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Abstract

‘For improving the molecular orientation and the tensile, mechanical properties of rigid-rod
PIPMDA/PDA), the precursor copoly(amic-acid) film consisting of PMDA/PDA and BPDA/PDA
was uniaxially stretched by using swollen drawing. The tensile mechanical properties, WAXD
patterns, orientation factors, and density changes of these PI films were measured. The main results
were as follows: 1) The molecular orientation of the copolyimides were enhanced at lower draw ratio
as compared with PI(PMDA/PDA) homopolymer, 2) The tensile mechanical properties of these
copolyimide films were significantly improved as the film thickness became thinner, 3) There was an
optimum composition for PMDA/BPDA ratio in the copolymers with respect to degree of molecular
orientation of rigid-rod PMDA molecules. 4) The maximum modulus of 163.2GPa with tensile
strength of 2.6GPa was obtained for PI(PMDA;2BPDA/PDA) copolymer. The swollen state of PAA
films was an important factor for the chain orientation of the copolymers.

INTRODUCTION
The tensile modulus of wholly rigid-rod polyimide, PI(PMDA/PDA) has been calculated to be above
500 GPa(1). For improving the molecular orientation and the tensile , mechanical properties of
rigid-rod polyimides, various drawing techniques such as the hot or the solution drawing of PAA or PI,
the cold drawing of PAA have been studied(2-7).
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Figure 1. Chemical structure and composition of PIs studied.
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In 1987, we obtained the high strength and high modulus polyimide films of BPDA/PDA by means of
the thermalimidization after cold drawing of PAA films(4). Furthermore, we successfully developed
the polyimide/polyimide molecular composite film with the improving toughness of
PI(BPDA/PDA) films(5). Tayama extended this technique for preparation of high modulus fibers of
polyimide-benzobisthiazole(6). More recently, US researchers systematically investigated the
high-performance fuluorinated polyimide fibers by using a dry-jet wet spinning method (7). However,
it is not yet succeeded to draw out the great potential on mechanical properties for PIIPMDA/PDA)
as compared with poly(p-phenylenebenzobisthiazole), and poly(p-phenylene benzobisoxazole) (8).

In this paper, we will discuss the chain rigidity in PAA chain molecules in respect to the molecular
orientation and the improving of the tensile, mechanical properties of various PI(PMDA,
BPDA/PDA) copolymers by using the swollen drawing of PAA films.

EXPERIMENTAL

Materials and Film drawing process

Figure 1 listed the structure and composition of PI(PMDA BPDA/PDA) copolyimides studled A
strip film of PAA on the drawing machine was put into ethyleneglycol(EG) swelling bath for 5 min.

at 35°C-55C, and then stretched up to around 300%. The PAA film rinsed in 2-propanol, followed
drying in air oven at 50°C was thermally imidized by stepwise heating as followed: 250°C, 2 hours +
400°C, 1 hour +450°C, 1 min. in vacuum oven(10).

RESULTS AND DISCUSSION

The swelling belavior _
Table 1. Effect of thickness on the swelling of 50wt%PMDA Copoly-2 PAA filmin EG for 5 mun.

Thickness - ' Swelling Temperature
(p m) 26°C 30°C 35°C 40°C 45°C 50°C 55°C 60°C
50 X X X X O o O &
20 X O O A A A - -

Table 1 shows the swelling behavior for the films of Copoly 2, PAA(PMDA;BPDA/PDA)
(50Wt%PMDA) with 20 and 50 x m. When PAA film was dipped in EG bath, the change in
dimension of the film was observed at early few minuets. As the film become thinner, the desired
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' Figﬁre 2. Dependence of Young’s modulus on Figure 3. Dependence of tensile strength on

