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ABSTRACT
The interfacial thickness of polymer-poymer bilayers is determined by the
concentration profile of the two polymers across the interface . After intimate
contact is established between two polymer films, adhesion takes place by
interdiffusion of polymer chains across the Interface . The combination of
transmission electron microscopy and energy dispersive spectroscopy
(TEMIEDS) is used to map the concentration profile at the interface of a poly
(vinyl chloride) and poly (methyl methacrylate) bllayer. Thin sections in the
order of 800 A are cut using an uftramkxotome, examined with TEM, and the
concentration profile is mapped with EDS . The intensity of x-ray
fluorescence is adjusted for variation in sample thickness by measuring the
relative thickness across the interface with electron energy-loss
spectroscopy (EELS) . The interfacial thickness of the bilayer after 6 hours at
120 -C was 1 .5 rum. The concentration profile is fitted to the Ficklen diffusion
equation and an average interdiffusion coefficient of 8 .0 x io-t4 cm2Js is
obtained in good agreement with values reported in the literature.
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INTRODUCTION
Interdiffusion at the interface between polymerpolymer bilayers affects the interfacial thickness
and mechanical properties of these interfaces [1-4].
Applications include welding of polymer interfaces
in processing of powder and pellet resins [5, 6],
internal weld lines of multicomponent polymer

melts in coextrusion and injection molding [7-9],
lamination of composites [10,11], latex film
formation in paints and coatings [12], diffusioncontrolled reactions of polymers [13, 14], and
bioadhesion [15-17].
In the fabrication of microelectronic devices,
adhesion of polyimide-polyimide layers in the
passivation stage and of polyimide-epoxy layers in
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the encapsulation stage is crucial to protect the
chip from gamma rays and moisture [18-20] . In
packaging of food products, the performance of
the laminated structure, consisting of an oxygen
barrier layer sandwiched between two moisture
harrier layers, is controlled by the adhesion and
bond strength of the oxygen and moisture harrier
layers [9] . In paints and coatings, polymer
interdiffusion and autohesion at the boundaries of
latex particles yield a homogeneous film [12] . In
biomedical applications, the adhesion of hydrogel,
as the drug carrier, to mucus, as the biological
substrate, is important for controlled release of
drugs in nasal, buccal, and sublingual administration [21].
Stages of polymer-polymer diffusion at an
interface include intimate contact, wetting, and
chain interpenetration . Intimate contact and
wetting play an important role in the initial phase
of polymer-polymer adhesion . After intimate
contact is established between two polymer films,
adhesion takes place by interdiffusion of polymer
chains across the interface (1] with the extent of
adhesion depending on the compatibility
parameter between the two polymers [22] . For
incompatible polymers, the interfacial thickness is
of the order of angstroms whereas for compatible
polymers, it is of the order of microns.
Diffusion at polymer interfaces have been
examined extensively with techniques such as
neutron reflectometry [23], small-angle neutron
scattering [24], forward recoil spectrometry [25],
secondary ion mass spectrometry [26], scanning
electron microscopy [27], optical Schlieren
spectrometry [28], infrared spectroscopy [29],
scanning infrared microscopy [30], eIlipsometry
[31] and Raman scattering 132] . Of these
techniques, only electron microscopy allows visual
observation of the interface to directly map the
concentration profile along the interfacial region.
Combination of scanning electron microscopy and
energy-dispersive spectroscopy (SEM/EDS) has
been used to map the concentration profile across
the interface between poly (vinyl chloride) (PVC)
and poly(£-caprolactone) . The major disadvantages
are the limited spatial resolution for polymers due
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to the large interaction area between the electron
beam and the sample and the uncertainty in the
penetration depth of the beam across the interface
caused by the difference in electron density
between the two polymers.
Recent studies on morphology of copolymers
with transmission electron microscopy (TEM) [33]
showed the superior spatial resolution of TEM
compared to SEM . In a previous paper [34] . we
used a combination of TEM and EDS to map the
concentration profile across a PVC and polyethyl
methacrylate) (PEM) interface with enhanced
spatial resolution of 100 nm compared to SEM
which was in the order of 1 ,um . In the previous
study, we observed that the thickness of the bilayer
film varied across the interface after sectioning due
to the differences in viscoelastic properties of the
two polymers . Here, we report on the use of
TEM/EDS in combination with electron
energy-loss spectroscopy (EELS) to map the
concentration profile and measure interdiffusion at
a polymer-polymer interface . EELS was used to
measure the relative thickness of the bilayer across
the interface for determination of interdiffusion
coefficient . A polymer pair with complementary
mechanical properties consisting of PVC and
poly(methyl methacrylate) (PMMA) was used in
this investigation.

