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Thermal stability and thermal expansion properties are reported for several high performance polymers
which contain carbonyl and/or ether linking groups designed to increase molecular mobility while retaining
high temperature properties. The polymers studied include poly(ether ether ketone), PEEK, and three
related novel thermoplastic polyimides: NEW-TPI, LARC-CPI, and LARC-IA. Thermogravimetric
analysis showed that LARC-CPI exhibited major weight loss by about 450°C, and both PEEK and LARC-
CPI lost 50% of their initial weight by 750°C. Thermomechanical analysis (t.m.a.) was used to determine
linear coefficients of thermal expansion (CTE). All materials showed a large change in CTE at the glass
transition temperature (T,). Bulk linear CTEs ranged from 54-70 x 1078 °C7T below T,, to 105-
200 x 107¢ °C~! above T,. These CTEs are larger than those typically observed for more rigid chain
polyimides. Using a two-phase model, the amorphous phase CTE was deduced for the semicrystalline
materials. From t.m.a. data, amorphous phase CTEs above T, ranged from 120-245 x 1076 °C~'. Small
angle X-ray scattering (SAXS) was used to examine changes in long period with temperature for PEEK and
NEW-TPI. Below T, the long period did not change much while above T, larger increases in the long
period were observed. These increases in the long period with increasing temperature may be the result either
of large amorphous phase expansion, or possibly of melting of thin lamellae. Copyright © 1996 Elsevier

Science Ltd.
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INTRODUCTION

One of the key properties that distinguishes high
performance polymers from their low performance
counterparts is their outstanding high temperature
stability. To achieve high thermal transition tempera-
tures and thermoplasticity, recent synthetic approaches
have focused on incorporation of phenyl-ether and
phenyl-ketone linkages in the monomer repeat unit.
This strategy resulted in the development of the class of
poly(aryl ether ketones) or PAEKs'. Polymers in this
category which have been studied extensively include
poly(ether ether ketone), PEEK'™!® and similar chemi-
cal relatives such as PEKI’IO’”’”'f9 and PEKK?2,
These types of high performance polymers are techno-
logically very important, with applications as composites
matrices, high temperature films and adhesives, and wire
and cable insulation.

In the mid-1980s development of semicrystalline,
thermoplastic polyimides (TPIs) was undertaken in
which the diamine portion of the chain contained
phenyl-ether and phenyl-ketone linkages®*%. As a
result, the molecular mobility of the polyimides was
increased sufficiently to allow crystallization to occur

* Present address: Exxon Chemical Corp., Houston, TX, USA
1 To whom correspondence should be addressed

from the melt**** while still retaining the excellent high

temperature properties of the polyimides. The dianhy-
dride portion of the polyimide chain, which contains the
imide ring, could be made either rigid or somewhat more
flexible. Included in the category of semicrystalline
TPIs are Regulus™ NEW-TPI (from Mitsui Toatsu
Chemical Co.)**® and LARC-CPI*** and LARC-
1A% (from NASA Langley Research Center). The
NEW-TPI monomer contains the pyromellitic dianhy-
dride (PMDA), while LARC-CPI contains the benzo-
phenone tetracarboxylic dianhydride (BTDA) and LARC-
IA contains the oxydiphthalic dianydride (ODPA).
The chemical repeat units for these novel polyimides,
and for PEEK polymer, are shown in Figure 1.

Our group®~*! and others?*~*>*2=% have been study-
ing the structure and properties of this class of high
performance polyimides (PIs). NEW-TPI, LARC-CPI
and LARC-IA can be processed by standard thermo-
forming techniques such as injection moulding and
extrusion of pellets or film and can be drawn into
oriented films. These polyimides all have relatively high
glass transition temperatures (above 200°C) and melting
points (above 300°C). Therefore, like PEEK, their
processing temperatures are correspondingly high. One
of the factors determining the ultimate use of these
polymers is the coefficient of thermal expansion (CTE).
In composites, the difference in CTE between polymer
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Figure 1 Chemical repeat units for PEEK, NEW-TPI, LARC-CPI, and LARC-IA

matrix and fibre reinforcement would produce high
residual stresses during cooling and/or thermal cycling.
Therefore, determination of CTE has both scientific
value and engineering application.

