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SYNOPSIS

Mechanical properties and structure were studied for undrawn and zone-drawn films of
LARC-CPI thermoplastic polyimide. The dynamic modulus of undrawn glassy material
ranged from about 1.8 to 4.3 GPa, depending upon the degree of crystallinity. After zone
drawing to draw ratios of 3.6-4.0, the dynamic glassy modulus was increased to a maximum
of 9.5 GPa. The highest moduli were attained in samples that were multiply zone-drawn.
The maximum-achievable draw ratio increased with the maximum drawing temperature,
but the semicrystalline nature of the starting material limited the ultimate drawability.
For the first time, highly oriented crystalline films were obtained for X-ray diffraction and
preliminary crystal structure analysis. The crystal lattice was fit to the orthorhombic crystal
system, and the results indicate that the lattice parameters are a = 8.0 + 0.2 A, b = 5.9
+0.2 A, and ¢ = 36.5 + 0.3 A. The value of the c-axis lattice parameter is very close to the
fully extended chain length of the monomer repeat unit. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

As part of our overall effort in high-performance
polymers, our group has been studying structure—
property relationships in several semicrystalline
thermoplastic polyimides, including Regulus NEW-
TPI*" and LARC-CPL%!! The latter polymer,
a product of the NASA Langley Research Cen-
ter,121 is the subject of the present study, which
was to apply the technique of zone drawing'" to
achieve improvement in amorphous- and crystal-
phase orientation. Previously, we applied zone
drawing to amorphous NEW-TPI films"? and their
blends with Xydar liquid crystalline polymer.?? In
that work, by drawing above the T,, we were able
to achieve significant draw ratios, near 8.0, but the
glassy modulus was not substantially altered by the
drawing treatment.'
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Previous researchers used the technique of zone
annealing to draw thermoplastic polymers that were
already once-drawn and, hence, oriented and semi-
crystalline.!”?2 Here, we apply the zone-annealing
treatment to undrawn, but semicrystalline, films of
LARC-CPI. This polyimide is formed from the re-
action of 3,3',4,4'-benzophenonetetracarboxilic dy-
anhydride (BTDA) with 1,3-bis(4-aminophenoxy-
4'-benzoyl)benzene (1,3-BABB). The chemical
structure has been reported previously,*1¢ as well
as its crystallization behavior and morphology.?®-32
The monomer unit of LARC-CPI is shown below:
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The present study had two purposes: First, we
wanted to evaluate the ability of semicrystalline
films of LARC-CPI to be drawn using the zone-an-
nealing treatment. We found that network extension
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in this material is limited by the reinforcing effect
of the crystal phase. Upon heating the oriented zone-
drawn material, we found that there was a large
component of elastic recovery within the amorphous
phase. Thus, the glassy modulus was not stable when
the films were heated. Second, it was our goal to
obtain highly oriented semicrystalline films that
could be used in X-ray scattering studies to elucidate
the crystal structure, which has not yet been re-
ported for this polymer. We found that the fiber X-
ray patterns of oriented LARC-CPI displayed or-
thorhombic symmetry, and the lattice parameters
were determined.

EXPERIMENTAL

Materials and Characterization

Solution-cast films of LARC-CPI were provided by
Dr. Terry St. Clair of the NASA Langley Research
Center. Polyamic acid precursor was cast on glass
and thermally converted to polyimide by treating
for 1 h at 100, 200, and, finally, 300°C. Comparison
of the infrared spectral bands at 1775 cm™! (imide)
and 1640 cm™! (amide) to the benzene ring absorp-
tion at 1491 cm ' revealed that the as-received films
were completely imidized.® The films were translu-

cent yellow and had a thickness of 0.065 mm. Ex-
amination by wide-angle X-ray scattering (WAXS)
and by optical microscopy between crossed polar-
izers revealed no orientation in the plane of the film.