EXPERIMENTAL
The PVC and PMMA samples were obtained from
Scientific Polymer Products (Ontario, NY) as a
secondary standard . Differential scanning
calorimetry (DSC2910, TA instruments,
Willmington, DE) was used for measuring the glass
transition temperature, Tg, of the polymers at a
scanning rate of 10 ' C /min_ The Tg of the PVC and
PMMA samples were 84 and 118 'C, respectively.
Gel permeation chromatography (GPC model
6000A, Waters Associates, Milford, MA) was used
to measure the molecular weight and molecular
weight distribution of the samples . The experiments were carried out with tetrahydrofuran
(THF) as the mobile phase,,ustyragcl columns with

Iranian Journal

of Polymer .Seianee and TeclutalnO• Vol 4 No 2 (1995)

]ahbari, E . et a].

106, 105, 104 , and 10 3 A pore sizes were used as the
stationary phase, and the flow rate was 1 mL/min.
The PVC and PMMA samples had a M w of l .22x
105 and 1 .01 x10 5 with polydispersity index of 2 .1
and 2 .0, respectively . The PVC and PMMA films
were cast on silicon wafers from 6 wt% and 4 wt%
THF and methyl ethyl ketone solutions,
respectively . As a stabilizer, 1 wt% of
di-n-octyltin-5,5'-bis (iso-octylmercaptoacetate)
(Atochem North America, Philadelphia, PA) was
added to PVC. The Tg of PVC after addition of
the stabilizer was 74 ' C.
The following procedure was adapted for
drying the polymer films quickly with no bubble
formation : one week at room temperature, then
vacuum oven with the time-temperature cycle one
week at room temperature . two days at 45 ' C, one
day at 55 ' C, one day at 70 ' C and finally 1 hour
above the Tg of each polymer . This time- temperature cycle insured the removal of all the
solvent, monitored with differential scanning
calorimetry, without the formation of any bubbles
inside the film . The surface roughness of the
polymer films was examined perpendicular to the
interface with a profilometer (Alpha step 200,
Tencor Instruments, Mountain Viw, CA) . The
stylus tip radius was 5 Aim and the stylus force was
4 mg. After drying, the two polymer films were
brought in contact, placed between two microscope
slides, sandwiched between two steel plates and
placed in the vacuum oven preheated above the Tg
of the two polymers . The steel plates served as a
constant temperature heat source for controlling
temperature during the experiment . Samples from
the bilayer were removed from the vacuum oven as
a function of time for analysis.
The interface between the two films was
exposed by fracturing at liquid nitrogen
temperature and embedded in an epoxy matrix for
microtoming . The embedded sample was
microtomed with a glass knife at room temperature
to reduce the surface roughness to less than 0 .2
,um. Then, thin sections in the order of 800 A were
cut using an ultramicrotome with a diamond knife
at room temperature . The surface roughness after
trimming was of the order of 20 A . The sections
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were picked up from the surface of the water in
the boat attached to the diamond knife, placed on
a 100 mesh copper grid and examined in the
transmission electron microscope (JOEL 2000FX,
Analytical Electron Microscope) with an energy
dispersive x-ray spectrometer (AN10000, Link
Analytical EDS) using an accelerating voltage of
200 kV. The duration of electron bombardment at
each point during the scan was 30 seconds . The
chlorine atom of PVC was used as a label to map
the concentration profile of PVC across the
interface . The x-ray intensity was integrated over
the Ka and Ko bands of chlorine and was set
proportional to the PVC concentration as a
function of spatial position . The x-ray intensities
were corrected for variation in sample thickness
with electron energy-loss spectroscopy (666 Gatan
Parallel EELS) with an accelerating voltage of 200
kV.
Data Analysis
The emitted photon energy from the chlorine
atoms of PVC was used to map the concentration
of chlorine across the polymer-polymer interface
which was directly proportional to the molar
concentration of PVC . The number of x-ray counts
occurring at a given energy is proportional to the
number of atoms in the irradiated volume from
which the x-rays originated . The detected count
rate per unit interaction volume is [35]:
N = Je

Qk

Wk Y]d nN

(1)

Here, N is the detected count rate of K a and K0
x-rays, Je is the electron flux which is a function of
the materials used, Qk is the ionization cross
section for K shell excitation, wk is the
fluorescence yield of K shell x-rays, ?Id is the
detector efficiency, n is the number of chlorine
atoms and V is the interaction volume between the
beam and the sample . The intensity of x-ray
fluorescence is calculated by integrating the
detected count rate over the energy hand for K a
and K0 x-rays and over the interaction volume:
I(x)= ffN(e,x)P(V)deaV
V

