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ABSTRACT: Interdiffusion and welding behaviors of a miscible pair of poly(methyl methacrylate)/poly(styrene-
ran-acrylonitrile) (PMMA/SAN) laminates were investigated by energy-filtering transmission electron microscopy
(EFTEM) and asymmetric double beam cantilever (ADBC) test. The composition variations across the interfaces
were investigated using oxygen and nitrogen elemental maps and by electron energy loss spectroscopy. The
composition profiles exhibited two-step gradients with a minimum gradient at the midpoint of the interfacial
region. Welding experiments by ADBC test also showed an unusual toughness-thickness relationship where the
toughness continued to increase even in the interfacial regions that are significantly thicker than the size of
entanglement spacing. Both EFTEM analysis and ADBC test indicated that during the interdiffusion process the
interfacial layer develops into entanglement structures that are mechanically more stable. The combination of
EFTEM and ADBC tests provided us with a better understanding of the interfacial structures including
entanglements.

Introduction

Polymer interdiffusion is of significant importance both for
fundamental studies1-3 and for practical applications such as
adhesion, welding, coating, and laminating of films. The
performances of these applications are closely related to the
entanglement structures within the interfacial layer that are
formed via interchain penetration during the interdiffusion
process. The entanglement structure of polymers is known to
be one of the several kinds of fundamental structures of polymer
materials. However, detailed topological picture of the entangle-
ment structure is so difficult to obtain experimentally, and hence
it is not yet fully understood. Especially, the local entanglement
structures formed via interdiffusion of polymers have been
difficult to characterize.

Many experimental techniques, such as Rutherford backscat-
tering spectrometry (RBS),4,5 forward recoil spectrometry
(FRES),6-12 neutron reflection (NR),13-17 nuclear reaction
analysis (NRA),13,18-20 rheometry,21,22ellipsometry,16,23-26 X-ray
reflectometry (XR),27,28 fluorescence spectroscopy (FS),29,30

dynamic light scattering (LS),31 positron annihilation lifetime
spectroscopy (PALS),32 nuclear magnetic resonance spectros-
copy (NMR),6,33,34 infrared spectroscopy (IR),6,35-37 Raman
spectroscopy,38-41secondaryionmassspectroscopy(SIMS),13,27,42-47

transmission electron microscopy (TEM),23 and scanning trans-
mission electron microscopy (STEM),48,49have been employed
for the study of polymer interdiffusion. But, RBS, FRES, NR,
and NRA cannot measure concentration profiles directly, and
therefore deuterated samples (or special preprocessing) are
necessary for their evaluation, although these techniques have
high resolution on a scale of angstroms. On the other hand, in
order to obtain corresponding concentration profiles, some

assumptions have to be made for rheometry, FS, ellipsometry,
XR, LS, and PALS. IR and Raman spectroscopies are limited
by a depth resolution of 0.1-1 µm, although they can provide
useful information at large interdiffusion depths. And moreover,
SIMS can directly measure the concentration profile with high
resolution of 10 nm, but it is required that the top layer be planar
and of uniform thickness. The conventional TEM and STEM
usually require specimens to be stained with heavy metals for
profiling the concentration. This staining process, however, may
also lose the original structure, and therefore a technique with
advantages of high spatial resolution, real space observation,
and nontoxic preprocessing and a technique with no limitation
regarding specimen geometry could quite promising for the
study of polymer interdiffusion.