Films were examined using a Perkin-Elmer DSC-
4 differential scanning calorimeter (DSC), cali-
brated using indium. In Figure 1, thermograms of
as-received (AR) film (curve 1) and two zone-drawn
films (curves 2 and 3) are shown. The zone-drawn
films will be discussed in more detail later. The
thermogram of the AR film (curve 1) is similar to
that shown previously,® but this film had a higher
degree of crystallinity than that of the previous film,®°
with a degree of crystallinity, X., about 0.40 by
weight compared to 0.24 in the prior study.® Crys-
tallinity was determined using 92 J /g as the heat of
fusion of the perfect crystalline form.® The glass
transition temperature ranges from about 222°C for
amorphous LARC-CPI to 230°C for the semicrys-
talline material. The melting endotherm is very
broad and peaks at about 360°C. For the AR films,
no additional crystallization occurs upon heating in
the DSC above the glass transition temperature.
Another film was studied for comparison: AR film
was melted at 400°C briefly, then quenched to obtain
amorphous material. This film will be referred to
as QA.
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Figure 1 DSC thermograms of LARC-CPI at 20°C/min scan rate for as-received film
(curve 1), film zone-annealed to draw ratio 3.88 (curve 2), and film zone-annealed to draw
ratio 3.88 and then relaxed by heating to 300°C (curve 3). Curves are normalized to the
same unit mass and are vertically displaced for clarity. The vertical scale bar represents a

heat flow of 1 mW /mg.
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Mechanical properties of the LARC-CPI films
were measured using a Seiko DMS 200 in the tension
mode. Measurements were made from 0 to 350°C,
or to failure, by heating at 2°C /min. Measurement
frequencies were 1, 2, 5, 10, or 20 Hz. Two-dimen-
sional X-ray patterns were recorded on Kodak DEF5
film using a Statton camera with sample-to-film
distances of about 3 cm (WAXS) and 13 cm (SAXS,
small-angle X-ray scattering). The X-ray source was
a Philips PW1830 generator with nickel-filtered
CuKa radiation, operated at 45 kV and 45 mA. Ex-
posure times were on the order of 10 h (WAXS) to
24 h (SAXS). The silicon powder standard from
the National Institute of Standards and Technology
was rubbed on the film surface for calibration of the
sample-to-film distances.

Zone Annealing

The apparatus used to form oriented films is a zone-
drawer described previously.'® The zone-drawer
consists of a heater with a 2 mm wide slot through
it. The heater temperatures we used were 250, 265,
280, 295, and 310°C. A strip of LARC-CPI AR film
5 mm wide and 8 cm long is threaded through the
heater slot at room temperature. The heater does
not come in contact with the film during drawing.
The heated slot moves along the film in one direction
at a fixed speed of 1 cm/min while a tension force
pulls the film in the opposite direction. The tension
force is applied by dead weights, which ranged in
mass from 500 to 1200 g. Fiduciary marks on the
film surface allow determination of extension ratio,
A (A = final length /original length), after drawing.
The design of the zone-drawer follows that described
by other researchers.?”?%

As defined by Kunugi et al.,'”?? zone drawing
(ZD) and zone annealing (ZA) are distinguished by
the temperature used for drawing. Zone drawing is
carried out between the glass transition temperature
and the crystallization temperature, usually on
originally amorphous films. Zone annealing is per-
formed between the crystallization temperature and
the melting point, usually on crystalline films. All
the drawings performed in this study are classified
as zone annealing.

RESULTS AND DISCUSSION

Mechanical Properties of Undrawn LARC-CPI

Figure 2 shows the dynamic mechanical analysis of
the LARC-CPI films from 50 to 350°C. The AR film
is shown in Figure 2(a) with storage modulus and
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Figure 2 Dynamic mechanical properties, E' and tan
6, of LARC-CPI as a function of temperature, at 10 Hz:
(a) as-received film; (b) quenched amorphous film.

tan é = E”/E’ displayed on the left and right vertical
axes, respectively. The QA film is shown in Figure
2(b). Nothing unusual was seen as a function of
frequency, so only the 10 Hz data are shown in Fig-
ure 2. Each material shows a glassy region (T
< 200°C), a transition region (200°C < T < 250~
275°C), and a rubbery region (T > 250-275°C).
These temperature ranges are approximate and vary
depending upon whether the film is semicrystalline
or amorphous. The glassy modulus at 50°C is 3.0
GPA for AR and 2.0 GPa for QA. For a total of 20
AR films studied, the room temperature value of the
storage modulus ranged from 1.8 to 4.3 GPa.
There is temperature dependence of the glassy
modulus, which drops steadily from room temper-
ature to about 210°C, at which point the glass tran-
sition relaxation sets in. AR (X, = 0.40) has a broad
glass transition region over which E’ declines by
about one decade. The tan 6 peak covers a 90°C
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spread and has a small peak amplitude. In contrast,
the QA sample shows a very steep drop in E’ by
nearly two decades, within a narrow range of about
30°C. The tan 6 peak in QA is about six times larger
than that of AR. Above 300°C, the modulus of AR
continues to decreases, whereas that of QA increases
slightly. The increase is related to relaxation of
stress induced in the amorphous material during the
quench. Thermal analysis confirms? that the QA
film, unlike NEW-TPI amorphous film,*® did not
crystallize significantly upon heating above the T,.