draw ratio for 50wt%PMDA Copoly-2 (@) and draw ratio for 50wt%PMDA Copoly-2 (e )and
_ PI(PMDA/PDA)/PI(BPDA/PDA) blend (0). PI(PMDA/PDA)/PI(BPDA/PDA) blend (0).
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temperature (the windows for swollen drawing) shift to lower, suggesting more the restriction and
nonuniformity of swelling for the thicker films. It was also found that PAA specimens of these
copolymers mostly contain 200-300wt% EG under the swelling, indicating in higher amount of
solvent with the increasing of PMDA unit. Figure 2, and 3 showed the tensile modulie and the
ultimate tensile strengths for PI(PMDA/PDA)/PI(BPDA/PDA),(1:1) blend and the corresponding
copolymer, Copoly-2(50wt%PMDA) on draw ratio, respectively. The tensile modulus for Copoly-2
film was considerably increased, reaching more than 100GPa at 150% drawing, whiie the modulus for
the (1:1)blend was slightly increased up to only 40GPa at 200% drawing. As shown in Figure 3, the
tensile properties for both films were very much difference in proportion to the modulie. The tensile
strengths of the blend film were mostly lower than that of undrawn film. And furthermore, the films
are very fragile. It was suggested that the swelling behavior ofthe blend films were not uniformin not
only microscopic but also macroscopic, resulting from the difference on solubility between
PMDA/PDA and BPDA/PDA molecule. The film thickness becomes thinner as20 u m, the swelling

temperatures shifts to lower temperatures from 45°C to 30°C as shown in Table 1. The tensile

modulie of the drawn Copoly-2 films markedly increased withimproving the tensile strength, when
the film thickness becomes thinner. It gives a sign that the thinner PAA film has also a better swollen
state than that of thicker PAA to align polymer chains to the drawing direction(10).

The tensile mechanical properties of the copolyimides

Young's Modulus /GPa
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Figure 4. Dependence of Young’s modulus on Figure 5. Dependence of tensile strength on
draw ratio for 66wt%PMDA Copoly-1 (¥), draw ratio for 66wi%PMDA Copoly-1 (¥),
50wt%PMDA Copoly-2 (@), and 50wt%PMDA Copoly-2 (@), and
33wt%PMDA Copoly-4 (&). ‘ 33wt%PMDA Copoly-4 (4).

Now, let's see the effect of flexible biphenyltype imide, BPDA/PDA structure for molecular
orientation of PMPA/PDA units in the copolyimides. When the flexible BPDA units increase in the
copolymers, Young’s modulie become higher for all of draw ratio, as shown in Figure 4. The modulie
for the Copoly-4 which contains only 33% rigid-rod PMDA units are beyond 120Gpain contrastto
very low values of modulie for Copoly-1. And furthermore, when BPDA unit increase in the
copolyimides, a slop of the curve on modulus rises steeply at lower draw ratio. These characteristic .
results reveal a fact that the rigid-rod pyromellitimide molecules preferentially align to the drawing
direction with flexible biphenyldiimide molecules linked. Asyou see in Figure 5, the tensile strength
for Copoly-1, Copoly-2,and Copoly-4 are well in proportion to the changes of Young’s modulie. It
is noted that the tensile strength for Copoly-4 increases steeply at only 50% drawing, and finally
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reached a value of 2.2 GPa at 250% drawing. It means that these copolyimides posses the highly
oriented structures without macroscopic defects in the film. On the other hand, mechanical
properties of 66%PMDA Copoly-1 were not improved by drawing, suggesting the less orientation
of PMDA units to the drawing direction. .

Although the modulie for these copolymers such as Copoly-3, Copoly-4, and Copoly-5, were not
much difference on PMDA contents, the absolute value of the tensile strengths for these copolymers
are considerably difference. In the case of 33%PMDA Copoly-4, the tensile strength attained to very
high value 0of 2,3 GP even only 50% drawing, getting to a exceedingly high value of more than 2,6 GP
at 300% drawing. Whereas the tensile properties for 25%PMDA Copoly-5 became really low in
comparison to Copoly-4. These results were not clearly understood, so far. However, it might be
thought that the rigid-rod PMDA/PDA moieties in 40%PMDA Copoly-3 may still be enough
concentration of PMDA/PDA to aggregate by themselves, resulting in the formation of some
crystal-like structures which is expected to work as a weak and a stress concentrating portion in the
films.

Table 2. Summarized data of WAXD intensity and Young's modulus for the copolyimides.

Samples PMDA contents EY WAXDT

% GPa 1 (11°) I (14°) le (22°)
Copoly- 1 66 32.9 -_ 18572 3479
Copoly- 2 50 100.0° S 56983 46586
Copoly- 4 33 108.8 98945 64894 38743

E™: Young's modulus (draw ratio 150%), WAXD?": Transmission (draw ratio
150%]), 1,, |, and | : Intensity
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Figure 6. The changes of density for 33wt%PMDA Copoly-4 on draw ratio.