Energy-filtering transmission electron microscopy (EFTEM)
allows us to characterize interfacial structures in samples of any
shape without the use of heavy metal staining. In our previous
work53 we had explored the changes in the interfacial structures
and the adhesion strength of poly(methyl methacrylate)/poly-
(styrene-ran-acrylonitrile) (PMMA/SAN) laminates when the
AN (acrylonitrile) content in SAN was varied by employing
the EFTEM and asymmetric double beam cantilever (ADBC)
test. In that work the concentration profiles were obtained by
the pixel intensity profiles across the interface on the elemental
maps without the use of any mathematical approximation. The
ADBC test was frequently employed for the evaluation of
interfacial toughness because it provided us with valuable
information on the interfacial characteristics in terms of the
adhesion strength and the fracture behavior of interfaces. Here
in this paper we report on our continued studies on the subject
by investigating the interfacial structures formed by the inter-
diffusion of a miscible polymer pair by the EFTEM and ADBC
test.
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Experimental Section

Materials and Sample Preparation.PMMA (Mw 113 kg/mol,
Mw/Mn ) 2.1, modulus 3743 MPa; Wako Chemical Co. Ltd., Japan)
and SAN with the acrylonitrile content of 29 wt % (SAN,Mw 213
kg/mol,Mw/Mn ) 3.3, modulus 4123 MPa) were used without any
further purification. The glass transition temperatures (Tg) of PMMA
and SAN, measured with a differential scanning calorimeter (Perkin-
Elmer DSC 7) at a heating rate of 10°C/min, were 98 and 105°C,
respectively. PMMA and SAN were compression-molded into
sheets between silicon wafers at 180°C. The sheet specimens with
50 × 8.5 mm were laminated at 130, 140, 150, and 160°C for
various times in air under slight pressure to ensure proper contact
between the two surfaces.

Measurements of Interfacial Toughness (Gc). The interfacial
adhesion strength of PMMA/SAN interfaces was evaluated by the
ADBC test. A detailed procedure and the effectiveness of this
method for the evaluation of interface toughness have been
described elsewhere.54-56 After annealing, the laminates were
quenched to room temperature to freeze interdiffusion. A razor blade
with a thickness (d) of 2.0 mm was then driven into the interface
between the two polymer sheets to propagate a crack along the
interface. When the crack propagation stopped, the length ahead
of the blade was measured under a microscope. The interfacial
toughness,Gc, was then calculated using the following equation:

whereCi ) 1 + 0.64(hi/a), Ei is the modulus, andhi is the thickness
of beam i. A proper thickness ratio of PMMA and SAN sheets
was found at 1.8 and 1.7 mm, respectively, to give a minimumGc

value.
EFTEM. The laminates were microtomed perpendicular to the

interface to obtain sections with a thickness of 50 nm. For focus
adjustment during TEM operation and the drift correction for
element mapping, gold nanoparticles (diameter∼ 10 nm) were
dispersed onto thin sections using a dilute gold colloid aqueous
solution. Elemental mapping and electron energy loss spectroscopy

(EELS) were carried out using a LEO922 in-column energy-filtering
transmission electron microscope (EFTEM, Carl Zeiss SMT,
Germany) equipped with an Omega-type energy filter at an
accelerating voltage of 200 keV. To minimize the radiation damage
to the specimens from the electron beam, all observations were
carried out cryogenically at-160 °C. Elemental mapping and
electron energy loss spectroscopy (EELS) were carried out by Image
EELS technique as was described in detail in our previous
papers.50,51,53,57A series of energy-filtered images with the energy
width of 5 eV were acquired with the energy increment of 4 eV in
the energy loss range from 370 to 590 eV. Nitrogen and oxygen
elemental maps were created by the “two-window jump ratio”
method. In this method, the post-edge image, corresponding to the
energy-filtered image beyond the ionization edge of a element, was
divided by the pre-edge image, corresponding to the energy-filtered
image below the ionization of the element of interest.51 The nitrogen
and oxygen ionization edges were found at 400 and 535 eV,
respectively. Here, two recorded images among the stack of the
images acquired by Image EELS were selected and used for the
mapping of the element of interest.

Parallel EELS was also employed for recording EELS spectra.58

Specimen area to be analyzed was determined by inserting an
aperture at the entrance of the filter. The spectrum was then imaged
on a slow scan CCD camera, and an image analysis system
measured the intensity and converted it into a spectrum. Specimen
thickness for this measurement was measured by ellipsometry using
a spectroscopic ellipsometer (M-220, JASCO Co., Ltd., Japan).

