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ABSTRACT: The glass-transition temperature (7,) of the poly(vinylidene fluoride)
(PVFy)-poly(methyl acrylate) (PMA) blends increase with aging time. The T, versus
log(time) plots are straight lines whose slope values depend on the head to head (H-H)
defect content of PVF, samples and on the composition of the blends. The values of
polymer—polymer interaction parameters (y) increase with an increase in the H-H
defect of PVF,, for a fixed composition of the blend. Consequently, the T, of the blend
decreases with an increase in the H-H defect of the PVF, sample. However, after aging
for longer times this decrease of the T, with H-H defects is lower than those of the
unaged blends. The possible reasons are discussed. © 2000 John Wiley & Sons, Inc. J Appl

Polym Sci 79: 1541-1548, 2001
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INTRODUCTION

Polymer blends have been an important area of
research for the past few decades because of in-
dustrial and academic interest.'™® The blends
may consist of polymers that are both amorphous,
one crystalline and one amorphous, or both crys-
talline. In the first case, the polymer—polymer
miscibility is governed solely by the thermody-
namics of mixing™?; however, in the latter two
systems the mixing is complicated through the
crystallization processes because it has a kinetic
effect.*® In the compatible crystalline polymer
and amorphous polymer blends there is a single
glass-transition temperature (T,), but the sys-
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tems are two-phase systems (the crystalline
phase and the amorphous phase), particularly at
a higher concentration of the crystalline poly-
mers. In the other extreme of the concentration
spectrum the blend may be a homogeneous single-
phase system during its preparation, but an in-
crease in the aging time may transform it into a
two-phase system because of the appearance of
the crystalline phase.* This is termed as kinetic
immiscibility of the crystalline polymer and
amorphous polymer blends.*® In our earlier arti-
cle* we discussed kinetic immiscibility from the
viewpoint of the kinetics of crystallization and its
dependence on polymer—polymer interaction pa-
rameters, molecular weight, concentration, and
so forth. Here we want to discuss the influence of
kinetic immiscibility on the T, of the blends.
Compatible polymer blends usually exhibit a
single Tg,l’2 which is situated between the T,
values of the pure components. In crystalline
polymer and amorphous polymer blends the same
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Table I Characteristics of PVF,, VF,-VF, Copolymer, and PMA Samples

_ VF, Content Crystallinity®
Sample M, x 107° PDI H-H Defect (mol %) (mol %) mp (°C)
KF 4.28 1.47 3.5 — 57.3 176.6
KY 7.36 2.04 5.31 — 49.1 164.3
cop-1 1.97 2.07 15.8 9.1 27.7 150.8
PMA 2.57 1.62 — — —

The two PVF, samples are #KF-1000 (KF) and KY-201 (KY). M, > weight-average molecular weight; PDI, polydispersity index.
2 The cop-1 sample was crystallized at 120°C and the PVF, samples were crystallized at 144°C for 24 h. The melting point and
crystallinity were measured by a DSC 7 at a heating rate of 10°/min.

rule holds, although only the amorphous portion
of the crystalline polymer is responsible for this
behavior.® This is because the crystalline lamella
remains pure even in the blended state. As men-
tioned above, at the lower crystalline polymer
content of the blend the crystallinity is very low
and sometimes negligible. But with an increase in
aging time the crystallinity grows and it increases
at the expense of its amorphous portion, which
was in the blended state with the amorphous
polymer. Therefore, one would expect some
change in the T, with aging time. We present the
manner in which the T, values of these blends
vary with aging time. This is discussed with poly-
(vinylidene fluoride) (PVF,) and poly(methyl ac-
rylate) (PMA) blends as an example.

The PVF, is not completely isoregic and has a
head to head (H-H) defect structure in the chain.”
Therefore, it is also interesting to observe how the
T, of the blend varies with different H-H defect
content samples.

