R4}
ELSEVIER

PII: S0032-3861(96)01077-4

PEINIEE PERES

Polymer Vol. 38 No. 18, pp. 4571-4575, 1997
© 1997 Elsevier Science Ltd

Printed in Great Britain. All rights reserved
0032-3861/97/$17.00 + 0.00

SAXS measurements of the interface in
polyacrylate and epoxy interpenetrating
networks with fractal geometry

Susheng Tan”, Donghua Zhang and Enle Zhou

Polymer Physics Laboratory, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, Changchun 130022, P.R. China
(Received 28 August 1996, revised 8 November 1996)

The interface thickness in two-component interpenetrating polymer networks (IPN) system based on
polyacrylate and epoxy were determined using small-angle X-ray scattering (SAXS) in terms of the theory
proposed by Ruland. The thickness was found to be nonexistent for the samples at various compositions
and synthesized at variable conditions—temperature and initiator concentration. By viewing the system as a
two-phase system with a sharp boundary, the roughness of the interface was described by fractal dimension,
D, which slightly varies with composition and synthesis condition. Length scales in which surface fractals
are proved to be correct exist for each sample and range from 0.02 to 0. 4A~". The interface in the present
IPN system was treated as fractal, which reasonably explained the differences between Porod’s law and
experimental data, and gained an insight into the interaction between different segments on the interface.
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INTRODUCTION

Recently, more and more attentlon was paid to fractals
of objects in different fields'. A fractal object is defined as
one which shows self-similarity over a range of length
scales and a very simple power-law relation between the
magnitude of a measureable property and the size of
yardstick used to measure the property exists. The main
research dealt with the theoretical properties of fractal
objects and finding real physical systems with fractal
behaviour. Many methods based on fractal concepts
were used in experlments Scattering techniques, such as
small-angle X-ray scattering (SAXS), small-angle neutron
scattering (SANS) and Raman scattering, has been
employed in several investigations of porous materials,
silicas, coals, and aerogels, etc., including the determina-
tion of particle and pore size distribution and giving
information about the fractal structure in these materi-
als. A fractal interpretation was given by Spence and
Elliot® after analysing small-angle X-ray-scattering data
from obliquely evaporated amorphous chalcogenide films.
In this work, SAXS was used to obtain the interphase
information in interpenetrating polymer networks.
Interpenetrating polymer networks (IPNs) have cre-
ated more and more interest due to their excellent
properties; the relationship of the properties to the
multiphase morphology has been investigated for many
years. Because of thermodynamic immiscibility, IPNs
usually exhibit a multiphase structure at room tem-
perature. This has been determined by a number of
researchers from TEM photographs. A three-phase

*To whom correspondence should be addressed

system is often observed due to the interpenetration
between the two or more polymer networks in IPNs. The
third phase is the interphase which consists of both
components. The interphase is very sensitive to inter-
penetration. Usually, the more the interpenetration, the
thicker the interphase4.

SAXS is a useful experiment method in the determina-
tion of morphology of multiphase polymer materials
such as semi-crystalline polymer, polymer blends, etc.
Especially, SAXS has been used to obtain 1nformat10n
about the interphase and define its thickness in IPNs>.
We have used it to study the multiphase morphology of
PEGDA/DGEBA IPNs and obtained a satisfactory
result which is in agreement with the results obtained
by TEM, d.m.a., etc.°. When the SAXS data of IPNs
were analysed, the mterphase between the two phases
was usually viewed as a smooth surface with thickness £.
In contrast, in this paper we have detected the interface
irregularity in IPNs by contemplating the interface as a
fractal one. !

EXPERIMENTAL
Preparation of the IPN’s sample

The IPNs of polyacrylate [poly(polyethylene glycol
diacrylate), PEGDA] and epoxy (diglycidyl ether of
bisphenol A, DGEBA) were prepared simultaneously
with 2,2'-azobisisobutyronitrile (AIBN) as the initiator
of PEGDA and xylydene amine (XLA) as the solidifying
catalyst of DGEBA. The synthesis parameters are listed
in Table 1. The detailed procedures of the synthesis of
PEGDA and IPNs were described previously?:8.
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Table 1 Synthesis parameters, fractal dimension D and length scales for PEGDA/DGEBA IPNs?

