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Craze microstructure in thin film monodisperse polystyrene (PS) was determined by three
equivalent, but independent, techniques: (1) low-angle electron diffraction (LAED) from the
crazes, (2) the image analysis of microdensitometer scans of craze TEM images, and (3) opti-
cal transforms of the TEM images. Molecular weights of 11 x 10* and 18 x 10° were inves-
tigated. The average craze fibril spacings and fibril diameters in the samples were measured by
LAED and then compared with those obtained from the image analyses. Excellent agreement
was found between the three techniques, indicating that any one can be used for craze fibril
structure exploration. While the craze fibril structure near the craze—matrix interface of crazes
in both the 18 x 10° and 11 x 10* were similar, the fibril structure was coarser in the centre
of 11 x 10* crazes than in 18 x 10° crazes. This effect is believed to be due to fibril coalesc-
ence in the centre of the low molecular weight crazes during the very low strain rate tensile

deformation used to produce those crazes.

1. Introduction

Fracture in glassy polymers usually is preceded by the
appearance of crazes, localized zones of micro-
deformation, which can cause the low strain failure
commonly observed in these materials [1-4]. Electron
micrographs of crazes reveal them to be composed of
many small fibrils aligned parallel to the applied
maximum principal stress. The fibrils physically
bridge between two interfaces with the undeformed
bulk polymer and are load-bearing. The scale of the
fibrils determines both the number of entangled
polymer chains that must be disentangled or broken
during, and the effective number of entangled chains
in each fibril that survives, the fibrillation process. The
former is thought to be an important factor in deter-
mining the crazing stress and craze growth kinetics
[3, 5] and the latter is important in governing craze
fibril breakdown [6].

The effects of the molecular weight, M, on polymer
mechanical properties has long been noticed [7-13].
For example, the ultimate tensile strength increases
rapidly with M in the range between 5 and 20 x 10*
from very low values to much higher ones [13]. The
craze fibril stability consistently shows a similar in-
crease in exactly the same molecular weight range [6].
That transition signifies that the entanglement net-
work in the amorphous polymer becomes effective in
preventing the breakdown of craze fibrils in that range
of molecular lengths. It is thus of interest to measure
any changes in craze fibril structure that occur over
this range of molecular weight [3, 14—16].

To explore the craze fibril structure the techniques
of transmission electron microscopy (TEM), smali-
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angle X-ray scattering (SAXS), and low-angle electron
diffraction (LAED) have been used previously.
Because it is able to obtain high-resolution craze
images, TEM has been used extensively. Since, how-
ever, the craze fibril structure in a polymer film thick
enough to produce crazes characteristic of bulk
polymer consists of a forest of fibrils, it is difficult to
resolve individual fibrils, or spacings between fibrils,
on the projected image. Typical crazes also usually
have a wide distribution of fibril diameters, D, and
fibril spacings, D,, so to obtain reliable moments of
that distribution from stereo TEM images is extremely
tedious [17]. To overcome this difficulty, small-angle
X-ray scattering (SAXS) was invoked to study the
crazes, but only in the bulk samples. Paredes and
Fischer [18], as well as Brown and Kramer [19] have
used the Porod analysis to determine the average fibril
diameter of crazes. More recently, Brown [20] demon-
strated that low-angle electron diffraction (LAED)
can be used to obtain the same information for crazes
in thin films and the analysis used for SAXS data
could be employed for this novel technique. The
LAED method, first developed by Mahl and Weitsch
[21-23], and Ferrier [24] in the early 1960s by making
use of the conventional electron microscope as a dif-
fraction camera, can obtain diffraction patterns of
very high angular resolution from a small area (as
small as 10 um diameter). The fact that TEM electron
images from the same areas can be acquired virtually
simultaneously, means that image information can be
used to guide the interpretation of the LAED pattern.
LAED is thus an attractive tool for determining the
microstructure in thin films.
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However, the controversial inelastic “background”
intensity at the very low angles [24-26] poses a
problem in using LAED on thin film crazes. If the
background is dependent on angle, the inelastic back-
ground should be excluded before a full quantitative
approach like that used in SAXS can be undertaken.
Yet, from the theory available to date, a description of
the effects of the inelastic scattering on the LAED
pattern is still quite vague.