EXPERIMENTAL

Two unfractionated PVF, samples (KF and KY), a
vinylidene fluoride-tetrafluoroethylene (VF,-VF,)
copolymer, and an unfractioned sample of PMA
were used in this work. The molecular weight of
the sample was measured by GPC, and the H-H
defects were determined by °F-NMR spectra.’
The '°F spectra were found by dissolving the poly-
mer in N,N-dimethyl formamide-d, (DMF-d,
10% w/v), and the spectra were recorded by a
282-MHz NMR (Bruker) instrument with CFCl,
as the internal standard. The H-H defects were
calculated by regrouping the intensities of seven
carbon sequences into those of five carbon se-
quences using the method of Wilson and Santee.®
The '°F spectra of the VF,-VF, copolymer also

exhibited heptad features, and the VF, content of
the copolymer was calculated following the
method of Cais and Kometani.? Its H-H defect
content was measured using the method of Wil-
son and Santee® by extending it to deal with the
copolymers.'® The characteristics of the samples
are presented in the Table 1.

The blends with different compositions were
prepared by dissolving the appropriate amount of
the two polymers in DMF (total polymer concen-
tration ~ 0.2-0.4%) to homogeneity. They were
then dried slowly on a hot plate at 60°C in air and
finally at 60°C in a vacuum for 3 days.

About 5 mg of the blends were placed in alu-
minum capsules and then melted at 227°C in a
DSC 7 for 10 min to destroy all the PVF, nuclei.!!
They were then quenched to room temperature
(30°C) and left for different amounts of time. The
T, values of the samples were then measured in
the DSC 7 using a heating rate of 10°C/min. The
midpoint of the endothermic transition was taken
as the 7, and was calculated using a computer
attached to the instrument. The 7, values of the
melt-quenched samples were determined in the
same way. The accuracy of the repeated T, mea-
surements was +0.5°C. The melting point (7)),
the enthalpy of fusion, and the enthalpy of crys-
tallization of the PVF, in the blends were deter-
mined from the endothermic and exothermic
peaks of the thermograms. The DSC 7 was cali-
brated with indium before each set of experi-
ments.

The polymer—polymer interaction parameter
(x) used here to interpret the results was deter-
mined from the equilibrium melting point depres-
sion. The equilibrium melting points were deter-
mined from the Hoffman—Weeks procedure.'? The
melting points were obtained after annealing the
samples at a 5-10°C lower temperature than the
sample (quenched to 30°C) T,, for 24 h and then
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Figure 1 DSC thermograms for cop-1/PMA blends
(Weop1 = 0.25) that were (1) melt quenched or aged at
30°C for (2) 60, (3) 180, (4) 365, and (5) 730 days.

scanned at a heating rate of 10°/min in the DSC
7.5 These T, values were plotted with the anneal-
ing temperature (7,). A linear extrapolation of
this plot to a T, = T, line gave the equilibrium
melting point.® The y values were calculated nu-
merically using the Nishi and Wang expression'?

1 1 ~—RV.[ln¢p (1 1)
T, T% AHYV,| r; \rp

re r;
><<1—<¢>2>+x<1—¢>2>2] 1)

where T°, is the equilibrium melting point of the
pure polymer and T, is that of the blend; V, and
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V, are the molar volumes of the crystalline poly-
mer and the amorphous polymer, respectively; ¢,
is the volume fraction of the crystalline polymer;
r, and ry are the number of segments of the amor-
phous polymer and the crystalline polymer, re-
spectively; and y is the polymer—polymer interac-
tion parameter. The x values were calculated us-
ing AH,, = 1.6 kcal/mol, V, = 70.5 mL/mol, and V,
= 33.3 and 34.1 mL/mol for PVF, and cop-1, re-
spectively.®

RESULTS

Figure 1 represents the DSC thermograms of one
VF,-VF, copolymer/PMA blend (W, ; = 0.25)
aged at 30°C for different times. The figure shows
that it is very apparent that the T, increases with
time. The T, values determined for different
PVF,/PMA blends and aged for different times
are presented in Table II. The table also shows
that the 7', of the blend increases with an increase
in the aging time in all the systems, although
they do not reach the T, of pure PMA (16°C). The
increase of the PMA content in the blend also
increases the T, in all three PVF, and VF,-VF,
copolymer samples.