Results and Discussion

Interdiffusion Behaviors Investigated by EFTEM. The
interfaces formed via diffusion of PMMA and SAN were imaged
and the composition profiles of the interfaces were created by
the method reported in our previous work.53 Figure 1 shows
RGB composite images of the oxygen (green) and the nitrogen
(red) elemental maps that exhibits the interfacial regions as
yellow layers due to the composition of the red and green pixels.
The composition profiles were created by calculating the ratio
of the intensity profiles across the interface of the two elemental

Figure 1. RGB composite images of the oxygen (green) and the nitrogen (red) maps of PMMA/SAN laminates annealed at 130°C for 1 (a), 4 (b),
12 (c), and 24 h (d); at 140°C for 1 (e), 4 (f), and 8 h (g); and at 150°C (h) and 160°C (i) for 2 h. All the images are shown at the same
magnifications. The ratio of the oxygen to nitrogen concentration profiles across the interfaces is overlapped onto the corresponding images. (a) and
(c) present the procedure to determine the interface width (λ) by fitting the profiles with hyperbolic tangent function.
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maps. Figure 1 shows the growth of the interfacial layer with
welding time at temperatures higher than the glass transition
temperatures (Tgs) of both polymers. The composition profiles
across the interfaces welded for the short periods at the relatively
lower temperatures (Figure 1a,b,e) show smooth single gradi-
ents, which could be well fitted by a hyperbolic tangent function
proposed for the description of the concentration profiles of
polymer blends.23 On the other hand, with increasing welding
time the interfacial zones gradually became wider and the
profiles resulted in two-step gradients in the interfacial regions
where it exhibited a plateau in the middle part of the interfacial
region. It seems that the layer of PMMA/SAN blend resulting
in an equivalent composition was formed at the middle part of
the region during the interdiffusion process. This layer appeared
after 12 h at 130°C (Figure 1c), while at 140°C it appeared
only after 4 h (Figure 1f). The higher temperature accelerated
not only the diffusion but also the formation of this layer. At
the temperatures sufficiently higher than theTgs of both
polymers (150 and 160°C), the composition profiles with the
minimum gradients at the midpoint were obtained in the earlier
periods of the diffusion (Figure 1, parts h and i, respectively),
indicating that the composition profiles were obtained by mutual
diffusion and not by the swelling of a polymer into the other.

The variation of the composition across the interface can also
be estimated by the intensity ratios of the core-loss peaks of
EELS spectra at the points of interest in the image.51 Figure 2
shows the changes in the intensities of the nitrogen and oxygen
core-loss peaks across the interface in the sample welded at
130 °C for 12 h, where the analyzed regions are indicated in
the image. The ratios of the integrated areas under the oxygen
core-loss peak with the energy window of 60 eV against that
of the nitrogen (SO/SN) were calculated, and the values thus
obtained are indicated therein. We could confirm that the ratios
of the integrated intensities of the core-loss peaks are almost
constant around the region having the minimum composition
gradient.

Atomic ratios of the two elements can be calculated using
the integrated intensities of the core-loss peaks (Si) in an EELS
spectrum using the following equation

whereσi is inelastic partial cross section,∆ is energy window,
andR is collection angle. In order to obtain true atomic ratios,
σx has to be correctly determined, and the signal intensity
contributed by the ionization of an element has to be calculated