It is generally agreed [27] that the electrons from the
incident beam can dissipate a fraction of their kinetic
energy by exciting the outer-shell electrons collectively
(plasmon excitation) or individually (intra- or inter-
“band” transitions). The theoretical calculation of
Lenz [28] in 1954 predicts that the inelastic scattering
cross-section of carbon, for example, is around five
orders of magnitude larger than the elastic scattering
cross-section at the angles below 107* radian. Never-
theless the energy loss of the incident electrons which
are involved in this scattering is very small, (typically
~10eV), compared to the total, say 200keV. And
even though the electron wave may have lost some
energy it may still maintain coherence or the ability to
interfere with itself. The diffuse scattering of the
inelastic electrons, therefore, might be sharply peaked
at the Bragg reflection positions just like the elastic
scattering except that the effective atomic scattering
factor falls off more rapidly with angle because of the
larger scattering centres involved in the excitation [27].

Usually the inelastic electrons can be detected and
excluded by setting a retarding field electron filter
in situ when the LAED pattern is scanned by an
electron detector [24]. In this fashion, a diffraction
curve with a set limit of energy loss can be acquired.
Tompsett et al. [29], among other workers, used this
~ technique to show that an intense angular dependent
inelastic background exists at low angles which
degrades the LAED patterns of a silver film on a
carbon substrate. Yet, Curtis and Ferrier [30] using
the same technique revealed that only very small
amount of inelastic scattering background was present
in the electron scattering from the heavy-atom-coated
carbon optical grating. The phase modulation induced
by the periodic variation in specimen thickness was
used by them in their attempt to explain this result.
Thus it seems clear that a universal view of the
inelastic background, supported both by the theory
and experimental data, is not yet within our grasp.

For the purpose of craze microstructure determina-
tion, however, we approach this problem from a dif-
ferent direction. Previously [31] we used LAED to
show that the average fibril spacing and diameter or
thin film crazes are comparable with those of crazes in
the bulk determined by SAXS, which is influenced to
a negligible extent by inelastic scattering. In this paper
we investigate this problem further by comparing the
craze fibril structure obtained by LAED with that
extracted from the image itself, which is free from the
background problem. Fourier transforms of the opti-
cal density distribution on craze TEM negatives and
optical transforms from the masks made of craze
TEM plates were performed and the results are com-
pared with those from LAED.
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2. Experimental procedure

Thin film polymer specimens were prepared by fol-
lowing the method developed by Lauterwasser and
Kramer [32]. Polystyrene (PS) was dissolved into
toluene and uniform PS thin films of thickness 400 nm
were cast on glass microscope slides by drawing these
from a PS solution at a constant speed. The film was
floated off the slide on to the surface of a water bath
and picked up on a ductile copper mesh with a grid
size about Imm x 1mm. The grid bars of the copper
mesh had been previously coated with a thin layer of
PS by dipping the copper grid into the PS solution. A
short exposure of the film to toluene vapour removed
any slack in the film and caused the film to adhere to
the grid bars. The residual solvent was then removed
by placing the specimens in vacuum at room tem-
perature for at least 35h.

A starter crack, 120 um long, was burned into the
centre of each film square using the intense focused
beam of an electron microprobe [33]. These cracks
provided reproducible sites for craze nucleation.
Crazes could be grown from the tips of the starter
crack by mounting the copper grid in a strain frame
and straining it at a constant low strain rate of
5 x 1077sec”!. Each individual square could be
observed using an optical microscope and a suitable
square could be cut from the deformed copper grid for
immediate observation by TEM. Since the copper is
deformed plastically, the crazes in the film square were
thus examined in the unrelaxed state, under tensile
stress.