We have previously studied crystal lattice expansion of
NEW-TPI and LARC CPI using wide angle X- -ray
scattering (WAXS) There is a very close similarity in
crystal lattice CTE among NEW-TPI, LARC-CPI, and
PEEK, whose thermal expansion has been studied by
Blundell and D’Mello'? and Choy et al.!'. In these three
polymers, the crystal lattice CTE is highly anisotropic.
Along the c-axis {(molecular chain direction) the thermal
expansion is either too small to be measured'?,
possibly even negative, as in the case of PEEK studied by
Choy et al.!. The lateral expansions of the unit cell in the
a and b directions are predomlnant with magnitudes of
the order of 50100 x 107%°C~1.

Thermomechanical analysis (t.m.a.) has long been used
as the standard method to measure one-dimensional
bulk expansion. Other non-thermoplastic polyimides
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have been studied by tm.a. 2% % and their CTEs
reported to span a wide range, depending on the
chemical structure of the repeat unit, and on whether
the films were imidized as free-standing or on a substrate.
Numata and coworkers*®~*° examined various low CTE
aromatic polyimides. They observed no correlation
between the polyimide CTEs and their packing coeffi-
cients or crystallinity. It was proposed that the appear-
ance of low CTE (10-20 x 10~®K~!) might relate to the
linearity of the polymer molecular skeletons. These
researchers also studied CTE of uniaxially stretched
polyimides and found that low or even negative CTE
tends to be correlated with higher elastic modulus in the
chain direction.

In this work, we compare the thermal stability of
PEEK, NEW-TPI, LARC-CPI and LARC-IA studied
using thermogravimetric analysis (t.g.a.). We also report
our investigation of the thermal expansion behaviour of
these four polymers using t.m.a. and/or small angle X-
ray scattering (SAXS). Recently, we showed that above
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the glass transition temperature, SAXS could be used
to study the thermal expans1on behaviour of poly(buty-
lene terephthalate), PBT. Here, we use SAXS to
measure the expansion properties of the long period
above the glass transition temperature (7,) in PEEK and
NEW-TPI. Changes in long period above the 7, may
arise either from expansion of the amorphous phase
within the stack, or from melting of thin lamellae.

EXPERIMENTAL
Sample preparation and characterization

Semicrystalline PEEK 450G plaques were obtained
from ICI Americas, Inc. with a thickness of | mm. The
plaque was annealed at 300°C for 1h before the
experlments

Regulus™ NEW-TPI amorphous film was supplied
by Mitsui Toatsu Chemical Company with a thickness of
100 um. Twelve pieces of the NEW-TPI were stacked
and cold crystallized for 1 h in a hot press which had been
preset at 300°C. The sample was then cooled siowly to
room temperature. The films were easily consolidated
into a 1mm thick plaque which was subsequently
annealed at 350°C for 1 h.

LARC-CPI and LARC-IA were received from NASA
Langley and Imitec, respectively. As received LARC-
CPI was fully imidized semicrystalline film processed by
Foster-Miller, Inc. The sample was annealed at 300°C
for 1h to obtain a stable crystal structure. LARC-IA
powder was compression molded at 310°C between
ferro-type plates covered with Kapton™ film, then
quenched into ice water.

A Perkin-Elmer DSC-4 was used to study the crystal-
lization behavior of PEEK, NEW-TPI and LARC-CPIL.
Inidium was used to calibrate the temperature and heat
of fusion. Sample wexghts around 8 mg were used with a
scan rate of 20°Cmin! Crystalhmty was calculated
from endotherm area usmg 130J g~ as the heat
of fusion of perfect crystalhne for PEEK3 1397 g™! for
NEW-TPI® and 92Jg~! for LARC-CPI*®

T.m.a. was performed using a TA Instruments 2100
t.m.a. at a scan rate of 20°Cmin~! and a quartz probe
weighted with 0.2 N. T.g.a. experiments were conducted
using a TA instruments 2100 t.g.a. with automated
sample changer, scan rate of 20°Cmin™', in nitrogen

purge.