accurately by the fitting of background intensities. However,
the difficulty in the determination ofσx and the inaccuracy of
the background fitting for the calculation of the integrated core-
loss signals frequently cause an uncertainty in the quantitative
analysis in EELS. Figure 3 shows an EELS spectra acquired
from a PMMA/SAN (60/40 by weight) miscible blend film by
means of parallel EELS in the energy loss range from 360 to
580 eV, including both the nitrogen and oxygen ionization edges
at 395 and 535 eV, respectively. It also shows the background
fittings by extrapolating the background using a power-law
function of the formI ) AE-r and exponential function of the
form I ) A exp(-rE), whereI is the signal intensity,E is the
energy loss values, andA andr are the fitting parameters. There
is often a degree of uncertainty in the fitting, especially in the
fitting of the nitrogen core-loss peak because the large core-
loss peak of carbon with the ionization edge at 285 eV appears
just below the nitrogen ionization where it frequently impedes
the detection of nitrogen and influences the background intensi-
ties. This situation makes it difficult to fit the background
appropriately for the removal of the background intensity. As
shown in Figure 3, the background fitting by the two models
gave different results for the nitrogen core-loss peak, whereas
the oxygen core-loss peak can be well fitted by the two models.
Therefore, the integrated intensity of the nitrogen core-loss peak
may not represent the true number of atoms in the measured
area. In order to avoid this problem, the ratios of the core-loss

Figure 2. Changes in the N and O K-edges across the interface of PMMA/SAN laminate annealed at 130°C for 12 h. The background intensities
were subtracted in accordance with the exponential law. The analyzed positions are indicated in the image with the same colors of the spectra.
Ratios of the integrated intensities (SO/SN) and the estimated PMMA compositions (φ PMMA) are also indicated.
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Figure 3. Parallel EELS spectrum acquired in a miscible PMMA/
SAN (60/40 by weight) blend film with 50 nm thickness with the
background fitting curves for the nitrogen and oxygen K-edges using
exponential and power models.
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peaks of oxygen and of nitrogen (SO/SN) were experimentally
measured using PMMA/SAN homogeneous blend films with
known compositions by the parallel EELS, and then a master
curve presenting the PMMA/SAN composition dependence of
the ratio of the integrated intensity of the core-loss peaks was
created, as shown in Figure 4. The spectra were acquired under
the same conditions as for the acquisition of the series of the
images for the creation of the elemental maps and EELS
analysis. That is, the beam with the intensity of 3.5× 104 EL/
(nm2 s) was irradiated on the specimen for 5 s for 60 times at
the magnification of 31 500 at-160 °C, corresponding to the
dose of 168 C/cm2. Specimen thickness was adjusted at 50 nm
by spin-coating using a THF solution onto a cleaved NaCl single
crystal. Then, we could estimate the approximate compositions
(φPMMA) in the interfacial region as shown in Figure 2, indicating
that the middle part in the interface with the low composition
gradient contained PMMA at 40-50 wt %. In the other samples,
the compositions along the low gradient profile were also
estimated in the comparable levels.

The interdiffusion of PMMA/SAN at the temperatures above
Tgs of both polymers exhibits unusual composition profiles that
differ from the classical Fick’s law profile where the diffusion
coefficient is constant and the composition gradient is maximum
at the profile midpoint. It has been known that such an unusual
composition profile is obtained when interdiffusion between two
polymers undergoes a thermodynamic “acceleration”. In this
case, the mixing is promoted by attractive interactions between
the different segments, which greatly accelerate the interdiffu-
sion process as compared to the self-diffusion. The attractive
interactions is proportional toøV(1 - V), whereø is Flory-
Huggins interaction parameter andV is the volume fraction of
one polymer, and the diffusion coefficientDm(V) is composition
dependent with a maximum aroundV ) 0.5. Dm(V) can be
expressed from the analysis of Flory-Huggins theory for the
free energy of mixing of a polymer blend3

where D0 is a coefficient expressing the mobility of the
components (note: if the two materials have identical mobility,
this would correspond to their self-diffusion coefficient). If the
absolute value ofø is about an order larger than 1/N, whereN
is the polymerization index for PMMA or SAN, the second term
in eq 3, i.e., the enthalpy term, dominates for all but the smallest
concentrations. It leads to a thermodynamic “acceleration”
diffusion behavior with a strong concentration dependent mutual
diffusion coefficientDm with a much higher diffusion constant
in the middle of the concentration range.17

