming a complex

To illustrate the contrast mechanisms occurring between
starch and EVOH, a through-focus series taken of a blend
containing a native corn starch/EVOH ratio of 30:70 (NC30 R, Ta) AZ =
blend) is shown inFigure 3 The minority component s
starch-rich domains appear dark in the micrograph against R )
the lighter EVOH-rich matrix background. One should note
that the near-focus imagé&ifure 3b was taken first at an
exposure of 4 s£9.3 X 10~* C cm™?), and beam damage
is evident in the texture which has developed in the matrix.
Subsequent beam damage occurs for the underfocus and
overfocus images so the level of contrast is changing
between domains andFigure 3 should only serve to
illustrate the primary mechanisms of contrast. The near-
focus image shows definite contrast between darker, starch-
rich domains, indicating that mass thickness contrast effects
are primarily responsible for differences in the appearance
of domains. The large underfocua4{~ — 136 um) and
large overfocus imagesAZ~ + 136 um) provide finer
details from the phase contrast which arises from non-zero
values of the microscope transfer function; negative values
of defocus reinforce the mass thickness contrast whereas
positive values oppose it. Defocusing reveals discernible
microtome cutting lines, voids, and distinct domain
boundaries (seEigure 33.

At low to medium resolution, amplitude contrast
generally dominates the overall image contrast with phase
contrast providing finer details when defocusing the
microscopé®. The spatial frequency content of the NC30
sample is highly complex and starch-rich domains vary over
the range from 0.1 to greater thanuth in size. Phase
contrast may add definition to the observed image by
highlighting differences that occur in the microtoming
characteristics of each phase f&&~ = 13.6 mm), contrast
s cohanced for lower frequency objects=008um).  HE 2 Hr e e
Although the Sa.".“p'e is semi-crystalline, the m.easured and ?c) ApZ~+136 pm. Phase contrast arises as the migro’scope is defocused (a
calculated densities of amorphous and crystalline EVOH at ang c). Note that the sample undergoes beam damage during imaging (order
a composition which contains 56 mol% VOH are very ofimage taking and estimated total beam dosageD (b9 X 10~% C cm™2,
similar (~1.15)*°. Similar densities for thermoplastic starch (8)D~1.9x 107*Ccm? (c)D~28x 10" *Ccm™?)
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within the helical starch polymer chafffs Samples were indicating that the iodine stain is preferential to the starch-
microtomed and stained with osmium tetroxide, ruthenium rich domains. Intensity profiles showing the effect of the
tetroxide, uranyl acetate, and ruthenium red, but no iodine stain on the NC30 sample are showrkigure 4 It
increased contrast between components was readily apparshould be noted that the iodine also penetrates the EVOH
ent. However, iodine was found to preferentially stain the matrix, as evident in the overall shift to lower optical density
starch-rich domains. of the negative (0.68), but it does not penetrate into the
lodine is knowr” to physically absorb into the amor- EVOH-rich matrix to the degree that it complexes with the
phous regions of semi-crystalline polymers such as poly- starch.
ethylene. lodine also forms chemical complexes by binding .
in linear sequences within the interiors of amylose, Contrastchanges as a function of beam dosage
amylopectin, and poly(vinyl alcohol) helic®s®*~>° Gen- Given the results of the beam sensitivity study performed
erally, this complexing behaviour occurs for starches that on the neat starch and EVOH materials, we next determined
are not highly crystalline (i.e. already V-amylose com- the effect of beam dose on the structure of starch-EVOH
plexed starches will not react with the iodiA&)Staining the blends. InFigure 5 a series of micrographs of the NC30
bulk extrudate (pellets) for 4 h with iodine resulted in a blend (previously stained for one hour with iodine) are
colour change from translucent yellow to dark violet for displayed as a function of time at a specific beam current
thermoplastic starch pellets and only a slight change from density (-2.3 Acm™). A line profile plot showing the
clear to light yellow for the neat EVOH blend (indicating changes in contrast as a function of beam dosage is shown in
little to no complex formation in this component). The Figure 6
different staining behaviour provides a means for enhancing Figure 5adepicts the initial structure of the NC30 blend
the mass thickness contrast between starch-rich and EVOH-at a defocus of-13.6um taken at a magnification of 5k
rich regions. Any physisorbed iodine will desorb in the and exposure time 4 s. Note, contrast is artificially enhanced
vacuum chamber of the electron microscope and in the with the use of high contrast, grade 4 print paper. The dark,
electron beam due to the low pressure and possible samplestarch-rich domains (less than 0.1-ArB) are easily
heatind”; complexed iodine will be less volatile, but as discernible against a grey background. Image contrast
starch is irradiated it is likely that with the ensuing structural calculated from intensity analyses is 0.11. Holes and thin
changes to the starch, the iodine stain will be lost. Again, regions appearing bright in the micrographs are present
low dose procedures are critical in obtaining useful either adjacent to or within the starch-rich domains. These
information from TEM. areas may be attributed to microvoiding within the blend
To confirm that the use of iodine promotes contrast due to foaming of plasticizer (mainly water) during the
between starch and EVOH, micrographs taken under similar extrusion blending process. Cracks observed within the
conditions for unstained and stained NC30 sections were starch-rich domains may have occurred during microtoming
digitized and analyzed. For the unstained sample, thedue to the brittle properties of the starch component.
average contrasC, was determined to be 0.05. For the Microtome cutting lines are also visible. The matrix itself
stained sample, the average contrast increased to 0.11lpossesses a slightly mottled texture which could be due to
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Figure 4 Comparison of intensity profiles obtained from micrographs taken under similar conditions (near-focus, M)XK exposure,