Low-angle electron diffraction (LAED) was carried
out by using a JEOL 200CX electron microscope
operating at 200kV. The longest camera length,
62.6m, and the smallest beam size, spot 4, were used.
An objective aperture, 20 um diameter, which served
as the selected-area aperture, was centred within a
section of wide craze to produce the LAED patterns
which were recorded on films. The microscope was
then switched to the image mode to record the TEM
image of the same craze. The camera length was cali-
brated using a carbon wafer grating of 416nm
spacing. The calibration LAED pattern shows that the
primary beam is strongly coherent since up to the
10th order of diffraction from this grating is visible.
The LAED patterns from crazes were scanned two-
dimensionally by a computer-driven Joyce—Loebl
microdensitometer using a 125um x 125um aper-
ture. In this paper the x-direction is perpendicular to
the craze fibrils (parallel to the craze-bulk interface)
and the y-direction is parallel to the craze fibrils (per-
pendicular to the craze-bulk interfaces). The intensity
on the plate was summed along lines parallel to the
craze fibrils ( y-direction). Each line corresponds to a
certain scattering vector s, along the x-direction, per-
pendicular to the craze fibrils, where |s| = 26/4 and
where 6 is the scattering angle and A is electron
wavelength. The intensity i(s) obtained in this fashion
corresponds to that obtained using slit collimation
in SAXS where the slit length is parallel to the fibril
axis. The average fibril spacing, D,, was estimated
from the maximum position of the diffraction curves
using Bragg’s law while the fibril diameter, D, was



obtained by the Porod analysis on the high s portion
of the diffraction curve [19, 34, 35].

The craze TEM images were analysed by computing
the Fourier transform of the one-dimensional optical
density distribution of the TEM image plate along the
x-axis (i.e. perpendicular to the craze fibrils). Traces of
the optical density distribution along the craze length
were obtained from the microdensitometer using the
125 um x 125 um aperture and read into a computer
at a displacement interval set externally. The trans-
form of the fibril structure image was then computed
by a fast Fourier transform computer program to
generate the spectrum in the spatial frequency domain
parallel to x-axis. The spectrum of the fibril images
should show a maximum along the frequency axis, if
there is any correlation between the fibril spacing.
Clearly in order to reveal the fibril structure on the
plates the displacement intervals between the readings
of the microdensitometer during the scans should be
significantly smaller than the fibril dimensions on the
micrographs. From the LAED results the average
craze fibril spacings and fibril diameters are in the
range of 27 and 10 nm, respectively [31], and thus a
1.25nm interval perpendicular to the fibrils, which
corresponds to a 25um interval on the image at a
magnification (M,) of 20 000, was used. Each scan was
60mm in length and usually five such scans equally
spaced to fill the craze width were transformed indi-
vidually; their spectra were summed to yield the final
spectrum. The midrib [3] along the craze centre, which
is produced by fibril drawing under stress concen-
tration just behind the craze tip, has a much lower
fibril volume fraction and was always avoided so that
the data taken are representative of the average craze
microstructure. The final spectrum obtained this way
should then correspond to the LAED from the craze.

The optical transforms of the craze fibril images
were generated by using the TEM images plates as
diffraction masks on a laser optical bench. The laser
beam was scattered during passage through a selected
area on the TEM negative and the diffraction pattern
was recorded on Polaroid film. The random scattering
from the selected-area aperture edge, which can over-
lap with the optical transform, was avoided by using
an aperture of suitable size, usually about 3c¢m dia-
meter. Dust particles, too, cause random scattering of
the laser light thus increasing the noise background
levels and should be climinated from the lenses and
mask.

Monodisperse polystyrenes (PS) purchased from
Pressure Chemical Company were used throughout
the experiments. Crazes in the PS with molecular
weights of 18 x 10° and 11 x 10* were investi-
gated by LAED and the Fourier transform micro-
densitometry (FTMD) methods. To compare optical
transforms with LAED, crazes in a blend of
18 x 10°PS diluted 50% by volume with 2 x 10°
monodisperse PS were examined along with those in
the undiluted 18 x 10°PS.