An example of this effect was exhibited by a polymer pair
of poly(vinyl chloride)/poly(ε-caprolactone) (PVC/PCL).49 This
pair has a large negativeø parameter (-0.38), and thus the
mutual diffusion coefficientDm becomes strongly composition
dependent, and thus much higher diffusion constants can be
obtained in the middle concentration range.17 Therefore, the
interdiffusion is accelerated in the midpoint in the interfacial
zone, which leads to the formation of an interfacial region with
the equivalent composition.

The interaction parameter between PMMA and SAN can be
calculated from the following equation60

where øi/j is segmental interaction parameter which can be
obtained from the literature25 and â is the mole fraction of
styrene in SAN.ø is calculated as-0.021,-0.028,-0.028,
and-0.012 at 130, 140, 150, and 160°C, respectively. Theø
parameters are not as high as that of PVC/PCL but are still
significantly higher than 1/N. Thus, one of the main reasons
for our case is assumed to be thermodynamic “acceleration”.

While studying the interface between polycarbonate (PC) and
the blend of SANs with different AN contents by SIMS,
Schaffer and co-workers found a profile having a plateau part.
In that case, the SAN with a lower AN content (17 wt %) in
the mixture preferentially segregates into the PC side because
it was more compatible with PC than the SAN with higher AN
content (31 wt %).43 SAN is a random copolymer, and it has a
chemical distribution with respect to the copolymer composition.
Some parts of the copolymer may be within the miscibility
window with PMMA and others not. As a result, more
compatible moieties in SAN move to the interface.43 However,
SAN with different compositions were not intensively added
in this study, and thus the chemical distribution of the SAN
copolymer is not considered to be a major reason for the unusual
profiles.

Interfacial Width ( λ), Mutual Diffusion Coefficient (Dm),
and Apparent Activation Energy (Ea). Compared with the
rate of diffusion and that of segmental relaxation, the polymer
interdiffusion can be usually divided into two cases, i.e., the
normal Fickian diffusion and the case II diffusion.42 Case I is
the normal Fickian diffusion, where the rate of diffusion is much
less than that of segmental relaxation, such as liquid-liquid
interdiffusion. This diffusion can be well described by reptation
model proposed by Edwards1 and de Gennes.2 In this model,
the movement of a polymer chain is constrained in a virtual
tube composed by the entanglement network of the surrounding
chains. The chains move by a Rouse-type motion61 along their
contour within this tube. For time longer than the reptation time,
normal Fickian diffusion is obeyed with3

On the contrary, for case II diffusion, the diffusion rate is more
rapid than the segmental relaxation. For instance, for a liquid/
glassy polymer pairs, the diffusion is controlled by the time-
dependent mechanical response of the polymer to the osmotic
swelling stress at the penetrant diffusion front, which constitutes
the central aspect of the case II diffusion with a scaling of the
interfacial widthλ ∼ t.

In our case, the interfacial width was calculated from the
profile with the aid of the fitted curve. The tangent was drawn
at the inflection point of the fitting curves creating a so-called
wedge shape, and then the interfacial width (λ) was defined as
shown in Figure 1a. For a composition profile with a middle

Figure 4. Ratio of the integrated intensities of N and O core-loss peaks
(SO/SN) vs the PMMA composition in blend films of PMMA/SAN by
parallel EELS. The integrated intensities were estimated by using
exponential power fitting.