Sample PEGDA/ %

No. DGEBA AIBN T(K) Dt D¢ Gmin(A7)) Gmac A
1 75/25 0.40 333 2.52 2.51 0.032 0.254

2 50/50 0.40 333 2.53 2.52 0.039 0.252

3 25/75 0.40 333 2.48 2.47 0.030 0.250

4 50/50 0.20 333 2.94 2.93 0.024 0.240

5 50/50 0.60 333 2.70 2.69 0.029 0.323

6 50/50 0.40 348 2.65 2.64 0.038 0.285

7 50/50 0.40 363 2.78 2.77 0.032 0.340

¢ The number of the SAXS curves of all samples are 3, and the D value error is from 0.08 to 0.15

b Determined according to equation (11)
¢ According to equation (10)

SAXS experiments

The SAXS intensity of the samples were registered
with a Kratky compact camera, the front of which was
directly mounted on the top of the cube shield of a
stabilized Philips PW1170 X-ray generator. The Kratky
X-ray tube was operated at a power of 1.5kW. Cu K«
radiation was used; the monochromatization was per-
formed by an Ni filter in conjunction with a pulse-height
discriminator. Measurements were made by a step-
scanning procedure and in the fixed time mode, with a
sampling time of 200 s for each step. The number of steps
was generally of the order of 250 for each sample. The
entrance and detector slits were adjusted respectively to
80 and 200 um. However, to approach the origin of the
angles as closely as possible, the beginning of the curve
was also registered with the entrance and detector slits
adjusted to 42.5 and 107.5 pm and then merged with the
main part of the curve. The explored domain was thus
0.006 nm ™", where 5 = 2sin 8/, 20 is the scattering angle
and A is the X-ray wavelength (1.542 A). Absorption,
sample thickness, parasitic intensity and electronic noise
were taken into account in the standard manner. The
scattering geometry used was in the finite-slit-height
mode where the width of the incident beam was
comparable to the width of the receiving slit. Corrections
were made for the slit-smearing effect with a method
proposed by Strobl®.

RESULTS AND DISCUSSION

At first sight, the experimental data are quite similar for
those PEGDA/DGEBA IPNs synthesized at various
conditions as was expected. They all show a regular
decay followed by an important increase in the scattering
at high angles which characterizes a background
associated with density fluctuations within the phases
or thermal density fluctuations. In the following descrip-
tion of the experimental data, the results of PEGDA/
DGEBA IPNs with various compositions are described
in detail, and the description of the other four IPNs
prepared at variable conditions, which have similarity
with the former, are not given. We only offer their
ultimate results and conclusions, namely the fractal
dimensions and the length scales.

Determination of the interphase thickness

According to Porod’s law, the intensity in the tail of
the SAXS curve of structures with sharp phase bounda-
ries decreases in proportion to s*10-12. However,
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polymers often exhibit systematic dev1at10n from
Porod’s law, that is, the product of I )s does not
reach a constant value. This behaviour may be inter-
preted in terms of the detailed microstructure of the
polymer The presence of thermal density fluctuations or
mixing within phases results in an enhancement of
scattering at high angles causing a plot of I(s)s vs. 5% to
have a positive slope. Consequently, these effects are
known as positive deviations from Porod’s law. On the
other hand, the existence of a diffuse phase boundary
causes a depletion of high-angle scattering resulting in a
negative slope for such a plot. Hence, these effects are
referred to as negative deviations from Porod’s law'>4.
Thanks to the positive and negative deviations, the
scattering intensity in the Porod’s region is given by

Iobs(s) = I(S)H(zs) + IB(5> (1)

The form of the smoothing function used is dependent
on the geometrical model for the interphase gradient.
In the present paper, the sigmoidal-gradient model is
employed, thus the smoothing function is Gaussian and
H, is given by 15,16

H) = exp(— 2% 0°s%) (2)

where o is the standard deviation of the Gaussian
smoothing function and is a measure of the transition-
layer width.

There are several factors which give rise to a scattering
background and lead to positive deviations from Porod’s
law. These deviations have been treated by Rathje and
Ruland'’, Wiegand and Ruland'®, and Vonk et al."®

Ruland’s method is based on the approx1mat10n of the
background intensity as an exponentlal

= Flexp(bys?) (3)

where b, is a constant and F/ is the intensity value
extrapolated to zero angle. In our present work, the
wide-angle data were obtained, if the intensities are
absolute, the value of FI/ (corrected for slit-smearing)
reflects the magnitude of the thermal density fluctua-
tions. In Figure 1, the logarithm of the smeared intensity
(I(s)) obtained from PEGDA/DGEBA IPNs with various
compositions is plotted against s?, the linear relation
exhibited by the larger angle data indicates the validity of
equation (3). As described above, the other PEGDA/
DGEBA IPNs synthesized at different conditions have
the same results. Namely, the smeared intensity obtained
from PEGDA/DGEBA IPNs synthesized at different
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Figure 1 Slit-smeared intensities Iy obtamed with PEGDA/DGEBA
IPNs plotted semilogarithmically against s to illustrate that the tail of
the scattering curves can be approximated well by exp(bs?)