3. Experimental results
Provided that the background intensity in LAED is
very small, it can be shown that the three independent

techniques employed here are indeed equivalent. The
optical density, OD, in a small region on the TEM
negative is linearly proportional to the electron dose
received by that region when that dose is low. This
behaviour of the coating emulsion on the TEM nega-
tives has been verified [36] and used extensively, for
example, in the measurement of the fibril extension
ratio of the thin film crazes [14—16]. Since LAED is
essentially the Fourier transform of the electron inten-
sity exiting the craze, the Fourier transform of the
optical density, OD, distribution on the TEM negative
containing the craze image should be equivalent to
LAED. On the other hand, when the light beam of the
intensity i, travels through a small region of low
optical density, OD, on the TEM negative, the optical
density, OD, on the negative can be related by defi-
nition to the transmitted optical beam intensity, i, by
the following equation:

OD = —log [l — (iy — i)/io] )

Because the optical density is low, the quantity (7, —
i,) is small enough that i, can be expressed as

i, = —ODiy+ i @)

Since the optical transform of the craze image is the
root mean square of the Fourier modulus of i, it
should be identical to the root mean square of the
Fourier transform of the optical density except only at
the origin in the frequency domain. The parameters of
the fibril structure obtained from LAED, and from
optical transform, or FTMD of images, thereby
should be comparable.

LAED patterns from the fresh crazes in monodis-
perse 18 x 10° molecular weight PS are shown in
Fig. 1. The streaks in the x-direction represent the
scattering from the main craze fibrils. The angular
splaying of the fibril scattering streaks through an
angle ¢ results from a distribution of the angles
between the main fibrils and the y-axis (tensile axis).
This angular spread probably arises from the exist-
ence of cross-tie fibrils which connect the main
fibrils. Two diffuse satellites along the y-direction
are visible in Fig. 1. These are believed to be due
to the scattering from a quasi-regular arrangement of
these cross-tie fibrils [31]. The refraction streaks from
the craze-bulk boundaries [37] are absent from the
pattern because these boundaries were excluded by
placing the selected-area aperture entirely within the
craze.

The fibril scattering in the LAED patterns may be
quantitatively represented by the slit smeared inten-
sity, i, against the diffraction vector, s, curve, an
example of which is shown in Fig. 2. The maximum is
due to interfibrillar interference [19]. The average fibril

spacing, D;, can be estimated from the location, s, in
the i(s) curve by assuming that [19]
Dy X Spay (3)

This D, is an overestimate of the true average fibril
spacing due to the fact that the fibril scattering inten-
sity 1s proportional to the fourth power of the fibril
size so that the interference between larger fibrils (lar-
ger spacings) is overweighted in the i(s) curve [19]. The
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Figure 1 (a) Low-angle electron diffraction (LAED) pattern from a fresh, wide craze in monodisperse polystyrene (M,, = 18 x 10°). (b)

TEM image showing the region selected for the LAED pattern in (a).

quantity s, is 28 nm for the crazes in 18 x 10° mol-
ecular weight PS.

The average fibril spacing, D,, can be estimated in
a different way which is believed to be more reliable.
Since each fibril of diameter D can be regarded as
being transformed plastically from a phantom fibril of
diameter D,, which must be also equal to the fibril
spacing, D, can be calculated from the fibril diameter
D and the fibril extension ratio, 4,,., by making use
of the fact that polymer volume is conserved during
plastic drawing process [3], i.e.

(DO/D) = (/q'c‘,raze)”2 (4)

The fibril extension ratio, A.,,., can be measured
by optical microdensitometry of TEM image plates
and is found to be a constant throughout the craze
except in the midrib region. For PS air crazes, A,
was measured [32] to be approximately 4.0. The aver-
age fibril diameter, D, can be measured from the
Porod constant, k,, and Q, the small-angle scattering
invariant, using [18]

D = (DD = 9wt —w)k] ()

where o; is the fibril volume fraction (v; = 1/4q0)-
The Porod constant, k;, was determined by extra-
polating the value of is® in the Porod plot to s = 0 as

Electron Intensity, 7 (s}, (arb. unit)
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Figure 2 Slit smeared intensity curve of the LAED pattern in
Fig. 1. The slit length is perpendicular to the horizontal streak.
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shown in Fig. 3. The invariant Q can be calcuated
using the equation

Q = 2n | si(s)ds (6)
For reliable results it is necessary to extend the inte-
gral to infinite s using the Porod constant, k,, i.e.