Figure 2(a)—(c) plots the 7', values of the blends
with the PVFy/copolymer concentration for KF,
KY, and cop-1 samples, respectively. The figure
makes it clear that the T, of the blend decreases
with the increase in PVF, or copolymer concen-
tration. This is because the T, of PVF; is reported

Table I T, (+0.5°C) of PVF,/PMA Blends Aged for Different Times

Aging for
Melt
PVF, Wevr, Quenched 7 Days 60 Days 180 Days 365 Days 730 Days
KF 0.25 6.0 6.6 6.0 5.0 6.0 9.0
0.50 6.5 4.5 5.5 6.9 7.5 7.0
0.60 -0.5 — — — — 4.0
0.75 -0.3 — -2.0 — — 1.0
KY 0.25 6.5 5.0 8.5 8.2 9.5 14.0
0.50 -1.5 1.5 4.0 3.0 — 6.0
0.60 -2.5 — — — — -1.0
0.75 -4.0 — -2.5 — — 0.0
cop-1 0.25 5.5 4.0 9.0 7.5 10.5 12.0
0.50 0.0 2.3 3.0 4.9 8.0 7.0
0.60 -4.0 — — — — 3.0
0.75 -4.0 — -2.5 — — 0.5

The T, for pure PMA (melt quenched and aged) = 16°C; Wpyy,, the weight fraction of PVF,.



1544 PRALAY MAITI, ASOK K. DIKSHIT, AND ARUN K. NANDI

(c)

s |
0 0.5 1.0

Weve,

Figure 2 The T, composition plots of PVF,/PMA (a)
KF PVF,/PMA, (b) KY PVF,/PMA, and (c) cop-1/PMA
blends that were (O) melt quenched or (@) aged for 730
days.

to be very low (—39°C).1* It is apparent from the
figure that the T, composition diagrams of the
samples aged for 2 years are always at a higher
position on the temperature scale than those of
the melt-quenched samples. This can be ex-
plained from the viewpoint of the kinetic immis-
cibility of this system as reported earlier.* With
the increase in aging time the crystallinity of the
samples increases gradually, and this increase in
crystallinity is at the cost of the amorphous por-
tion of PVF, with which the PMA produced the
compatible blends. Therefore, the effective PVF,
concentration in the blend decreases, causing a
higher rise in the T, composition plot than that in
the melt-quenched samples.

A critical analysis of the T, data with time can
be done from the measured crystallinity values
with time. The DSC thermograms of the KF
PVF,/PMA blend aged for different times are
shown in Figure 3. From the figure it is clear that,
apart from the T,, the longer aged sample shows
only one endothermic (melting) peak but the melt
quenched and shorter aged samples show two
peaks, one being the exotherm and the other the
endotherm. The cause of this difference in behav-
ior of the melt-quenched (and shorter aged) sam-

ples and the longer aged materials may be due to
the fact that at 30°C (just above the T,) the
growth rate is slow because of the difficulty in the
diffusion of the crystalline segments'®; but with
an increase in the temperature the diffusion is
easier and complete crystallization occurs, show-
ing an exotherm. In the longer aged sample the
crystallization is almost complete and so no exo-
therm is observed. Table III presents the AH (J/
gm) values of the exothermic and endothermic
peaks. The above T, dependence with time cannot
be explained from the enthalpy of fusion values of
the endotherms, because it does not represent the
true crystallinity with time. An attempt can be
made with the difference (A) of the endotherm
and the exotherm data. A glance at the results in
the table indicates that the A values increase with
time in almost all cases. This explains the in-
crease of the T, with time. However, a quantita-
tive comparison of the 7, data with A is difficult
here because of melt recrystallization,'®1” which
decreases with increasing aging time (Fig. 3).