Effect of Drawing on Draw Ratio and Molecular
Extension

AR films were the parent films for the zone-an-
nealing treatment. After drawing, the films were
bright yellow and translucent. In all cases, the first
draw caused the greatest change in the sample, with
subsequent draws increasing the draw ratio only a
small amount. The maximum draw ratio was rather
low, about 3-4, compared to NEW-TPI, which could
be drawn to extensions of 7-8.1 The limitation in
the draw ratio for LARC-CPI is a consequence of
using a crystalline starting material, since crystals
act as thermoreversible cross-links. Table I lists the
draw ratios achieved after multiple stages of zone
annealing. The maximum draw ratio vs. number of
draws for multiply drawn samples is shown in Figure
3. For a given sample, the draw ratio increases with
the number of draws. Figure 4 shows that the max-
imum draw ratio increases as the maximum drawing
temperature increases.
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Figure 3 Maximum draw ratio vs. no. draws for zone-
annealed LARC-CPIL.

The effect of zone annealing on the extension of
the amorphous phase network was estimated from
a relaxation test. When a sample is stretched, there
may be disentanglement and slippage of chains,
causing plastic deformation. In addition, there may
be elastic deformation that is recovered when the
sample is heated. The draw ratio, A, comprises both
types of deformation. To estimate the part of the
deformation due to molecular extension, we reheated
the drawn film to a temperature just above the
drawing temperature to allow relaxation to occur. A
test strip of zone-annealed LARC-CPI (A,,.« = 3.88)

Table I Draw Ratio Achieved After Zone Annealing of LARC-CPI at the Indicated Temperatures and

Modulus After Final Draw

Zone-annealing Temperature® (°C) Modulus
El
Sample 250 265 280 295 310 (GPa)
1 3.41 3.46 3.65 3.65 3.72 84
2 3.44 3.61 — --- .- 7.6
3 --- 3.07 3.46 3.88 --- 7.7
4 3.35 3.65 3.57 3.73 3.97 8.5
5 3.61 3.69 3.72 --- --- 7.4
6 3.58 --- 3.714 --- 3.81 9.5
7 --- 3.00 3.48 3.65 3.65 7.5
8 3.11 3.35 3.58 3.58 3.58 7.5
9 3.42 --- 3.61 --- 3.65 9.1
10 --- --- 3.63 --- 3.71 4.3

® Sequence of drawing was from low to high temperature.
b

--- indicates the sample was not drawn at this temperature.
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Figure 4 Maximum draw ratio vs. maximum drawing
temperature for zone-annealed LARC-CPL

was heated on a glass slide in an oil droplet so that
it could relax unrestricted. It was heated near 300°C
for 1 min (this sample had been previously drawn
at 295°C), then cooled to room temperature and its
length measured. After heating, the sample had
shrunk from an extended length, L, = 10 mm, to a
shrunk length, L; = 6.7 mm, along the draw direc-
tion. The width in the transverse direction was not
changed. On the assumption that the recovery of
initial deformation is completely elastic, we use the
definition of Grubb®® for molecular extension, M,
where

M=L,/L, =149 (1)

The initial network was subject to a molecular ex-
tension of 1.49. The remainder of the initial 3.88
extension ratio was due to elastic deformation.

In Figure 1, thermograms of zone-annealed sam-
ples, unrelaxed and relaxed, are shown in curves 2
and 3, respectively. Curve 2 is the thermogram of
the zone-annealed film that had been drawn to A,y
= 3.88 and was described in the previous paragraph
as the parent film for the relaxation test. Note that
there is a clear glass transition relaxation seen in
curve 2, and there is a sharp spike in the curve near
260°C. This spike is an artifact (seen in many of
the zone-drawn films) that results from contraction
of the film inside the DSC pan. Curve 3 is the ther-
mogram of a piece of the same film that had been
relaxed as described previously. The relaxed film
shows a small T} step and no artifact. The degrees

of crystallinity of the relaxed (X, = 0.22) and un-
relaxed (X, = 0.26) zone-drawn films are comparable
and were always smaller than the degree of crystal-
linity of the solvent-cast AR film. Thus, the effect
of zone annealing the semicrystalline film is to de-
stroy some of the imperfect crystals. In spite of net-
work extension seen in the amorphous phase after
drawing, there appears to be no strain-induced crys-
tallization in these films.

