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Dielectric relaxation studies and absolute small-angle X-ray investigations give evidence that amorphous 
interlamellar regions in partially crystalline PVDF/PMMA blends consist of two phases: a pure amorphous 
PVDF phase and a homogeneously mixed PVDF/PMMA phase. The local phase separation which occurs, 
despite favourable interactions between PMMA and PVDF, is attributed to a PVDF crystal-amorphous 
interphase which rejects PMMA segments. The thickness of this interphase is found to be of the order of 
2.5 nm. 
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INTRODUCTION 

Recent theoretical considerations 1'2 have led to the 
conclusion that a crystal-amorphous interphase could 
exist in lamellar semicrystalline polymers, the properties 
of which differ from those of a truly amorphous phase. 
According to these considerations, the formation of the 
interphase is caused by steric packing problems. The 
interphase allows for the dissipation of order existing at 
the crystal surface. We obtained indirect experimental 
evidence for the existence of such a phase in 
poly(vinylidene fluoride), PVDF, while studying the 
dielectric properties of PVDF and of its blends with 
poly(methyl methacrylate), PMMA 3. 

These two polymers are known to be compatible in the 
molten state for all concentrations, to display a 
homogeneous phase down to a molecular level over a 
wide range of temperatures and to be characterized by a 
lower critical solution temperature which is located well 
above their decomposition temperatures s. The thermo- 
dynamical treatment of these blends leads to the 
conclusion that the homogeneously mixed state should be 
stable at lower temperatures, in agreement with the 
experimental finding that it can be transferred into the 
glassy state provided that the blends contain less than 
~50wt~o PVDF 6'7. 

Samples containing more PVDF or samples which are 
annealed above their respective glass transition 
temperatures behave differently. They display a partial 
crystallization of the PVDF. 

It is known from X-ray scattering studies a that the 
amorphous material is located totally within the 
spherulites in these blends and that it forms the 
amorphous regions between the PVDF lamellae. One 
could then expect, for the thermodynamic reasons 
pointed out above, that the two components remain 
homogeneously mixed in the amorphous regions. The 
assumption, that the two components of the blends are 
thus intimately and homogeneously mixed in the 

interlamellar regions, seems straightforward; however, it 
meets with many problems. 

In a previous publication 3, concerned with the 
dielectric properties of PVDF/PMMA blends, we 
pointed out that the experimentally observed variation of 
the glass transition temperature with composition does 
not agree with this assumption. We proposed a partial 
phase separation to take place in the disordered 
interlamellar regions and we related this fact to the 
existence of an amorphous-crystal PVDF interphase, the 
thermodynamic properties of which differ from those of 
the bulk amorphous state. 

The formation of the interphase was considered to be 
an intrinsic property of lamellar PVDF crystals, since 
PVDF chains are known to contain considerable 
amounts of head-to-head and tail-to-tail defects 9 
occurring in a significant fraction of interphase regions. 
Such an interphase can be expected to expel a second 
component, the PMMA component in this case, despite 
its favourable interaction with PVDF. This gives rise to a 
two phase amorphous region in partially crystalline 
blends of PVDF and PMMA. 

In this paper we present additional experimental X-ray 
and dielectric relaxation results, which, in our opinion, 
are strongly in favour of the existence of such a crystal- 
amorphous interphase in PVDF and which point out the 
influence of such an interface on structural and dynamical 
properties of blends, or at least of the materials 
considered here. 

EXPERIMENTAL 

Samples 
The PVDF samples were obtained from the Solvay 

Company. The number- and weight-average molecular 
weights are known to be Mn = 38 000 g mol- 1 and 
Mw = 100 000 g mol- ~ respectively. The PMMA samples 
were obtained from RiShm GmbH and the molecular 
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weights were Mn = 60 000 g mol- 1 and 
M, = 120 000 g mol- 1, respectively. The two polymers 
were melt blended at 220°C in an extruder. Thin films 
with a thickness ranging between 40/~m and 60 #m were 
extruded from these mixtures. All films were found to be 
macroscopically homogeneous and to exhibit excellent 
optical clarity. Aluminium electrodes of 100nm in 
thickness and 2.1 cm in diameter were vapour deposited 
onto both sides of the films for dielectric investigations. 