The T, composition diagrams are usually ex-
plained by the Fox equation,®

1w W, -
Tg - Tgl Tg2

where W; represents the weight fraction of the
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components. In the crystalline polymer/amor-
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Figure 3 DSC thermograms for KF PVF,/PMA
blends (Wpyr = 0.25) that were (1) melt quenched or
aged at 30°C at a heating rate of 10°C/min for (2) 7, (3)
180, and (4) 365 days.
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Table III Melting Point (°C) and AH (J/gm) Values of PVF, in PVF,/PMA Blends Aged for Different Times

7 days 60 days 180 days 365 days

Melt quenched

AH
exo A*

AH
endo

AH
exo A* T,

AH
endo

AH
exo A* T,

AH
endo

T,

AH
A

AH
endo endo

AH
exo A* T,

AH
Weyr, T, endo

PVF,

54
56
41

54
56
41

157

66

66
54
44
36

157.7
167.7
140.2
150.8

59
50
37
38
34
35

0
0

59
50
37

157.3
166.9
138

22
49

34

56
49
40
33
33
35

157.4
166.2
139.0
150

4
50
4
12

52

56
50

4
32

159.0
167.8
143.8
151.4

0.25
0.50
0.25
0.50
0.25
0.50

168.6
140.7
151.3

54
44
36
38
35

0
0
0
0
0

0
0
20

40

31

31

0
0
0

38
34
35

150.6

33

34
35

34
35

127.5
137.1

8
35

128.1
136.2

127.3
135.2

33
35

0
0

126.7
135.0

0
6

0
26

0
32

0
137.1

Cop-1

AI—Iendo - AHexo‘

*A
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20
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Figure 4 The T, versus log time plot for the KY
PVF,/PMA blends. Wpyy, = (@) 0.75, (A) 0.5, and (O)
0.25.

phous polymer blends the W; and W, should be
calculated by taking only the amorphous fraction
of the crystalline polymer into account.'®?° With
an increase in aging time this amorphous portion
decreases,*® and therefore the T, of the blend
increases. The T, composition diagrams of the
PVF,/PMA blends are not similar for the three
systems. The KF PVF, and cop-1 blends show
cusp formation in both the melt-quenched and
aged samples, but the KY PVF, blends do not
exhibit this behavior. The cusp formation in the
T, composition diagram is not uncommon to the
compatible polymer blends.®?' However, the
cause for this difference in behavior for the KY
samples is not clear to us. A probable reason may
be its higher molecular weight than the others.

To analyze the T, data with time, we plotted
the T, values with the log of the time, which are
shown in Figure 4. From the figure it is clear that
the T, values increase linearly with the log of the
time for the time range studied here in all the
compositions of the KY PVF,/PMA system. The
increase in the T, due to aging can therefore be
simply expressed as

T,=T+ K log ¢ 3)

where Tg is the T, for the melt quenched species
and K is a constant that should be dependent on
the growth rate of the crystal, the composition of
the blend, and the interaction parameter value of
the component polymers. The K values are calcu-
lated from the least-squares slope and are pre-
sented in Table IV. It is apparent from the table
that the slope values are dependent on the PVF,

samples used and the blend composition. The
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Table IV Least-Squares Slope (K) of T, versus
log ¢ Plot

Wevr, KF KY cop-1
0.25 0.42 2.23 2.42
0.50 0.52 2.42 2.65
0.75 1.32 1.34 1.50

growth of the PVF,, crystal at a fixed composition
of the blend follows the order KF > cop-1 > KY at
30°C.* If only the growth rate is involved the K
should also follow the same order KF > cop-1
> KY. But K is found to follow the order cop-1
> KY > KF. Thus, the effect of the growth rate on
K is not very significant and it largely depends on
the other parameters like x.?2

101 (a)

Tg(°C)
O
T
<
;—D

6 10 20
mol % (H-~H) defect

5 (b)
101
0
o A A
o A
C
%
Y
. v
o 7
-5 L
0 10 20

mol % (H-H) defect

Figure5 The T, versus H-H defect plot for the PVFy/
PMA blends for the samples that were (a) melt
quenched: Wpyp, = (@) 0.75, (V) 0.60, (A) 0.5, and (O)
0.25; or (b) aged for 730 days: Wpyy, = (@) 0.75, (V)
0.60, (») 0.5, and (O) 0.25.