Dm(V) ) D0[1 - 2øNV(1 - V)] (3)

ø ) âøS/MMA + (1 - â)øAN/MMA - â(1 - â)øS/AN (4)

λ ) 2(Dmt)1/2 (5)
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plateau part, the profile was separated into two single hyperbolic
tangent shapes and was individually fitted by the function, as
shown in Figure 1c. Figure 5a shows theλ grows linearly with
the square root of the welding time,t1/2. In this case, although
the local diffusion driven by a thermodynamic “acceleration”
mechanism leads to an “anti-Fickian” profile, the overall
interdiffusion seems not to obey a case II diffusion with a scaling
of λ ∼ t but to obey the Fikian diffusion.3 The apparentDm can
be calculated using the eq 5, which gives 4.26× 10-15, 1.66×
10-14, 3.76× 10-14, and 1.82× 10-13 cm2/s at 130, 140, 150,
and 160°C, respectively. The solid line in Figure 5b represents
the best fit of an Arrhenius expression to the data, calculating
the apparent activation energy,Ea, as 175( 15 kJ/mol.

To compare our results to the data reported in the literature,
we here use the method proposed by Qiu and Bousmina.21 All
these fourDms were converted into those at the reference
temperature of 120°C. The converted data were (0.62-2.43)
× 10-16 cm2/s, which are about 1 order of magnitude larger
than those obtained by Kim et al. (1.1× 10-17 cm2/s)9 using
FRES and are in good agreement with the results obtained by
Yukioka et al. (1.0× 10-16 cm2/s)24,26 using ellipsometry and
that obtained by Qiu et al. (3.7× 10-16 cm2/s) using rheom-
etry.21 These results imply that EFTEM is really a powerful
technique to investigate the polymer interdiffusion.

Relationship between Interfacial Structures and Interface
Toughness (Gc). In order to investigate the properties of the
interfacial layers formed via interdiffusion, the developments
of the welding of PMMA/SAN laminates are evaluated by
ADBC test. Figure 6a shows that the interface toughness (Gc)
is enhanced with the interdiffusion time at 130 and 140°C.
The mean values of at least 10 data points for each laminate
are plotted together with their minimum and maximum values.

X-ray photoelectron spectroscopy measurements ensured that
both sides of the fracture surfaces showed nitrogen and oxygen
1s signals with comparable intensities, indicating that the crack
propagates within the interfacial zone. It should be noted that
when the laminate is welded at 140°C, the crack cannot be
propagated into the interface after 2 h and is kinked out of the
interface, resulting in the breakage of the relatively weaker
PMMA sheet. On the other hand, theGc values can be measured
up to 480 J/m2 after 24 h at 130°C. These results suggest that
the interface toughness exceeds this value and is close to the
fracture toughness of the bulk materials,∼ 500 J/m2 for
PMMA62 or higher after 4 h at 140°C. It should be taken into
consideration that the modulus of the interfacial zone is changed
from the original modulus of the bulk polymers with increase
of the thickness of the interfacial layer. Thus, it is impossible
to calculate the true value ofGc after the formation of thick
interfaces because the true modulus with the presence of the
thick interfacial layers was unknown. However, it can be seen
that qualitatively the interface becomes gradually tough with
increase in the welding time.

It has been known that the polymer self-diffusion shows direct
correlation betweenGc and interfacial width (λ).63 Most of the
increase in the toughness occurs over a relatively narrow range
of λ between 9 and 12 nm, and then the toughness rapidly
reaches to the comparable toughness of the bulk polymers.
Polymer chains need only to interpenetrate roughly by an
entanglement distance to provide an optimum adhesion. The
fracture toughness then remains constant with further interdif-
fusion. On the other hand, in our case the diffusion of the two
dissimilar polymers was more rapid than those between identical
polymers owing to the fact that miscible polymer blends have
additional energetic attractions, which is attributed to the
negativeø parameter. The interface toughness could not reach
the bulk values in the early stage and increased even though
the wide interfacial zone for the full entanglement of the
molecules has been established. It is suggested that even though
with their thick interface the interdiffusing polymer chains are

Figure 5. (a) Interfacial width (λ) vs square root of diffusion time for
PMMA/SAN interfaces annealed at 130°C (squares), 140°C (circles),
150°C (up triangles), and 160°C (down triangles). (b) Semilogarithmic
plot of mutual diffusion coefficient (Dm) as a function of 1/T. The solid
line represents the best fit of an Arrhenius equation to the data giving
the apparent activation energy,Ea ) 175 ( 15 kJ/mol.