X-ray studies 
Wide-angle and small-angle diagrams were obtained 

by means of a Siemens wide-angle goniometer and a 
Kratky small-angle X-ray camera, using CuK~ radiation 
of wavelength 0.154nm. The absolute intensity was 
established by comparing the scattering intensity of the 
samples with that of a calibration sample. The scattering 
curves were desmeared, using a procedure developed by 
StrobP °. The analysis of the scattering curves will be 
discussed in detail below. 

Dielectric measurements 
The dielectric properties were measured using a 

General Radio bridge (type 1616). The samples were 
placed in an environmental chamber under dry helium 
atmosphere. The temperature was increased linearly at a 
rate of 2 K min- 1 from - 140°C to 150°C and the bridge 
was balanced manually. 

I.r. measurements 
I.r. spectra were obtained using a Perkin Elmer (type 

598) spectrometer. 
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Figure 1 Models of one dimensional electron density distributions of 
the unannealed PVDF/PMMA blend with 20 wt % PMMA and 30 wt % 
PVDF as explained in the text 

RESULTS AND DISCUSSION 

Small-angle X-ray scattering results 
It was already pointed out above that PMMA was 

found to be located within the spherulites in partially 
crystalline blends of PMMA and PVDF and furthermore 
that PMMA is located within the amorphous regions 
between the PVDF lamellae 13,14. It is clear that one has 
to expect totally different density (and thus electron 
density) distributions for the case of a one phase 
amorphous region or a two phase amorphous region, 
which, in turn, may be structured in two different ways 
(Figure 1): 

(a) a two phase model with a homogeneously mixed 
amorphous one phase region; 

(b) a three phase model with amorphous PVDF regions 
located in the interior of the interlamellar regions; 

(c) a three phase model with amorphous PVDF as a 
crystal-amorphous interphase. 

Absolute small-angle X-ray studies should be able to 
discriminate between the various models which are, of 
course, idealized models. The expectation is that the 
interface becomes increasingly accessible to the PMMA 
chains as the distance from the surface of the crystal 
increases. One could thus envisage a gradual increase in 
the PMMA concentration with increasing distance from 
the crystal surface. 

The dielectric relaxation studies, reported in a previous 
publication a, however, contradict this assumption. The 
location of the dielectric relaxation peak, which occurs 

below 0°C and which is attributed to the glass relaxation 
within the disordered regions of PVDF, was found to be 
independent of the PMMA concentration. Its strength, 
on the other hand, decreased with increasing PMMA 
content. The conclusion is that there seems to be a rather 
well defined interfacial layer which totally excludes 
PMMA. We cannot exclude, of course, the possibility of a 
transition layer between the disordered PVDF phase and 
the amorphous PVDF/PMMA regions. Its extent is, 
however, clearly small in comparison with that of the 
interfacial layer and we will neglect it for this reason. In 
any case, it will be difficult to decide from the X-ray data 
whether this small transition layer is present or not. 

In the following we will assume that the density 
variations occur predominantly along the direction 
perpendicular to the lamellae, as long as we stay within an 
lamellar aggregate. Therefore, we are able to restrict our 
discussion to one dimensional density correlation 
functions K(z), where z points appear along the layer 
normal. 