0 =

0

2n ﬁp i(s)sds + 2=n j i(s) sds @)

where s, is a scattering vector in the regime where
i(s) = k,/s*. Substituting the Porod value for i(s) into
the last integral results in

Q = 2n[’i(s)sds + 2nk,/s, (8)
The average craze fibril diameter, D, determined for
crazes in 18 x 10° molecular weight PS is ~ 10nm
and the average fibril spacing from Equation 4 is thus
approximately equal to 20 nm.

The Fourier transform microdensitometry (FTMD)
method was calibrated and the computer program was
tested by transforming the microdensitometer scan of
a transparent ruler along its length. The Fourier spec-
trum of this “grating” correctly reflects the millimetre
spacing of the ruler. TEM image negatives of a craze at
two different magnifications, x 20000 and x 50000,
were used for the initial FTMD trial analysis. For
each plate, five parallel line scans uniformly spaced to
cover the whole craze width were made on the craze
image along the craze length, the x-axis. An example
of such scans is shown in Fig. 4. The abscissa para-
MEteT, Sim.., in the Fourier spectrum is defined as
2n/x. The product of s;,,, with the image magnifi-
cation, M,, is equivalent to the scattering vector s in
LAED.

The sum of the FTMD spectra from the five line
scans is shown in Fig. 5 which demonstrates a strong
Maximum at .. max cOTTESponding to the periodicity
of the optical density on the craze TEM images.
Owing to the sizable noise associated with the main
signal, the Fourier transformed data were smoothed
by locally averaging data points (typically every ~ 25
points in a total of 1200 points). Fig. 6 shows the
smoothed curves of the two magnifications, 20 x 10°
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Figure 3 Porod plot of the slit smeared intensity in Fig. 2.
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and 50 x 10°. Although a smearing of approximately
1.5nm should be introduced by this smoothing
procedure, the fibril spacings measured from the two
magnifications are in good agreement. The “diffracted
intensity” obtained this way corresponds to a scan-
ning point aperture across the LAED pattern, rather
than the slit aperture used previously. For well-
oriented fibrils the change in shape of the i(s) curve
should be minimal, however. This view is supported
by the fact that the average fibril spacing, D,, cal-
culated from the value ;4. ma, and M, using Equation
3 is about 26 to 27 nm, only slightly smaller than that,
28 nm, determined by LAED.

Since the FTMD method relies on the quantitative
information in the image rather than diffracted inten-
sities, the defocus condition under which these images
are taken inevitably influences the final spectra. In
fact, because the Fresnel fringes at the edge of the fibril
images disappear at true focus, these fibril images
are not well defined under this condition and the
FTMD spectrum of the in-focus craze fibrils becomes
unresolved. The average fibril spacing from the maxi-
mum in the FTMD spectrum is plotted against under-
focus in Fig. 7. The slight underfocus that is com-

monly used to enhance the visual quality of the images
is necessary to produce a FTMD spectrum. Beyond
that value $;,,,. ma, 1S constant with defocus. The large
noise in the FTMD spectrum means that the Porod
analysis used to analyse the LAED patterns cannot be
used here with certainty.