D~9x 10~*C cm™ for an unstained and iodine stained section of an NC30 blend. Contrast between the starch-rich domains (appearing at lower
intensities than the EVOH matrix) increases from 0.05 to 0.11. Note also that the average intensity of the image, the optical density of the mégatgraph
decreases as it is stained (average intensity values are shown by the dashed line and at the right of the graph)
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the presence of small starch-rich domains which are less As the section is irradiated it undergoes mass loss such
than the thickness of the film or due to initial beam damage that the average measured intensity of the exposed film
to the EVOH component. The following set of micrographs increases with beam exposure (1, values are 0.70, 0.71,
seem to indicate that the latter scenario is valid. 0.74,0.77). After 30 s beam exposuFégure 5b, the NC30

Figure 5 Bright field micrographs showing an iodine stained NC30 blend section as a function of time in the beam at a current density of approximately
2.3 % 10~ *Acm~2(at 5 kx): (a) initial exposuret = 45,0~9.3x10*Ccm 2 (b)t =34 5 D~7.9% 103 C cm™% (c) t = 94 5,D~2.2 X 102 C cm 2 (d)

t = 184 5,D~4.3 x 10~2 C cm™2 Microvoids are indicated by ‘V’, cracks in the starch-rich phase due to microtoming are indicated by ‘M’ in (a). Thinner
areas are observed adjacent to the starch-rich domains and are most likely due to deformation at the starch-rich/EVOH-rich interface duminggmitreto
horizontal line shown in (a) represents the region selected for intensity plots displalyegie 6

0.77
t=184 sec

D ~4.3x102 Cem2

0.74
t=94 sec
D ~2.2x102 Ckn2

0.71
t=34 sec
D ~7.9x103 Ckn2

Intensity (I/To)

0.70
t=4 sec
D ~9.3 x104 Cen2

0.55 t t t t
o o o o o (=]
IS] e} ISt s} 1S) rs}
o o -~ - N N

Distance (um)

Figure 6 Intensity profiles of an iodine stained NC30 sample as a function of time in the electron beam at a current density of approximately
23X 10"* Acm~% (at 5 kx). Plots are arbitrarily shifted along theaxis to eliminate overlapping of profiles. Note, contrast between the starch-rich and
EVOH-rich domains initially increases, then falls as the total beam dosage increases. Average normalized intéh3ittetal(beam exposure timg,and
estimated beam dosade, are shown at the right of the figure
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blend shows an increase in the mottling in the matrix and a more than one structural technique is necessary to fully
loss of the light boundary surrounding the starch-rich understand the morphology of this blend system, we only
domains. Overall the average contrast increases slightly ( present the type of information which can be gained from
= 0.14) which may be due to the loss of physisorbed iodine TEM in this paper. A more complete discussion with
from amorphous areas of the EVOH-rich regiigure 5c reference to other techniques is presented elseihere

is similar to the above figure after 90 s of beam exposure N )