Table 2 summarized the data of WAXD intensities and Young’s modulie for these copolyimides.
Intensity of b PMDA(14" ) exhibits the highest value for Copoly-4. It means that PMDA/PDA
molecules preferentially align to the drawing direction. This is consistent with the results of the
tensile mechanical properties for these copolyimide films in Figure 4, 5. The changes of density for
the 33%PMDA Copoly-4 films in Figure 6 are very large at relatively lower draw ratio, following the
results of the tensile behavior as shown in Figure 5. The changes of orientation factors which was
measured by FT-IR and Fluorescense Spectroscopy of the dye-containing PAA(11) are also the same
tendencies for the molecular orientation of PMDA/PDA units in the copolymer. Therefore, it canbe

181

Proceedings of the 2nd China-Japan Seminar on Advanced Aromatic Polymers



concluded that the rigid-rod pyromellitimide molecules preferentially orient to the drawing direction,
when the flexible biphenyl type imide structures closed and surrounded around rigid-rod
pyromellitimide molecules as the stage of PAA. Because of the increasing of a chance of the
reorientation due to the increase in flexibility without crystallization for PMDA/PDA units in the
copolymers, The flexible BPDA/PDA molecules seems to be well workable for orientation of
PI(PMDA;BPDA/PDA) copolymers under the swollen drawing of precursor PAA films.

CONCLUSIONS

The tensile mechanical properties of uniaxialy drawn PI(PMDA; BPDA/PDA) copolyimide films
were significantly improved as the film thickness became thinner. There was an optimum point for
PMDA/BPDA ratio with respect to degree of the molecular orientation of rigid-rod PMDA
molecules in the copolymers. The maximum modulus of 163.2GPa with tensile strength of 2.6 GPa
was obtained for PI(PMDA;2BPDA/PDA)copolymer at 200% drawing. It was found that the swollen

state of PAA films is a very important factor for thc chain orientation of the rigid-rod
PI(PMDA/PDA) molecules.

REFERENCES
1) K. Tashiro and M. Kobayashi, Macromolecules, 24, 3706 (1991)
2) T. Kaneda, T. Katsura, K. Nakagawa and H. Makino, J. Appl. Polym. Sci., 32, 3151 (1986)
3) T. Jinda and T. Matsuda, Sen-i Gakkaishi, 42, 554(1986)
4) M. Kochi, R. Yokota, T.lizuka and I. Mita, J. Polym. Sci., Part B, Polym. Phy.,28, 2463 (1990)
5) R Yokota, R. Horiuchi, M. Kochi, H. Soma and L Mxta, I Polym Sci. Polym Lett., 26,
215(1988)
6) T. Tayama, M. Kimura, S. Mukai and S. Nozawa, polym. Prep. Japan, 39, 2428(1990)
7) M.Eashoo, Z. Wu, A. Zhang, D. Shen, C. Tsu, F.W. Harris, S.Z.D. Cheng, K.H.Gardner and B.S.
Hsiao, Macromol. Chem. Phy., 195, 2207 (1994), M.Eashoo, D. Shem, Z. Wy, C.J. Lee, F.W.
Harris, S.Z.D. Cheng, Polymer, 34, 3209(1993)
8) W.F. Hwang, D.R. Wiff, CL. Benner and T.E. Helminiak, J]. Macromol. Sci.,Phy., B22(2),
231(1983) '
9) R. Yokota, A Oshida and M. Kochi, New Horizons for Materials, Ed. by P. Vincerzini, p479,
Techna. Srl. (1995)
10) A. Masuda, S. Nakamura, A. Oshida, M. Kochi and R. Yokota, in "Recent Advances in
Polyimides"(Polyimide no Shinpo),Ed. by R. Yokota and M. Hasegawa, Raytech Co., 1997 (in
press).
11) M. Hasegawa, Y. Shindo, T. Sugimura, R. Yokota, M. Kochi, andI. Mita, J. Polym. Sci.,; Part B*
Polym. Phy., 32, 1299 (1994)

182

Proceedings of the 2nd China-Japan Seminar on Advanced Aromatic Polymers