K(z)=2~2<[~l(z')-<q)][~l(z' +z ) - (q> ] )  (1) 

t/is the electron density and the angular brackets indicate 
averaging over all coordinates z' within a lamellar 
aggregate. This function was evaluated from the 
desmeared small-angle scattering curve l(s): 

o o  

K(z) = f I(s)s2cos(sz)ds 
o 

(2) 
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Figure 2 General properties of the electron density correlation 
function of a partially crystalline polymer. The analysis permits a direct 
determination of the mean crystallite thickness d, the most probable 
long spacing L and the invariant Q (Strobl et al. ~s) 
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Figure 3 Degree of crystallinity Xc of PVDF/PMMA blends as a 
function of the composition: (O) samples annealed at 135°C for 24 h; 
(Q) unannealed samples 

s denotes the scattering vector 

47~ . 
s = ~-sln 0 (3) 

where 2 is the wavelength and 0 is the Bragg-angle. The 
assumptions on which this approach is based as well as 
the structural information which can be derived from this 
correlation function have been discussed in detail by 
Strobl et al. 15. Figure 2 gives a schematic representation 
of such a correlation function for a two phase structure, 
characterized by average electron densities allowing for 
interfacial regions and variations in the thickness of the 
crystalline lamellae and the amorphous regions. One 
obtains the following structural parameters: the average 
thickness d of the lamellae, the long spacing value L and 
the magnitude of the invariant Q. 

Q = 2rr2wc(1 -- wc)(q c -- r/a) 2 (4) 

wc is the degree of crystallinity and qc and ?]a are the 
average electron densities of the crystalline and 
amorphous regions, respectively. 

Crystal--amorphous interface: B. R. Hahn et al. 

It is important for the following analysis to know the 
structure of the two components. PMMA poses no 
problem since it is totally amorphous and the small-angle 
intensity is mainly determined by thermal density 
fluctuations 4. PVDF is partially crystalline with a degree 
of crystallinity of about 50 %11. Wide-angle X-ray studies 
have revealed that the degree of crystallinity of the blends 
depends both on the composition and on the thermal 
treatment of the samples. Untreated samples showed no 
traces of crystaUinity for blends containing less than 
60 wt % PVDF. This is shown in Figure 3. The degree of 
crystallinity increases almost linearly with increasing 
PVDF content above this critical concentration. Well 
annealed samples, however, were characterized by a 
critical concentration of about 20wt ~o PVDF, above 
which the degree of crystallinity increased also with 
increasing PVDF content. 

PVDF is known to be able to display several crystal 
modifications 11, the most prominent being the polar/~- 
modification and the nonpolar 0t-modification. The 
relative amount of the two modifications present in the 
blends was determined by i.r. studies. The ~-modification 
displays characteristic absorption bands at 531 cm- ~ and 
410cm -1 whereas the corresponding absorption bands 
for the//-modification are located at 508 and 441 cm-1 
respectively 12. Some of the i.r. spectra obtained for the 
blends are given in Figure 4. The concentration of the/~- 
modification increases with increasing concentration of 
PMMA relative to the total degree of crystallization. We 
will use these results in detail later. 

These morphological data are used below in the 
analysis of the small-angle X-ray scattering curves. To 
start with, we tested whether the absolute small-angle X- 
ray results obtained for pure PVDF samples agree with 
the theoretical predictions, based on a two phase 
structure. 

Figure 5 shows the smeared small-angle scattering 
curves for PVDF at 22°C and 100°C, as obtained 
experimentally. The scattering intensity increases with 
increasing temperature because of increasing differences 
in density between the amorphous and crystalline 
regions. After desmearing and background corrections we 
obtained the correlation functions shown in Figure 6. The 
structure parameters derived from these curves are given 
in Table 1. 

Using the data on the densities of the amorphous and 
the crystalline regions of PVDF as a function of 
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in excellent agreement with the experimental data. This 
result shows that this method of analysis yields reliable 
data. 

Next we will discuss the small-angle X-ray results 
obtained for partially crystalline blends of PMMA and 
PVDF. Figure 7 shows the scattering diagram for 
unannealed and annealed samples, containing between 10 
and 40wt% PMMA. One observes that the scattered 
intensity increases with increasing PMMA content, due 
to the increase of the density contrast between the 
crystalline and the amorphous regions. One can also 
observe that the long period is shifted to larger values, 
since PMMA is contained in the interlamellar regions. 
Annealed samples display larger values of the scattered 
intensity than the unannealed samples, since annealing 
leads to a larger degree of crystallinity. 