The shrinkage, or recovery of the elastic defor-
mation, which we observed also during DSC scan-
ning, occurs as the sample is heated from room tem-
perature to 300°C. Mechanical properties of the
drawn films were not stable as a function of tem-
perature, even in the glass region. We found that
samples failed at temperatures above the T}, during
DMA testing because they were retracting as the
elastically deformed amorphous chains returned to
their random coil-like configuration.

Effect of Drawing on Crystallite Orientation

As-received LARC-CPI film was semicrystalline and
unoriented. The two-dimensional flat-film WAXS
pattern is shown in Figure 5. A series of three bright
rings is shown and these correspond to the three
peaks seen in diffractometer scans shown previously
to occur at scattering angles, 26, of 18.4°, 22.1°, and
26.8°.%323 The spotty ring is from the first reflection
(at 20 = 28.444°) of the Si standard powder used
for calibration of the ring positions.

The effect of zone annealing is to create highly
oriented crystallites and amorphous chains. Orien-
tation of crystallites is shown in Figure 6 (a) and

Figure 5 Wide-angle X-ray scattering pattern for as-
received LARC-CPI. Spotty ring is from Si powder stan-
dard rubbed on the surface of the sample for internal cal-
ibration.
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Figure 6 Wide-angle X-ray scattering pattern for zone-annealed LARC-CPI. Fiber axis
vertical. Spotty ring from Si powder standard rubbed on the surface of the sample. Sample
to film distance about 3 cm: (a) negative exposed to reveal the equatorial reflections; (b)
negative overexposed to reveal the meridional reflections.

(b), which is a two-dimensional WAXS fiber pattern
of a stack of 12 layers of a zone-annealed film having
final draw ratio of 3.72. The fiber axis is vertical,
and the spotty ring is from Si. In Figure 6(a), the
negative was exposed to reveal the equatorial re-
flections. In Figure 6(b), the negative was overex-
posed to reveal the innermost meridional reflections
of Miller index type (001). Using a longer sample-
to-film distance of about 13 c¢m, additional meridi-
onal reflections can be seen in Figure 7. No silicon
ring appears at this distance, so one of the strongest
meridional reflections, either (004) or (005) from
the pattern of Figure 6, was used to calculate the
spacings of the reflections in Figure 7. This reflection
occurred on the negative, but is not shown in Figure
7. The positions of the (002), (003), and (004) me-
ridional reflections in Figure 7 matched well with
the positions of the same reflections obtained during
X-ray experiments at the Brookhaven National
Synchrotron Light Source,® which were calibrated
using cholesterol meristate.

The Miller indices were determined by trial-and-
error fitting of the positions of the reflections to an
assumed structure. Indexing of the fiber pattern was
carried out using the reciprocal lattice and Ewald
sphere construction. An orthorhombic unit cell
structure was assumed, taking into account that the
meridional reflections should be of the type (001).
Table II lists the proposed Miller indices and the
measured d-spacings for 18 reflections. From these
reflections, preliminary values for the a-, b-, and c¢-
axis lattice parameters were calculated. We suggest

preliminary values of a = 80+ 0.2 A, b =59+ 0.2
A, and ¢ = 36.5 = 0.3 A. The value of the c-axis
lattice parameter is very close to the length of the
fully extended chain of LARC-CPI determined from
CPK models,* but was not energy-minimized in the
present study. In a subsequent effort,’¢3” we used
these preliminary lattice parameters in a molecular
modeling study to determine which orthorhombic

Figure 7 Wide-angle X-ray scattering pattern for zone-
annealed LARC-CPI. Fiber axis is along the diagonal, up-
per left to lower right. Sample to film distance about 13
cm. Negative overexposed to reveal the weak (002) re-
flection on the meridian.
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Table II Miller Indices and d-Spacings for X-
ray Reflections (A = 1.54 A) in Zone-annealed
LARC-CPI

Miller Index d-Spacing (A)

001 36.6
----f 245
002 18.0
003 11.9
004 9.3
005 7.1
006 6.1
007 5.3
008 4.6
0010 3.66
010 5.9
011 5.8
110 4.8
020 2.98
200 4.02
210 3.29
220 2.45
124 2.74

2 __-This reflection could not be indexed to the assumed
orthorhombic unit cell.

cell is correct and to determine the disposition of
the chain in the unit cell.