This effect can be judged from the variation of
the T, with the H-H defect of PVF,. Figure 5 plots
the T, with the H-H defect for different blend
compositions. For the melt-quenched specimen
[Fig. 5(a)] the T, values decrease with the in-
crease in the H-H defect of the PVF, samples.
However, after aging for 2 years the T, varies
very slowly with the H-H defect [Fig. 5(b)] and it
is almost parallel to the H-H defect line. This can
be explained by the x versus the Wpyy, plot shown
in Figure 6 where at a fixed blend composition the
x value increases with an increase in the H-H
defect of the PVF,. The y values are calculated
from the 79, data presented in Table V using eq.
(1). At the melt-quenched stage, because of the
stronger interaction of the lower H-H defect con-
tent KF sample, it requires a higher temperature
to observe the glass transition because more en-
ergy is required to start the segmental mobility
than that of the higher H-H defect content sam-
ple that has a higher y value (i.e., lower interac-
tion). But after 2 years of aging the decrease of
the T, with the H-H defect was not observed and
it was almost invariant with the H-H defect con-
centration. This was because the PVF, concentra-
tion in the amorphous portion of the blend de-
creased because of its crystallization and specific
interaction consequently decreased (y increased),
as is apparent from Figure 6. At a very low PVF,
concentration the y values of different defect con-
tent samples were almost equal and hence the T,
became almost invariant with the H-H defect
concentration.

0
o 0.5
~1.0+—
| |
0.5 0.75 1.0
Wpvr,

Figure 6 The y versus Wpyy, plot of PVF,/PMA blend
samples: (@) KF, (A) KY, and (O) cop-1.
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Table V T?, Data of PVF,/PMA Blends
KF KY Cop-1

Wy, T + 2 (°C) Wy, T + 2 (°C) Wove, T° + 2 (°C)
1.0 205 1.0 192.0 1.0 164.5
0.90 202 0.9 191.5 0.9 163.0
0.75 200 0.75 190.0 0.75 163.0
0.71 199 0.71 189.5 0.6 162.5
0.50 195 — — 0.5 162.0

If one considers the above effect with respect to
the VF, content of the VF,-VF, copolymer/PMA
blend [as in Fig. 5(a,b)], an almost similar conclu-
sion can be drawn. The cop-1 has a VF, content of
9.1 mol % and PVF, samples have 0 mol %. In
Figure 7(a,b) the T, values are plotted with the
VF, content of the copolymer for different blend
compositions for the melt-quenched and aged
samples, respectively. The average T, values of
KF and KY PVF,/PMA blends were taken for the
sample containing a 0 mol % VF, concentration

10 (@)

0 5 10
S} j_
< 13 (b)
o
(@]
—o—
100~
]
¥
5-—.

O #— *

| | I
0 5 10 15

VF, Content (mol %)

Figure 7 The T, versus VF, content (mol %) plot for
the copolymer/PMA blends: (a) melt quenched: W,
= (0) 0.25, (@) 0.5, (A) 0.6, and (A) 0.75; or (b) aged for
730 days: W, = (O) 0.25, (@) 0.5, () 0.6, and (A) 0.75.

cop

for each composition. Figure 7(a) shows a sharp
decrease of the T, with the VF, content for all the
blend compositions for the melt-quenched speci-
men, and this decrease is lower for W, ; = 0.25
compared to the other compositions. After 2 years
of aging there is almost no variation of the 7,
withthe VF, content. The reason for the differ-
ence in behavior between the melt-quenched and
aged samples is the same as discussed earlier for
the H-H defect concentration. The slopes of the
variation of the 7, with the H-H defect are
slightly lower (~15%) than those of the T, with
the VF, content, and this almost similar effect of
the copolymer content on the T, may be due to the
fact that the VF, unit of the copolymer has a
pseudo-(H-H) defect structure. (A —CF,—CF,—
unit in the copolymer is not followed by a
—CH,—CH,— linkage as in the H-H defect of
the PVF,.) This slight decrease in slope between
the H-H defect and the VF, unit may be due to
the copolymer effect.