Unlike the FTMD analysis of the TEM images,
which requires tedious computation, optical trans-
form analysis of these images can provide the two-
dimension Fourier transform rapidly. The effective
camera constant of the optical transform was deter-
mined using the TEM images of a carbon waffle grat-
ing as calibration masks. The optical transform of the
grating image is very similar to the LAED pattern
from the same grating. Because we have the flexibility
in choosing the magnification of the craze TEM
plates, we can either increase the image magnification
to reveal quantitative information from the fine struc-
ture in very small areas or lower the magnification to
observe the diffraction patterns from a global region,
provided that the contrast of the image permits. This
flexibility is limited in some cases, however, by the
appearance of some concentric dark rings which are
superimposed on the diffracted intensity from the

Figure 4 One-dimensional optical density distri-
bution along the craze length in a TEM image plate
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craze fibrils. The rings, which disappear at zero
defocus of the TEM, gradually shift in towards the
origin as defocus increases. They are believed to be
caused by the transfer function of objective lens of the
transmission electron microscope, commonly called
the “lens’ transfer function”. This defocus effect,
which would not appear in LAED since the objective
lens is essentially not energised, should be also present
in the FTMD spectra. The large noise in these spectra,
however, apparently prevents us from detecting it.
Fig. 8 shows a light scattering pattern from a TEM
image of a craze in 18 x 10°PS at a magnification of
x 5000. Although the outer part of the pattern is cut
off by the first dark ring, we observe that it has the
same features as of the LAED patterns from the same
crazes (Fig. 2). While we could reduce the size of the
optical tranforms to get rid of the defocus rings by
increasing the image magnification, the selected-area
aperture available is not large enough to include a
relatively large area in the craze image on the higher
M, plates. To compare the optical transform patterns
with the LAED patterns the area selected on the mask
for light scattering should be large enough to cover the
overall features of the craze fibril structure. An optical
transform from the image at x 5000 can serve, how-
ever, for crazes which have larger fibril spacings.
From previous experiments [16] we know that when
the short-chain oligomers are added to the high mol-
ecular weight PS, the crazes in the diluted entangle-

Figure 8 Optical transform of a TEM image of a fresh wide craze in
monodisperse PS of 18 x 10° molecular weight.

ment network have a larger fibril spacing and the
diffraction pattern shrinks. Fig. 9 shows the LAED
patterns from a craze and the optical transform from
the craze image in 18 x 10°PS diluted 50% with
2 x 10°PS. The LAED pattern and the optical dif-
fraction pattern are very similar. The position of the
maximum in the light scattering pattern can be
measured directly from the film. When this is con-
verted to a fibril spacing, the value of D, obtained
is the same within experimental error as that
measured by LAED. This equality holds for crazes in
18 x 10°PS (Fig. 8), as well as for those in the diluted
18 x 10°PS (Fig.9). The noise in the high s tail of the
optical transform pattern prevents us from using the
Porod analysis to obtain D.

The microstructure of crazesin 11 x 10* molecular
weight PS was explored by LAED and FTMD image
analysis. As illustrated by the LAED pattern shown in
Fig. 10, the crazes in low molecular weight PS have
fibrils with a narrower distribution of angles with
respect to the tensile axis than do those in the high
molecular weight PS (Fig. 1). The position of the
maximum in i(s), Sy, 1S closer to the transmitted
beam than the s, in the i(s) from the crazes in high
molecular weight PS (Fig. 10). There are also no
diffuse satellites in the yp-direction. These obser-
vations point to a lower density of tie fibrils in the
crazes in 11 x 10*PS than in the crazes in
18 x 10°PS (Fig. 11). From Fig. 10b the value of 5.
for 11 x 10*PS is approximately 41 nm. If we com-
pute a more accurate value of D, from Equation 4 with
the fibril extension ratio A, unchanged at a value of
4, the average fibril spacing, D,, is found to be
25nm for 11 x 10°PS compared to 20nm for the
18 x 10°PS. The average fibril diameter, D, by Porod
analysis is determined to be approximately 12 nm for
the crazes in 11 x 10°PS, compared to 10 nm for the
crazes in 18 x 10°PS. The fibril dimensions seem to
be slightly larger in the low molecular weight PS.