One meridional reflection, occurring at about 24.5
A, could not be indexed to the orthorhombic unit
cell proposed. At the time of the present study, the
origin of this reflection was unknown. In subsequent
work,?” we used X-ray photoelectron spectroscopy
to show that this reflection comes from oriented di-
amine segments, most likely from diamine-termi-
nated chain ends that become oriented to produce
the meridional reflection at 24.5 A.

Mechanical Properties of Drawn LARC-CPI

Figure 8 shows the DMA scans of zone-annealed
LARC-CPI. This was one of the few samples that
could be successfully measured above T, and it was
not the sample having the highest modulus. The film
was drawn once at 300°C to an approximate draw
ratio of 3.7. The glassy modulus of this film is about
3.6 GPa, and E' drops one order of magnitude at T,
similar to AR film. Tan § is asymmetric, being
broadened on the high-temperature side.

Many DMA tests failed during the heating at-
tempt to achieve high temperature. As the temper-
ature increased near the 7, the amorphous chains
relax, causing the sample to contract. In addition,
the glassy modulus of the materials that displayed

the highest moduli generally decreased as the tem-
perature increased above room temperature. Thus,
although the zone annealing of semicrystalline
LARC-CPI did result in an increase in glassy storage
modulus, the modulus was not stable above room
temperature. The reason that the modulus changes
even at temperatures far below T} is related to the
method of cooling after the zone-annealing treat-
ment is finished. The films are cooled with the ten-
sion force, which consists of a dead weight load, still
applied. Therefore, the amorphous phase remains
in a nonequilibrium state of stress after the drawing.
Further heating during the DMA tests results in the
decrease of glassy modulus as a function of temper-
ature as the amorphous phase relaxes.

Dependence of the room-temperature modulus on
the number of draws, and on the maximum draw
ratio attained, is shown in Figure 9(a) and (b). The
modulus of all multiply drawn samples is listed in
the last column of Table I. Most of the multiply
drawn samples have moduli that are significantly
greater than that of undrawn, or once-drawn, LARC-
CPI. The limiting modulus achieved in this study
appears to be in the range 7.8-9.5 GPa. As the num-
ber of draws increases, the highest temperature also
increases, since successive draws are conducted at
ever-increasing temperatures. Thus, ultimate tem-
perature may be thought to play a role in determin-
ing the modulus. However, as seen from Table I,
both maximum and minimum values of the modulus
were obtained on samples treated at 310°C for the
final draw.

The effect of draw ratio on modulus is shown in
Figure 9(b). Except for two samples with low mod-
uli, the majority of samples drawn in the range of
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Figure 8 Dynamic mechanical properties, E' and tan
5, of zone-annealed LARC-CPI as a function of temper-
ature, at 10 Hz.
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Figure 9 Room-temperature modulus of zone-annealed
LARC-CPlI vs. (a) no. draws and (b) maximum draw ratio.

3.5 < X < 4.0 had similar limiting moduli. We con-
clude that multiple stages of zone annealing are
generally effective in providing a material with high
modulus, as long as the drawing conditions result
in draw ratios in the range from 3.5 to 4.0.

CONCLUSIONS

Using the zone-annealing treatment on LARC-CPI
thermoplastic polyimide, we achieved an increase in
the dynamic glassy modulus from about 3.0 GPa
(undrawn) to 9.5 GPA (A = 3.8). Crystallinity in
the parent as-received films limited the ultimate

draw ratio achieved, even when multiple drawing at
successively higher temperatures was utilized. The
zone-drawn films were highly oriented and were used
for X-ray diffraction studies. For the first time, the
crystal lattice parameters have been evaluated for
LARC-CPIL. Preliminary results suggest that LARC-
CPI crystals belong to the orthorhombic system and
havea =80+ 0.2A,b=59+02A,andc = 36.5
+ 0.3 A. Further refinement of these parameters is
being undertaken.

This research was supported by NASA Contract NASI-
18846 and the Electric Power Research Institute Contract
RP:8007-13.
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