although contrast between the starch and EVOH regions Compositional influence on the morphology of NC blends
begins to decay( = 0.12). After 180 s of beam exposure, The morphology of the native corn starch and EVOH
contrast between these domains decreases to approximatelplends (NC series) that forms following extrusion blending
0.06 (igure 50. As the starch-rich regions are irradiated, is shown inFigure 9. It should be noted that the blends were
they undergo loss of crystallinity which would release the microtomed nearly perpendicular to the extrusion direction.
complexed iodine and change the mass thickness contrasiThe morphology shown ifigure 9afor the NC15 blend is
between the starch- and EVOH-rich regions. Also visible in similar to that observed in more typical phase-separated
Figure 5dare alternating bands of light and dark grey in the polymer blends (droplets in a matrix). The starch forms
EVOH-rich matrix. These bands (repeatin$i40 nm) form discrete domains which range in diameter from 0.2 to up to
as different regions in the EVOH-rich matrix are irradiated 3um in an EVOH-rich matrix. Increasing the starch
and are therefore probably not due to the presence of starch€omposition to 30% relative to EVOH results in the
rich domains. microstructure observed for the NC30 blerielgure 9b.

If the microscope is operated at higher magnificatda, The size distribution of starch-rich domains is again varied
under the same beam intensity (i.e. such that the opticalbut ranges from less than Quin to 1.2um. The discrete
density of the exposed film is similar for a given fixed nature of the starch-rich domains is again visible in the
exposure time), the specimen dose increases by a factor oNC50 material (and of the same size scale as the NC30
(M,/M,)? 3L, Figures 7and8 depict more dramatic contrast material) although now the area fraction of starch-rich
changes over a region of the NC30 for micrographs taken domains is higher and the distance between any two
under similar conditions as iRigure 6 but at the higher = domains is less than O/n (Figure 99. At a majority
magnification of 10 K. As the sample experiences these composition of the starch component (70% starch, 30%
moderate doses, the initial contrast measured as 0.08EVOH by weight), the NC70 blend begins to show a
reduces to zero after only 1 min exposure. Increasing beamcomplex morphology. The intermaterial dividing surface
dosage results in an inversion of contrast that at 2 min is between the starch-rich and EVOH-rich domains tends to
noticeable C = —0.03) and after 5 min the inverted level of  still have positive curvature towards the EVOH component
contrast becomes similar to that of the initial image=£ at even up to 70% starchFigure 99. This structure
—0.08). Imaging these starch-based systems under normalndicates that the EVOH component is well distributed
TEM conditions (or at higher magnifications) will cause this throughout the blend and continues to act as a matrix
contrast reversal to occur sooner and lead to a definitecomponent. In the larger dark areas, however, small
misinterpretation of the blend morphology. (~0.25um) droplet-like grey inclusions, corresponding to

With knowledge of the changes in structure that can occur EVOH-rich domains, are visible. This morphology can thus
when starch-EVOH blends are imaged in TEM, the be described as discrete composite domains with starch as
appropriate electron optical conditions are then selectedthe majority component within a minority matrix phase of
for examining the morphology of starch/EVOH blends predominantly EVOH. Finally, as the starch content is
comprised of various compositions and starch types. Sinceincreased even further (85% starch to 15% EVOH), light

Figure 7 Bright field micrographs showing an iodine stained NC30 blend section as a function of time in the beam at a current density of apfroximately
2.3 % 10”*Acm~2(at 5kx): (a) initial exposuret=4s,D~3.7 X 10" 3Ccm ™2 (b)t =64 5D~6.0 X 10"2Ccm™% (c)t=124 sP~1.1x 10" Ccm™%
(d)t = 304 5,D~2.8 x 10~ C cm™2 The line shown in (a) represents the region for intensity plots displayEijire 8
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grey regions less than 0u3n in width were observed to be complex, phase separated structure was observed for the
uniformly distributed throughout the NCB85 extrudate WMS50 blend®.

section Figure 99. Dark grey domains approximately The morphology of the NC50 blend extrudate appears
0.2—-0.5um were also observed. This system appeared to bequite different (sed-igure 100. Dark, ellipsoidally-shaped
phase separated, but the minority EVOH-rich component domains with major axes of approximately 0.05—an2
forms much smaller and well distributed domains within a were distributed within a lighter matrix. Unlike in the

mottled starch-rich matrix. WM50 blend, no composite droplets were observed. The

_ ) ) EVOH-rich, lighter area, appeared continuous throughout
Comparison of blend morphologies for different starch the sections indicating that this component (or a mixture of
types with EVOH mostly EVOH and some of the starch fraction) forms the