(2)
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Here, I(x) is the intensity of x-rays at distance x
from the interface per unit interaction volume and
E is the width of the K and K energy hands . The
function P(V) is the spread function of the beam
inside the sample which makes the concentration
profile more diffuse than the actual profile. Ideally,
P(V) should be decreased to a delta function to
arrive at the actual concentration profile but the
interaction between the electron beam and the
sample causes the incident beam to scatter into a
pear shaped volume . For polymers which have a
lower atomic number compared to metals, there is
less elastic collision with the matrix atoms and the
lateral spread of the beam is in the order of 2-3
,um . This explains the low resolution of SEM for
measuring the concentration profile for polymeric
materials. On the other side, for TEM in which the
hilaycr thickness is in the order of 800 A the
interaction volume is limited by the aperture size
of the electron beam . Therefore, for thin sections,
the spread function P(V) becomes unity and
equation (2) reduces to:

Here, Im is the measured x-ray intensity and 6(x) is
the sample thickness as a function of distance
along the interface.
Electron energy loss spectroscopy was used
to measure the sample thickness along the
interface. EELS can reveal the energy distribution
of electrons which have been transmitted through
the sample . Figure 1 shows a typical EELS
spectrum obtained from an arbitrary position
across the PVC/PMMA bilayer at 200 keV
accelerating voltage . The peak at zero energy-loss
is due to electrons that have been transmitted
through the sample with no loss in energy . The
peak at approximately 20 cV of energy loss is the
plasmon peak produced by the interaction of the
beam with free electrons in the specimen, known
as plasmon excitation [361 . The plasmon peak
provides an accurate method to measure the
sample thickness . The probability of an electron
exciting n plasmons is given by [36]:

I(x)= f fN(E,x)r3er3V/V=Im(x)IV

Here, 6(x) is the sample thickness as a function of
distance from the interface andAp is the plasmon
mean free path. Thus, the ratio of the probabilities
of exciting no plasmon and one plasmon, E(0) and
E (1), is given by:

(3)

Here„Im (x) is the measured intensity of x-rays.
For thin sections, the interaction volume becomes
cylindrical with the same cross sectional area as the
electron beam aperture, A G, and length equal to
sample thickness, 6 . For polymer bilayers, the
intensities can be normalized based on the
intensities from each polymer phase far from the
interface . Therefore, the normalized concentration
profile is related to the x-ray intensity by:
C(x)-C. I(x)-Io
,sa(x)= CI-Co
I i -I,

(4)

Here, yl(x) is the normalized concentration and
C(x) is the concentration at distance x from the
interface . The subscripts 1 and 0 refer to positions
far away from the interface on the PVC and
PMMA side, respectively . For constant aperture
size, the normalized concentration reduces to:
] Im(x) - Im ; (d(x)Jh o)
.0(x)= d
6(x) Im,l - lm; 0,,)
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E(n)= (11n?) (6(x)/Ap)nc

5(x)

( 6)
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(Peaks 1 and 2 correspond to the zero-ions and plasmon peaks,

(5)

respectively.)

Fig. 1 . EELS spectrum of PVC/PMMA interface.
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The ratio ut the probabilities E(I) and E(U)
is the intensity of the plasmon peak, 1p, to the
zero-loss peak . fz 1 . . Therefore, the sample
thickness is g iven hy:
a
1{x}=~ p
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(8)

1 z.1-

The plasmon mean free path is related to the
concentration of free electrons in the specimen
and can he regarded as a constant for polymers.
'l'herelore, equation (8) provides an accurate way
to measure the relative thickness of the sample as
a function trf distance from the interline . X.

RESULTS AND DISCUSSION
After casting the films on silicon wafers and drying,
the surface roughness of the polymer films was
examined in the direction parallel to the interthce
with profilonretry . The surface roughness of the
PVC and PMMA films was less than 1110 A . as
shown in Figure 2 for the PVC film . Thin sections
of the polymer hilayer were cut and examined with
TEM . Figure 3 shows the TEM micrograph of the
PVCPMMA interface after h hours at 120 ' C at
IStHIX magnification . The top and hottom regions
of the micrograph correspond to the PVC and
PMMA sides of the bilaver, respectively . The
position of the interlace is marked by the arrow,
According to this micrograph, the PMMA side of
the interface is ridged with shallow rrntt dark
regions indicating that the thickness of the hilayer
varies with distance across the interface . This is
due to the differences in vismclastic properties of
the two polymers when the sample is setai med.
Figure 4 shows the TFM micrograph of the
PVC/PMMA interface in Figure 3 it higher
magnification of 8(HHJX .'1 he dark circular clots in
the micrograph are the locations across the
interface where x-rays were collected . Chlorine
x-ray counts as a function of distance for beam
aperture diameters of lull nm and 250 nm are
shown in Figure S . According to this Figure, the
number of x-ray counts increased in proportion to
he diameter of beam aperture verifying that the
I
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Fig. 2. Surface roughness r f the PVC .film parallel to
the PVC/PMMA interface.