Small angle X-ray scattering

Real-time SAXS experiments were done in transmis-
sion mode at the Brookhaven National Synchrotron
Light Source using high density X-radiation with a
wavelength of 1.48 A. Distance from the sample to the
two-dimensional histogramming gas-filled wire detector
was about 180 m, calibrated using cholesterol myristate
and collagen fibre. The beam profile was treated
according to pinhole geometry. A Mettler FP-80 Hot
Stage was used to heat (or cool) the sample with a ramp
and hold temperature profile (10°Cmin~' ramp and
2 min isothermal hold).

We assumed that the structure of the semicrystalline
polymers consists of stacks of lamellae alternating w1th
amorphous phase. A discrete Fourier transformation!
was applied to the Lorentz corrected intensity, Imrs2
where s is the scattering vector (s = 2sin8/)) and I, is
the intensity corrected for background, changes in

incident beam intensity, and thermal density fluctua-
tions. Linear extrapolation was used to extend the
intensity from the beam stop to s = 0, while Porod’s
law was applied to the high s region. We obtain the one-
dimensional electron density correlation function, K(z),
as shown in the following equation:

N
=3 Al gstwf NEY (1)
=1

where
wy = e 2N (2)

In equation (1) z is the direction normal to lamellar
stacks and N is the number of actual data points. The
resulting correlation function starts off with a z spacing
of 1/smax, but a spline interpolation routine fills in the
missing values in the region of interest.

RESULTS
Thermogravimetric analysis

Figures 2a—2d show the results of t.g.a. on semicrystal-
line PEEK, NEW-TPI, LARC-CPI, and amorphous
LARC-IA, respectively. Each plot shows the percentage
of original weight remaining on the left vertical axis, and
the derivative curve on the right vertical axis, as a
function of temperature over the range from 25°C to
750°C. The derivative curves are most illustrative of the
degradation behaviour. When major weight loss begins,
there is a sharp increase in the derivative, which then
reaches a maximum rate of weight loss. After the
maximum, the derivative curves tend to level off some-
what, except for the case of LARC-CPI which exhibits
very complex degradation kinetics. PEEK (Figure 2a),
NEW-TPI (Figure 2b), and LARC-IA (Figure 2d) all
showed almost no weight loss up to about 525°C, while
LARC-CPI (Figure 2c) started to undergo major weight
loss by about 425°C. PEEK (Figure 2a) and LARC-CPI
(Figure 2c) both had greater ultimate weight loss at
750°C compared to the other two materials. The
percentage of weight remaining at 750°C is listed in the
first column of Table 1. By this criterion, NEW-TPI and
LARC-IA appear to be the least subject to degradation
weight loss at very high temperature.

Figure 3 is a composite plot showing percentage of
original weight for all four materials over an expanded
region at lower temperatures. In the region near 100°C,
where water loss is expected, both PEEK (solid line) and
NEW-TPI (dotted line) have negligible weight loss.
LARC-CPI (dot-dashed line) and LARC-IA (dashed
line) both lose about 0.5% in this temperature range.
LARC-CPI begins major weight loss at a lower
temperature than the other materials. The intersection
of the curves on the temperature axis occurs at the point
where the samples have lost 5% of their original weight.
The temperatures for 5% weight loss are listed in the
second column of Table 1. Once again, according to this
measure, LARC-CPI is the least stable of the four
polymers.

Thermomechanical analysis

Results of t.m.a. studies are shown in Figures 4a—d for
PEEK, NEW-TPI, LARC-CPI and LARC-IA, respec-
tively. Dimension change relative to original sample
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Figure 2 T.g.a. showing percentage of original weight remaining and its derivative, vs. temperature. (a) PEEK; (b) NEW-TPI; (¢) LARC-CPI; (d)

LARC-IA

thickness is plotted as a function of temperature. Ali four
polymers show a clear change in slope at their 7gs
indicating an increase in thermal expansion coefficient
above T,. The intersection of the tangents to the lower
temperature (below T,) and higher temperature (above
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Ty) portions of the curve were used to identify T},. These
are listed in the third column of Table I, and correlate
well with T, determined by other methods, such as
thermal analysjs’!433:354041