temperatures and various initiator concentrations all
shows a llnear relation at the large angle by logarithm of
I ) against 52

The scatterlng intensity in the Porod region after
removing contributions of backgrounds, that is the
corresponding Porod-law relation, becomes

Ly = (Ky/s") exp(—4n°’s?) (4)

By expanding the exponential function the intensity may
be approximated by

Lo = (Kp/s)(1 - 4n’0’s”) (5)

Practically, the smeared data can be used only if the
effect of the oscillation of slit on scattering intensity, thus
the smeared scattering intensity of the sigmoidal-type
system adjusted by infinite-height slit, I careq, Can be
given by 20

1

smeared® —

(Kp/s*)(1 — 4n’0’s?) (6)

Koberstein et al.'> proposed a method which can be
directly applied to smeared intensity and has a relatively
large range of applicability. They find that the smeared
intensity obtained with an infinite-slit geometry can be
represented by an excellent approximation, up to a much
larger value of s, by

I d(s) = KIS_3

smeare:

exp[—38(0s)"*'] (7

where 38 and 1.81 are empmcally determined constants.
One may plot In[/(s 5] vs. '8! to evaluate the 1nterphase
parameter, o, as [—(slope)/38]!/18! or plots ln[ 5]
vs. s 1% to evaluate o as [~ (intercept) /38] /!

In all scattered intensity data shown hereafter, the
observed intensity has been corrected for the background
for subtracting the contribution of the thermal density
fluctuation as given by equation (3). Other methods to
subtract the background proposed by Vonk et al. can be
chosen. However, the manner of subtracting the back-
ground scattering did not much affect the final value of
the interphase thickness according to Hashimoto e? al. 2

Plots of s~181In[I(s)s”] vs. s~'81 are shown in Figure 2.
According to equation (7), this plot should give a
negative intercept for PEGDA/DGEBA IPNs with a
diffuse domain boundary. However, positive intercepts
are shown for all PEGDA/DGEBA IPNs. This implies

that the domain boundaries are very sharp in this system
studied here. Several measurements at the same con-
dition have failed to obtain interphase thickness in these
IPNs. Careful examination shows that estimates of the
background contribution are proper. Linear regresses
of In[l(] vs. &* in the large s region are of correlation
coefficients over 0.98, as shown in Figure 1. Therefore,
the positive intercepts shown in Figure 2 do not resuit
from the lower estlmate of the background contribution.

Plots of In[/,s*] vs. s* for desmeared scattering data are
shown in Figure 3. According to equation (4), such plots
will give negative slopes for IPNs with diffuse domain
boundaries, and the 1nterphase thickness can be esti-
mated from [—(slope)/472]!/2. However, the plots result
in positive slopes, implying sharp interphase in the system.

Summarizing the results obtained by the two different
methods of evaluating the interphase thickness param-
eter, o, in PEGDA/DGEBA IPNs, we can say that the
samples studied here are of sharp domain boundaries. o
obtained from Figure 2 is negative, and does not have
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Figure 2 Plot to evaluate the interfacial thickness parameter o
according to equation (7). Palht ln(s i ) (with [ from which the back-
ground, I, has been subtracted) is plotted against s 7'#!. 5 is evaluated
as [—(intercept)/38]"/!#! . For the sake of clarity, the data point for 50/
50 and 25/75 PEGDA/DGEBA IPNs are displaced upward respectively
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Figure 3 Plot to evaluate the interfacial thickness parameter, o

according to equation (5). In(s*I) (with I from which the background,
I, has been subtracted) is plotted against s2. For the sake of clarity, the
data point for 50/50 and 25/75 PEGDA/DGEBA IPNs are displaced
upward respectively
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physical meaning. Thus, if the interphase in these [PNs
exists, the thickness should be zero. It seems that the
theory proposed by Ruland et al. cannot be applied to
this IPN system. In the next section, a fractal description
of the interface is proposed and found to be of definite
physical meaning.

Fractal behaviour of the interphase

Deviations from Porod’s law have also been found in
PEGDA/DGEBA IPNs, which have been discussed fully
above. Until recently, Bale and Schmidt? outlined some
equations for analysis of X-ray scattering data in the
large-q region by considering the coal pore surfaces to be
fractal. They showed that fractal surfaces with dimension
D > 2 had a correlation function of the form:

g(r) =1-c*P ®)

where ¢ = (Ny/4)[I/vd(1 — ¢)], v is the sample volume.
¢ is the porosity (volume fraction of the pores), Ny is a
constant which depends on the fractal geometry, and D is
the fractal dimension. Substituting g(r} into the general
form of the SAXS intensity equation, we can get

I(q) = 4nL8u(1 = 8) [ " () sintar)/(an) dr (9)

where 6 is the uniform electron density of the porous
solid, and ¢ is another form of the scattering vector,
which is equal to 47 sin 8/ . In the large g region, it gives

I(q) xq”* (D<6) (10)

According to this approximation, when the surface is
smooth (D = 2), I(g) is proportional to ¢~*, which is
exactly the Porod situation.