Dm ) D0 exp(Ea/RT) (6)

Figure 6. (a) Interfacial fracture toughness (Gc) vs welding time and
(b) Gc vs interface width of PMMA/SAN laminates annealed at
130 °C (solid squares) and 140°C (open circles).
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not able to form entanglements which are mechanically as
effective as in the bulk phase in the early stage of the diffusion.
Figure 6b shows the relationships betweenGc andλ obtained
at the two welding temperatures, showing thatGc increases with
increase ofλ even in such a thick interfacial region. It indicates
that there remained a weak plane in the interfacial region that
allows the crack propagation even after the long welding periods
in the laminates welded at 130°C. The unique composition
profiles across the interfaces as shown in Figure 1 resulted in
the unique relationship betweenGc and the interfacial width.
The weakest plain in the interfacial region is probably at the
edges of the interfacial region with high concentration gradients.
However, those regions are much wider than the critical width
(9-12 nm) for the adhesion between identical polymers.

It should be noted that the same interfacial thickness attained
at the different temperatures does not give the sameGc. Figure
6b indicates that at a fixed thickness the lower temperature
(130 °C) gave a higherGc that was achieved for a longer
welding period than that at the higher temperature (140°C). It
implies that the interfaces formed at high welding temperature
have quite different chain topography that is far from the one
in an equilibrium situation established for longer periods.

The adhesion of the laminates annealed for long periods was
so high that no cracks were produced ahead of the razor blade.
It is not possible, unfortunately, to estimate such high toughness
quantitatively by ADBC test. However, it indicates qualitatively
that the toughness of the interfaces was much higher than the
bulk materials, suggesting that the interdiffusion of PMMA and
SAN forms an interfacial region with entanglements that are
mechanically more effective than those of the bulk polymers.
The interfacial zone undergoes a gradual change toward a more
entangled system with the welding time, and then the interface
becomes tougher compared to the bulk polymers. What we
learned from the welding experiments regarding the interfacial
structures is consistent with the results of the EFTEM analysis
of the interdiffusion behaviors. As discussed in the previous
section, the unusual composition profiles at the interface are
achieved by the thermodynamic “acceleration”, suggesting that
the relatively stable interfacial region with attractive interactions
between the two polymers is developed in the middle part of
the interface. The production of this interfacial region during
the interdiffusion leads to the high toughness of the interfaces.

Conclusion

Interfacial structures formed via interdiffusion of PMMA and
SAN at various temperatures above theTgs of both polymers
were investigated by EFTEM. The study revealed that the
composition profile at the interface is different from the classical
“Fickian profile”. Elemental analysis by EELS indicated that a
layer with PMMA content of 40-50 wt % was around the
midpoint of the interfacial layer. This unusual interdiffusion
behavior is caused mainly by the strong attractive interactions
between the two polymers and is known as thermodynamic
“acceleration”. The interfacial width (λ) grows linearly with the
square root of the welding time,t1/2. The mutual diffusion
coefficient is in good agreement with those in the literature.
Welding experiments by ADBC test for investigating the
interfacial toughness also showed unusual toughness-thickness
relationships; it showed that the toughness continued to increase
even in interfacial regions that were significantly thicker than
the entanglement spacing. This suggests that during the inter-
diffusion process, due to the attractive interactions as indicated
by EFTEM analysis, the interfacial layer develops into entangle-
ment that are mechanically more effective.

Conventional TEM enables us only to observe the simple
morphological features by heavy metal staining, while EFTEM
can provide us with better understanding of the local polymer
structures. Especially, it is expected that the combination of
EFTEM and ADBC test is effective to investigate the interfacial
structures including entanglements.
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