Cl hr p•slinn :'1 rLiulrrlarr is 'iii 'aim by lhr arrowE'ML3A sample, Iiia

i \1,, i 1 1 .22 x 111

5

. 111r PVC: and
]n 5 with

and 1 .01 x

polydlcp :ruiLv iudrx nr 2 .1 and 2.0 re'[lccInc[s .)

Fig. 3 . TEM micrograph of'rhe PFOP .l'IMA interlace
at 1500X after 6 hours at 120 (.'.
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the Fickian diffusion equation:
X

zj

CTte
(9)
2VDt
2
Here, x is the distance from the interface, t is time
and 1) is the interdiffusion coefficient_ The
diffusion coefficient is related to the slope of the
concentration profile at the interface by:

D=

(10)

1
16l(WW6x
I x=o) 2

Using equation (10), an interdiffusion
coefficient of 8.0 x10 -14 cm 2/s was obtained for the
concentration profile in Figure 7 which agrees
closely with the values reported in the literature
for interdiffusion in bulk polymers [371.

CONCLUSION

'Ihe PVC and PMMA samplcc had n Mw of 1 .22x]0 S and Iiii x10 5
with polvdispersi[y index of 2-1 and 2 .0, respcclicrlv .)

Fig. 4 . TEM micrograph of the PVC/PMMA interface
at 8000X after 6 hours at 120 ' C. The position of the
interface is shown by the arrow . The dark circular
bullets in the micrograph are the locations across the
interface where x-rays were collected.

The concentration profile and interfacial thickness
of a poly(vinyl chloride) and puly(methyl
methacrylate) hilayer were measured with
transmission electron microscopy and energy
dispersive spectroscopy . Due to the differences in
3100
2700
2300
1900,

interaction volume is controlled by the beam
diameter for thin sections . EELS was used to
correct the number of x-ray counts for sample
thickness . Figure 6 shows the relative thickness of
the sample as a function of distance along the
interface. The thickness of the PMMA side of the
interface was approximately 20 percent less than
the PVC side . The x-ray counts in Figure 5 were
adjusted for sample thickness using equation (8)
and normalized using equation (5) . Figure 7 shows
the normalized concentration profile for
PVC/PMMA after 6 hours at 120'C . After 6 hours,
the concentration profile was diffuse but the
interface was symmetric with approximately 1 .5,r4m
in thickness . The data in Figure 7 were fitted to
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Fig. 5 . Normalized chlorine x-ray intensity across the
interface , for PVC/PMMA after 6 hours at 120 ' C.
The open and filled circles correspond to aperture
diameter of 250 and 100 nm, respectively .
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sample thickne.ss .Theinterfacial thickness after 6
hours at 120 C was 1 .5 um . The concentration
profile was fitted to the Fickian diffusion equation
and an interdiffusion coefficient of 8 .0 x10-" cm 21s
was obtained.
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Fig. 6 . Relative thickness of the PVCIPMMA hilayer
across the interface.
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Fig. 7. PVC mole fraction across the PVCIPMMA
interface after 6 hours at 120 'C, corrected for sample
thickness variation.

C(x) Concentration at distance x from the interface
D Interdiffusion coefficient
E(n) Probability of an electron exciting n pIasmons
I(x) Intensity of x-rays at distance x from the
interface per unit interaction volume
Im(x) Measured intensity of x-rays at distance x
from the interface
Ip Intensity of the plasmon peak
1 71 Intensity of the zero-loss peak
Je Electron flux
N Detected count rate per unit interaction volume
P Spread function of the electron beam inside the
sample
Ch Ionization cross section for K shell excitation
V Interaction volume between the electron beam
and the sample
n Number of chlorine atoms
x Distance from the interface
t Interdiffusion time
6(x) Sample thickness at distance x from the
interlace
slp Plasmon mean free path
Ild x-ray detector efficiency
r0k Fluorescence yield of K shell x-rays
t''(x) Normalized concentration of PVC at distance
x from the interface
Subscript " o " : Distance far away from the
interface on the PMMA side
Subscript " I
Distance far away from the
interface on the PVC side
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