Figure 8 shows the one dimensional correlation 
functions obtained from these scattering curves. Their 
shapes agree quite well with those observed for pure 
PVDF. The invariant increases with increasing PMMA 
content and is larger in annealed samples as compared 
with untreated samples for the reasons discussed above. 

We will now analyse the information derived from 
these correlation functions along the same lines used above 
for pure PVDF. One straightforward result is that the 
experimentally determined invariants and those 
calculated from the known densities of amorphous and 
crystalline PVDF and of PMMA do not agree. The 
experimentally observed invariants are definitely larger 
than those calculated (Figure 9). 

Table 1 Structure parameters of PVDF obtained from one 
dimensional correlation functions 

T (°C) Q (1046 cm-o) d (nm) L (nm) 

22 2.1 3.6 8.5 
1 ~  3.0 3.6 8.5 

'E 2 

'0 I 

I 
N 

t o  

-2 
0 

Figure 6 
22°C; ( 

x x i~¢ 

I 1 I 

5 I0 15 20 

z(nm) 

Experimental correlation functions K(z) for PVDF. ( - - - )  
) 100°c 

temperature, as given by Nakagawa and Ishida 16, we 
predicted the invariants to be 

Q=2.1 x 1046cm - 6  at 22°C 

and 

Q=3  x 1046 cm-6 at 100°C 
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Figure 7 Slit-smeared SAXS curves  I'r¢l(S) of PVDF/PMMA blends in 
relative units (background corrected). (a) unannealed blends: ( - - - )  
100wt% PVDF; ( ) 90wt% PVDF; ( . . . . .  ) 80wt% PVDF. (b) 
annealed samples: ( - - - )  90wt% PVDF; ( ) 80wt% PVDF; 
( . . . . .  ) 60 wt % PVDF 
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F i g u r e  8 Experimental correlation functions obtained for 
PVDF/PMMA blends. (a)unannealed blends: ( - - - )  100wt % PVDF; 
( ) 90wt% PVDF; ( . . . . .  ) 80wt% PVDF. (b) annealed samples: 
( - - - )  90 wt % PVDF; ( ) 80 wt % PVDF; ( . . . . .  ) 60 wt % PVDF 

The blends pose a particular problem because they 
display different crystalline modifications. Therefore we 
are forced to determine the average crystalline electron 
density r/~ by 

qc = %wa + r&(1 - wa) (5) 

where the volume fraction wa of the r-modification was 
determined from the i.r. spectra. 

The disagreement between calculated and observed 
values of the invariants cannot be attributed to 
uncertainties in the average crystalline density. The 
calculated invariants stay below the experimental 
invariants even if we use the density r/p of the r-  
modification rather than r/c. The density r/p is well above 
the corresponding value r/~ of the ~-modification 17 and 
hence well above r/c. Furthermore, we found that we had 
to vary the degree of crystallinity by 509/0 in order to get 
an agreement between calculated and experimental data. 
This is well above the range of uncertainties. Therefore, 
we concluded that the partially crystalline state of the 
blends cannot be treated as a two phase state. We 
assumed, as discussed earlier, a three phase state, 
consisting of crystalline regions, an amorphous 
interphase containing pure PVDF and a mixed 
amorphous phase containing PMMA. The invariant is 
then given by is 

Q = 2n2[WcWatqc - ~]a) 2 + WcWe(~]c - -  •e) 2 "Jl" WeWa(i~e - -  ?~a) 2 ]  
(6) 

The subscripts c, a, e, refer to the crystalline, the 
homogeneously mixed amorphous region and the pure 
amorphous PVDF phase, respectively. The analysis 
shows that the assumption of a three phase state leads to 
an increase of the calculated invariants relative to those of 
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a two phase state. The variation depends on the 
composition. We varied the fraction of the pure PVDF 
amorphous phase and of the mixed amorphous phase. 
We checked the predicted magnitude of the invariants. 
The best fit was obtained for the compositions given in 
Table 2. We will compare these predictions with those 
obtained from a quantitative analysis of the dielectric 
relaxation studies below. 