Extrudate, in the form of pellets, was microtomed matrix. Starch-rich domains were visible as discrete
perpendicular to the extrusion direction and observed in domains within this matrix. Although the densities of the
TEM to discern differences in the phase structure for blends waxy maize and native corn starches are similar, the
of each starch type. Micrographs were taken of the 50% contrast between the starch-rich domains and the blend
starch blends, since these are illustrative and provide easymatrix is lower. This observation may indicate that the
visualization of both the starch and EVOH components. amylose fraction in the Native Corn starch may be partially
Figure 10shows three distinct types of morphology for the miscible with the EVOH fraction.
three types of 50/50 starch/EVOH blends. As shown in  Finally, the HY50 blend exhibits a finer dispersion of
Figure 10g excellent contrast exists between the iodine- smaller starch-rich domains distributed throughout a grey
stained, starch-rich, dark phase, and EVOH-rich, light matrix (Figure 109. Domain sizes average less than
phase regions for the Waxy Maize blend (WM50). At 50/ 0.25um; however, an accurate determination of domain
50 composition, the EVOH is a continuous phase, starch issizes is difficult due to the number the small and finely
discrete. Oriented droplets ranging from 0,08 to dispersed domains. Significant microvoiding is also
approximately Sum in length were visible withL/D observed in this material. Overall, the microstructure of
values averaging .2 = 0.5 (smallest droplets are least HY blends is more difficult to visualize due to the lower
oriented, as expected). Irregularities in droplet shape andinitial contrast level between the starch-rich and EVOH-rich
the fact that these droplets exhibited some preferred domains which quickly fades as the sample is observed in
orientation (when observed in extrudates cut parallel to TEM. Since densities of the three starch types are similar
the extrusion direction) indicates that optimum blending (1.45-1.47 g c®), the lack of mass thickness contrast
between the two polymer components has not beendifferences is strongly suggestive of a partially miscible
achieved during the extrusion proc&ssSmaller light system.
phase domains appear within the darker regions indicating In Figure 11, the variation in observable starch-rich
the formation of composite droplets. Overall, a very domain sizes for the three different starch/EVOH blend
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Figure 8 Intensity profiles of an iodine stained NC30 sample as a function of time in the electron beam under similar operating condiftagsrasmut

at higher magnification (at 10K). Plots are arbitrarily shifted along tlyeaxis to eliminate overlapping of profiles. Contrast decreases to zero then reverses as
the specimen undergoes significant beam damage. Average normalized intei$ifjemtal beam exposure timg and estimated beam dosaBeare shown

at the right of the figure
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types is presented graphically. The values shown are
estimated from various TEM and SEM micrographs.
Overall, the starch-rich domain sizes are largest for the
Waxy-Maize (WM) blends, and the transition to a
continuous starch-rich matrix takes place at a much higher
loading level (> 70 wt.% WM). Native corn starch/EVOH
(NC) blends also exhibit a range of starch-rich domain sizes.
The starch-rich phase becomes continuous for blends
containing between 50 and 70 wt.% starch. At low starch
levels of the NC and WM blends<¢ 30 wt.% starch), the
starch-rich domains actually increase in size. At these
compositions, the starch granules may experience reduced
shear forces in the lower viscosity EVOH-rich matrix,
which could result in coarser destructurization. Starch-rich
domain sizes for the HY blends are estimated to be less than
0.25um. When a starch-rich matrix forms, a partially
miscible Hylon VII/EVOH blend can be hypothesized.
Further work is necessary to fully characterize the phase
behaviour of these blends.