From the Table IV no definite trend for the K
values with blend composition is seen for the
blends, probably because of the two opposing fac-
tors. A decrease in PMA content in the blend
increases the growth rate.?® Consequently, K
should have high value, but a decrease in PMA
content increases the interaction (xy decreases)
and this lowers the K value. Because of these two
opposing factors, no definite trend in the value of
K with composition is observed.

CONCLUSION

The T, values of the PVF,-PMA blends increase
with aging time, and the 7, composition diagrams
of the aged samples are always at higher temper-
atures than those of the melt-quenched samples.
The T, of the PVF,-PMA blends decrease with an
increase in the H-H defect content of the PVF,
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samples. This is due to the decrease of polymer—
polymer interaction with the increase in the H-H
defect of the PVF,. However, with an increase in
aging time the 7, decrease is almost negligible
and it may be due to the combined effect of the
crystallization of PVF, and the composition de-
pendency of the interaction parameter in the
blend. In respect to the VF, content of the copol-
ymer in the blends, an almost similar conclusion

as the T, variation with H-H defect holds.

REFERENCES

1. Paul, D. R.; Newman, S. N. Polymer Blends; Aca-
demic Press: New York, 1978; Vols. I, II.

2. Olabisi, O.; Robeson, L. M.; Shaw, M. T. Polymer—
Polymer Miscibility; Academic Press: New York,
1979.

3. Utracki, L. A.; Weiss, R. A. Multiphase Polymers:
Blends and Ionomers; American Chemical Society:
Washington, DC, 1989.

. Nandi, A. K.; Maiti, P. Polymer 1997, 38, 2171.

5. Maiti, P.; Nandi, A. K. Macromolecules 1995, 28,

8511.

6. Aubin, M.; Prudhomme, R. E. Macromolecules

1988, 21, 2945.

N

7. Lovinger, A. J. In Developments in Crystalline
Polymers; Basset, D. C., Ed.; Applied Science: Lon-
don, 1981; Vol. I.

8. Wilson III, C. W.; Santee, I. R., Jr. J Polym Sci C
1965, 8, 97.

9. Cais, R. E.; Kometani, J. M. Anal Chem Acta 1986,
189, 101.

10. Datta, J.; Nandi, A. K. Polymer 1994, 35, 4805.

11. Weinhold, S.; Litt, M. H.; Lando, H. B. J Appl Phys
1980, 51, 5145.

12. Hoffman, J. D.; Weeks, J. J. J Res Natl Bur Stand
Sec A 1962, 66, 13.

13. Nishi, T.; Wang, T. T. Macromolecules 1975, 8, 909.

14. Wood, L. A. J Polym Sci 1958, 28, 319.

15. Hoffman, J. D.; Davis, G. T.; Lauritzen, J. L., Jr. In
Treatise on Solid State Chemistry; Hanney, N. B.,
Ed.; Plenum: New York, 1976; Vol. 3, p 497.

16. Prest, W. M., Jr.; Luca, D. J. J Appl Phys 1975, 46,
4136.

17. Nandi, A. K.; Mandelkern, L. J Polym Sci Polym
Phys 1991, 29, 1287.

18. Fox, T. G. Bull Am Phys Soc 1956, 1, 123.

19. Hahn, B. R.; Herrmann-Schonherr, O.; Wendorff,
J. H. Polymer 1987, 28, 201.

20. Alfonso, G. C.; Terturro, A.; Pizzoli, M.; Scandola,
M.; Ceccorulli, G. J Polym Sci 1989, B27, 1195.

21. Nandi, A. K.; Mandal, B. M.; Bhattacharyya, S. N.;
Roy, S. K. Polym Commun 1986, 27, 151.

22. Lu, X.; Weiss, R. A. Macromolecules 1992, 25, 3242.

23. Maiti, P.; Nandi, A. K. Polymer 1998, 39, 413.