In addition to analysing the magnitude of the invariant 
we tried to gain some information on the location of the 
amorphous PVDF region within the interlamellar region. 
For this purpose we calculated the one dimensional 
correlation functions for the models b and c, given in 
Figure 1. Although these are, as pointed out above, rather 
idealized models, they allow us to obtain qualitative 
information on the internal structure of the amorphous 
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F i g u r e  9 Invariants of PVDF/PMMA blends. Experimental values: 
annealed (0 )  and unannealed (D) samples; calculated values (two 
phase model): annealed (0 )  and unannealed (m) samples 

T a b l e  2 Calculated weight fractions Xc,e,a of the various phases in 
blends of PVDF and PMMA 

Unannealed samples Annealed samples 
Weight % 
PVDF Xc X¢ Xa Xc Xe Xa 

90 0.34 0.33 0.33 0.45 0.33 0.22 
80 0.22 0.30 0.48 0.43 0.11 0.46 
60 - - - 0.22 0.21 0.57 
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regions. The calculated functions are compared with the 
experimental function obtained for a blend of 20 wt 9/0 
PMMA and 80wt% PVDF in Figure 10. The data 
definitely do not agree with the assumption of an 
amorphous region consisting of PVDF being located in 
the interior of the interlamellar regions. The model of an 
amorphous PVDF interphase which separates the 
crystalline and the mixed amorphous regions agrees with 
the experimental finding. This is reasonable in view of the 
theoretical predictions of the existence of interphases in 
partially crystalline polymers such as PVDF 2'a. 

Dielectric relaxation studies 
The dielectric relaxation spectra of blends of PMMA 

and PVDF, some of which were analysed in a previous 
paper a, will be used to obtain additional quantitative 
information on the internal distribution of the 
components in partially crystalline blends. 

The dielectric relaxation spectra of the blends are 
depicted in Figures 11 and 12. The fl-relaxation 
characteristic of the pure PVDF is observed even for large 
concentrations of the PMMA component. If one assumes 
that the two polymers are homogeneously mixed in the 
amorphous regions of the partially crystalline blends one 
would expect with increasing PMMA concentration a 
shift of the glass relaxation to larger temperatures 22. Yet, 
one observes that the relaxation occurs in all blends 
within the same temperature interval. It is just the 
relaxation strength which decreases continuously with 
increasing PMMA content. Similar results were obtained 
for the temperature dependence of the piezoelectric and 
pyroelectric activities 23. These activities are known to 
increase strongly in pure PVDF if the temperature 
becomes higher than the glass transition temperature. 
These results suggest again the presence of a disordered 
PVDF component in addition to a mixed PVDF/PMMA 
component in the partially crystalline state. In the 
following we attempt to quantify these statements. 

The weight fractions of the PVDF in the crystalline 
regions X~, in the interphase regions Xc and in the mixed 
amorphous regions Xa are related to the total weight 
fraction X in the blends by 

X=Xc+X:+Xe  (7) 

We determined the quantities X ..... as follows. The weight 

fraction Xc of PVDF in the crystalline regions was derived 
from wide-angle X-ray scattering (Figure 3). Xc w a s  

determined from the dielectric data. Xa was calculated 
from equation (7). 