However, the increase in the fibril diameter and
spacing of the lower molecular weight PS may be due
to fibril coalescence reported previously [31]. Crazes in
18 x 10°PS show D, and D values that increase with
ageing. Although the 11 x 10°PS film squares
examined were freshly prepared and cut from the
copper grid, they were strained at a very low strain
rate, 5 x 107 "sec™’, in order to achieve wide enough
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Figure 9 (a) TEM image of a craze in a blend of 50% 18 x 10°PS
and 50% 2 x 10°PS; (b) optical transform of the image in (a); (c)
LAED pattern of the same craze.

crazes to accept the whole selected-area aperture.
Fibrils may have undergone progressive coalescence
even during straining due to the shorter relaxation
time of the shorter chains. Fibril dimensions are larger
closer to the midrib where the fibril coalescence is
most likely to take place. From Fig. 12, which shows
S Obtained by FTMD at different y values along the
craze width, we can observe that the fibril spacing
increases towards the craze centre (midrib). The aver-
age fibril spacing varies from approximately 29 nm
near the interface to about 50nm near the centre,
while the sum of the five scans gives an average fibril
spacing of 34 nm for the whole craze.

4. Discussion

By comparing the craze low-angle electron diffraction
(LAED) patterns with the Fourier transforms of images
of the same craze it is clear that the information
contained in the LAED pattern is not greatly distorted
by the inelastic scattering background. The agreement
between the three methods indicates that they are all

Electron Intensity, 7 (s), (arb. unit)

Figure 10 (a) LAED pattern of a fresh wide craze in
monodisperse PS of 11 x 10* molecular weight. (b)
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Figure 11 Schematic drawing of craze fibril structure of: (a) 18 x 10°PS, (b) 11 x 10*PS5.

useful for craze microstructure characterization.
Because of the many advantages stated in the previous
paragraphs, LAED is a powerful and very attractive
technique. However, we should point out that the
results presented here do not lead to the conclusion
that no inelastic component exists, only that it is
apparently coherent enough over the crucial s range to
give useful structural information through inter-
ference. Through the Porod analysis we found that
there exists a uniform electron scattering background
which was taken as the intensity far from the beam
stop [31]. This uniform background is quite small
compared to the main diffraction signals. There is also
a possibility of an angle-dependent background com-
ponent very close to the main beam. The existence of
such a component would not change greatly the D
values and would affect D, hardly at all.

The FTMD and optical transform analyses of elec-
tron images provide useful alternatives to LAED for
craze structure determination in thin films and can
function as an independent check on the results of
LAED. The FTMD technique can be used to analyse
the structure quantitatively without restrictions on the
effective “camera length™ or the “selected-area aper-
ture size” as long as the resolution of the TEM permits
the images to be obtained. This capability of FTMD
makes it valuable when used along with LAED. It can
also be expanded to have the power of handling the
two-dimensional transforms, an extension which was
not pursued here. But even with only the ability
to determine one-dimensional transforms, the FTMD
method is useful to probe the fine structure at various
positions along the craze width, as illustrated above.

However, the noise in the FTMD spectrum causes
problems in performing analyses, such as the Porod
analysis, where the signal of interest is small. On the
other hand, although the optical transform analysis of
image plates has equally serious noise problems, it
also shares some of the advantages of the FTMD
method. It can help one investigate the craze structure
over a wide range of scales by yielding the two-
dimensional diffraction patterns quickly and inexpen-
sively. It is an ideal tool for a quick qualitative exam-
ination of the crazes of interest.

5. Conclusions

1. Low-angle electron diffraction is a useful and
reliable method for exploring the craze fibril structure
in thin films. The inelastic scattering background is
shown to be very small compared to the main diffrac-
tion signal from crazes.

2. The craze TEM images can be directly examined
by the methods of Fourier transform microden-
sitometry or optical transforms to yield equivalent
quantitative information about the craze fibril struc-
ture.

3. The low molecular weight (11 x 10*) crazes
examined here have slightly larger average fibril dia-
meters and fibril spacings compared to those of the
high molecular weight PS. The difference is most likely
due to more rapid fibril coalescence in the lower mol-
ecular weight crazes. Fewer cross-tie fibrils are formed
during craze widening in the low molecular weight PS
than during craze widening in the high molecular
weight PS, giving rise to more nearly perfect fibril
orientation in the former case.
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