Equation (10) can only be applied to the desmeared
scattering intensity. The desmearing introduces inaccura-
cies involved with data extrapolation beyond measurable
angles and serious amplification of statistical errors in
photon counting. For these reasons, it is desirable to
develop smeared relations which may be applied directly
to smeared intensity data from fractal objects. After
smearing the theoretical relations of equation (10), we
can get

Io(q) < g"° (11)

where I (g) is the smeared intensity measured by the
infinite-length collimation system. For certain slit
geometries, as in the Kratky camera, the infinite-length
assumption may be employed”®. However, the trapez-
oidal weighting function, which can be calculated from
the experimental geometry, is often used to describe the
Kratky camera. In this case, one expects

Ie(q) = Lo(@{(2 - B) tg '[(2 - B)/1]

- g™ (6/0}/1(1 = B)] (12)

where I.(q) is the intensity measured by the Kratky
camera, I (q) is the intensity measured with the infinite-
length collimation system, and ¢ = 2h/(A4 + B), 3 = 24/
(4 + B), with A the angular distance from the primary
beam, 4 and B are the parameters characterizing the
shape of the primary intensity profile, which is equal
to 0.052A7! and 0.1 A" in our present work, respect-
ively?*. Therefore, the measured intensity with the
Kratky camera can be thus related to the I, (g) where
equation (11) is applied. In this paper, all the scattering
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data measured by Kratky camera have been transferred
into I.(q) by equation (12) in order to deduce results
from equation (11).

When PEGDA/DGEBA IPN system is viewed as a
two-phase system with sharp, rough boundaries, the
power-law proposed by Porod is no longer suitable. For
these composites, rough interface, a fractal description
may be appropriate. Equations (10) and (11) can be
adapted for analysis of SAXS data from PEGDA/
DGEBA IPNs. In Figure 4, the plots of smeared intensity
In[f{q)] vs. Ing are represented. Straight lines are
obtained for each specimen at every composition and
at every variable synthesis condition over a relatively
wide range of gq. According to equation (11), the value of
D, the fractal dimension of the interface, can be found
from the line slope. These fractal dimensions (D) are
listed in Table 1.

Plots of the desmeared intensity In[/{g)] vs Ing are
represented in Figure 5. Straight lines are obtained for
the samples at every composition and at every various
synthesis condition. The fractal dimension D obtained
from fits of equation (10) to the desmeared scattering
data is also listed in Table 1. Comparing the values of D
obtained from different methods, we find that they are
agreeable within the experimental errors.

Summarizing the results above, a fractal description of
the interface in PEGDA/DGEBA IPNs used here do
have definite physical meaning. The fractal dimension D
and the length scales in which D exists describe the
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Figure 4 Ln-In plot of slit-smeared intensities / from which the
background, I, has been subtracted as g to show the linear relationship
between In 7 and In ¢ according to equation (11). For the sake of
clarity, the data points for 50/50 and 25/75 PEGDA/DGEBA IPNs are
displaced downward respectively
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interface sharpness, roughness, and the interaction
between different segments. These results are consistent
with the general model of IPN structures as revealed by
other physical or chemical techniques.

Moreover, samples with various compositions show
slight discrepancy in fractal dimension and length scales,
which represent the similarity of their interphase in the
fractal domain. The case of samples synthesized at
variable AIBN concentrations is very interesting. Sample
2, which has the smallest fractal dimension value com-
pared with samples 4 and 5, is the one which repre-sents
the least rough fractal interphase. While, in the case of
samples synthesized at different temperatures, sample 7
has the highest value compared with samples 2 and 6 in
fractal dimension which give rise to the roughest inter-
phase between the two component domains.

CONCLUSIONS

Ruland’s theory was applied to analyse the SAXS data
for PEGDA/DEGBA IPN system. The interphase thick-
ness was probed. It was found that the interphase
thickness did not exist in this system. The results imply
that the interface is very sharp. Because of this, a fractal
concept was introduced to study the scattering behaviour
of a rough interface with sharp boundaries. Results
show that there are length scales where the scattering
data follow surface fractal power laws other than
Porod’s law. The interface in this PEGDA/DGEBA
IPN system was found with fractal properties. The
fractal dimension changes from sample to sample and
varies with compositions and synthesis conditions.
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