The determination of X~ is rather difficult; however, X e 
can be obtained by using a relationship given by 
FriShlich 19'24 which relates the dipole concentration N 
and the relaxation strength to the effective mean s q u a r e  

dipole moment/t2: 

4nN_2 

The parameter ~ is the ratio of the internal to the external 
field. Using the Onsager approximation 19 one obtains 

(9) 

The determination of Ae is necessary in order to evaluate 
N or rather Xa is subject to some errors. For this reason 
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Figure 11 Dielectric constants and tan 6 at 1 kHz of PVDF/PMMA 
blends as a function of temperature: ( . . . . .  ) 100wt % PVDF; ( ) 
90wt% PVDF; ( - - - )  80wt% PVDF 
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Figure 12 Dielectric constants and tan 6 at l kHz of PVDF/PMMA 
blends as a function of temperature: ( . . . . .  ) 60wt% PVDF; ( ) 
40wt% PVDF; ( - - - )  20wt% PVDF 
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we used the area A under the dielectric loss curve 

('. 1 A=j  d-~- (10) 

McCrum 25 has shown that the dielectric relaxation 
strength is related to A via the average activation energy 
H - t  

R/[',, 1"~ -1  H-I =A~2-~Je d~-) (11) 

One obtains 

3kTH ~ ,, 1 
N-2-~-~2~Je d~- (12) 

by combining equations (8) and (11) where R is the gas 
constant. 

The experimental results show that the activation 
energy for the dipole relaxation process in the PVDF 
interphase is not influenced by the presence of PMMA. 
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Figure 13 shows the Arrhenius plot of the frequency shift 
of the dielectric loss peak obtained on partially crystalline 
blends (uniaxially oriented samples). The activation 
energies evaluated from the slopes are 115 and 
130 kJ mol - t .  Figure 14 shows a linear relation between 
Ae and A giving the same activation energy of 
158 kJ mol- 1 for all partially crystalline blends (isotropic 
samples), according to equation (11). One observes that 
the relaxation behaviour of the PVDF interphase seems 
to be independent of the PMMA fraction. This justifies 
the assumption that the first part in equation (12) does 
not depend on the PMMA fraction in the partially 
crystalline blends. Thus we obtain 

{' ,, 1 
X~ = BeJs d~- (13) 

where the constant factor B was derived from the 
experimentally determined data of Xe, ~ and A for pure 
PVDF. 

The results of these calculations are depicted in Figure 
15 in the form of a phase diagram. It shows the weight 
fraction of PVDF and PMMA in the mixed amorphous 
phase and the weight fraction of pure PVDF in the 
crystalline and the interphase regions for unannealed 
samples. Similar results were obtained for annealed 
samples. These results allow us to determine the 
composition of the mixed amorphous phase as a function 
of the macroscopical composition of the blends. 

We can also analyse the variation of the fraction of the 
interphase as a function of the fraction of the crystalline 
regions. The result is that the ratio of the fraction of the 
interphase and of the crystalline phase has a nearly 
constant value of 1. The extrapolation to 100wt % PVDF 
leads to the prediction that all of the noncrystallized 
material is located in the interphase. Based on a long 
period of 8.5 nm (Table 1) and a degree of crystallinity of 
Xc=50% we estimate the thickness of the interphase 
layer to be about 2.0-2.5 nm. The composition of the bulk 
amorphous phase varies strongly as a function of the 
overall composition, as is obvious from Figure 15. 
Consequently this is also the case for the corresponding 
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Figure 15 Phase diagram of PVDF/PMMA blends as suggested by 
dielectric measurements 
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glass transition of this phase. The experimental 
determination of this glass transition is difficult because 
the fl-relaxation was found to take place in nearly the 
same temperature range. 

CONCLUSIONS 

The structural X-ray investigations as well as the 
dielectric relaxation studies have revealed that partially 
crystalline blends of PMMA and PVDF display a 
crystalline phase, a bulk amorphous phase containing 
both PVDF and PMMA and, in addition, a crystal- 
amorphous interphase containing apparently only pure 
PVDF. The ratio of the crystalline and interphase 
fractions was found to be about 1. In a previous paper s 
we reported that the lamellar thickness is independent of 
the composition in partially crystalline PVDF/PMMA 
blends, provided that the thermal history is kept 
constant. The amorphous layer was found to increase 
strongly in thickness with increasing PMMA content. We 
conclude that the interphase is characterized by a 
constant width of about 2.0-2.5nm for the blends 
considered here. 
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