Cross-sectional TEM of a starch/EVOH fibre

TEM is also useful in examining structural differences
that might occur due to subsequent processing such as fibre
spinning. The near surface region of an NC50 melt spun
monofilament is shown inFigure 12 The diameter of this
fibre is 175um with a draw ratio of 20. After drying the
filament in a desiccator for 24 h, the fibre was embedded in
epoxy, and microtomed perpendicular to the draw direction.
Sections were then stained for 1 h with iodine. The dark
region appearing on the top left corner of the micrograph is
the epoxy, a knife mark is visible as a diagonal line near the
top edge of the fibre. A gradient structure is visible at the
fibre surface as evident by the light band approximately
1 um wide that traces the surface of the fibre, this light band
becomes progressively darker as it approaches the interior
of the fibre. This peripheral region is predominantly
Figure 9 Bright field electron micrographs of representative Native Corn unstained EVOH. A number of !nclu5|ons ranging in sizé
starch/EVOH blends which were stained with iodine: (a) NC15, (b) NC30, from less than 0.Lm to approximately 0.a2m are also
(c) NC50, (d) NC70, and (e) NC85. EVOH appears to be the matrix visible in the micrograph which are starch-rich areas. The

component even at high compositions gup to 7(2)%) starch. Total dose Perlightest areas evident in the micrograph correspond to
image is estimated to be less thax 0™ ° C cm™ microvoids

1 um

Figure 10 Bright field electron micrographs showing the effect of starch type on the blend morphology for 50:50 starch/EVOH compositions: (a) Waxy
Maize (WM50), (b) Native Corn (NC50), and (c) Hylon VII (HY50) blends. As the amylose content of the starch component increases, the starch+rich domai
sizes decrease and contrast between starch-rich and EVOH-rich regions decreases
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Figure 11 Variation in observed phase sizes as a function of composition for the three starch/EVOH blend series: (a) Waxy Maize (WM), (b) Native Corn
(NC), and (c) Hylon VIl (HY). The values shown are estimated from various TEM and SEM micrographs

The EVOH-rich surface layer on the fibre can be
explained by considering the fibre spinning process of
blends containing components of different melt viscosities.
As the lower viscosity component in the melt, the EVOH
fraction becomes more concentrated nearer to the walls of
the spinneret capillary, which are the regions of highest
shear strain. When the fibre is drawn, EVOH is still present
near the surface but a roughness develops due to the
presence of the starch fractions which have a low
elongational viscosity and limit the overall draw properties
(and hence, final diameter) of the fibre. This surface
structure has been confirmed by the enzymatic etching of
the fibres and observation in SEM. The starch-rich domains
are etched away in the interior of the fibre but the surface of
the fibre is not affected. This structural information is
essential in interpreting biodegradability and transport
properties since degradation and diffusion will be retarded ! T ——
at the EVOH-rich surface of the fibre. Further details of this o - 1 Hnll
work are presented and discussed separately R

Figure 12 Bright field electron micrograph showing the near surface

CONCLUSIONS e vy o Stnas ih e 2o The sy appes
The morphologies of complex thermoplastic systems, :L‘gréegoﬂggﬁzr;fgéogt‘t’;é'}fbg'g{ﬁg?gh' The light EVOH component is
starch/poly(ethylene-vinyl alcohol) (EVOH) blends, were

investigated using a conventional transmission electron

microscope. Using the optimum sample preparation and The structural changes that occurred to the respective
imaging conditions, the average size and distribution of blend components were monitored as a function of beam
domains for starch/EVOH blends was observed to changedose. At 200 keV and 2@, maximum allowable beam
as the starch content was varied. EVOH was found to be dosage for starch was noticeably less than 80~ 3 C cm2

the matrix component even at very high starch and for EVOH, approximately .8x 10~3Ccm™
concentrations (up to 70%). Differences in the blend Although a small amount of image contrast was observed
structure were also observed at similar starch in the Native Corn starch/EVOH blen€ (= 0.05), it was
compositions for three corn starch varieties. Blends more than doubly enhanced through the use of iodine to
containing amylose appeared to be at least partially preferentially stain the starch fraction. For the starch/EVOH
miscible based on contrast differences between the WM, system, contrast initially increased then decreased as the
NC, and HY blend series. Microvoiding of plasticizer sample was further exposed to the electron beam. At
during the extrusion blending process was also evident atmoderate  electron beam dosages greater than
the periphery of starch-rich regions. Finally, by using 6 x 10~3C cm™, contrast reversal between the starch-
cross-sectional TEM, the concentration of EVOH was rich and B/OH-rich regions occurred. This functional
found to be higher at the surface of a melt-spun starch/ dependence of contrast differences requires that beam
EVOH fibre. dose be monitored as starch/EVOH blends are imaged.
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Otherwise, the actual morphology may be easily 23.
misinterpreted (e.g. for a 50/50 starch/EVOH blend). 24.
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