Three materials, PEEK, NEW-TPI, and LARC-CPI
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Figure 2 (Continued)
are semicrystalline. Volume fraction crystallinity, x., was Xe(pa/pc)

determined for each polymer from the differential
scanning calorimetry (d.s.c.) endotherm area and the
known crystal and amorphous phase densities. The
volume fraction crystallinity was obtained directly from
the weight fraction crytallinity, x¢, using the following
expression:

= 3
© 1= +xZ(pa/pe) )
P, and p, are the amorphous and crystal phase densities,

respectively. For PEEK, p, =1.263gcm™ and
p.=1400gecm™, for NEW-TPI, p, =1.33gem™>
and p.=147gem> % and for LARC-CPI,

POLYMER Volume 37 Number 14 1996 3003
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Figure 3 Expanded temperature scale t.g.a. showing percentage of
original weight remaining vs. temperature for PEEK (solid line), NEW-
TPI (dotted line), LARC-CPI (dot-dashed line), and LARC-IA (dashed
line)

Table 1 Weight remaining at 750°C, 5% weight loss temperature, T,
and volume fraction crystallinity for polymers used in this study

% weight 5% weight

remaining at loss temp., °C 7, °C*  xc b
Polymer 750°C (1) (£2) (£2) (£0.01)
PEEK 46 568 170 0.35
NEW-TPI1 68 570 265 0.30
LARC-CPI 42 530 225 0.31
LARC-IA¢ 62 562 225 0
“ Estimated from t.m.a.
b Determined from equation (3)
“3% offset
pa=1335gem™> and p.=1.507gem™> . Volume

crystallinities are listed in the last column of Table I.

Semicrystalline samples were selected for the t.m.a.
studies so that expansion properties above the glass
transition could be evaluated. When purely amorphous
samples are heated above T, all three semicrystalline
polymers tend to undergo rapid crystallization. This
change in physical state, and the attendant density
change, prevented accurate measurement of sample
dimension above T,. The t.m.a. curves shown in Figures
4a—4c represent the behaviour of the semicrystalline
materials, which are treated as isotropic composites
comprising the crystal regions and amorphous regions.
Below the glass transition of the amorphous phase, we
expect that the expansion behaviour of the glassy
amorphous chains and the crystal chains might be very
similar. On the other hand, above T, amorphous chains
experience large scale segmental motions. Thus, we
expect the expansion behaviour above T, to be largely
dominated by the expansion within the amorphous
phase.

The lmear coefficient of thermal expansion of the
material, o', is the slope of the relative dimension change
Vs. temperature curve. o' is shown in Figures Sa—5d for
PEEK, NEW-TPI, LARC-CPI, and LARC-IA, respec-
tively. All four materials show the same general trends in
thermal expansron coeflicient. Below T, ol is low (50-
70 x 107%°C "y and relatrvely flat. o' increases steeply at
T, reaching a maximum. At high temperature, all
materials show an apparent decrease in CTE. For the
semicrystalline samples, the apparent decrease in ol
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Figure4 T.m.a. showing dimension change relative to original sample
thickness, vs. temperature for (a) PEEK, (b) NEW-TPI, (¢) LARC-CPI
and (d) LARC-IA

occurs just before crystal melting/reorganization begins.
LARC-IA also has a similar decrease in o' which we
attribute to penetration and sticking of the probe.
(LARC-IA proved to have such good adhesive
properties to quartz that the probe and support platform
became irretrievably bonded to the polymer.)

All materials showed temperature dependence in
their CTEs, especially above T,. Therefore, a single
reported number for CTE will not accurately reflect
the expansion behaviour, except below 7, where «
changes little. Nonetheless, it is customary to select a
representative value of CTE for comparison purposes.
Since these four polymers have different 7,s, we report
the bulk linear CTE of these materials at temperatures
75°C below and above T,. These values are shown in
Table 2 as o (T - 75°C) and o (T + 75°C). For PEEK,
NEW-TPI and LARC 1A the hlgher temperature CTE is
about three times larger than the lower temperature
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Figure 5 Linear coefficient of thermal expansion vs. temperature for
(a) PEEK, (b) NEW-TPI, (c) LARC-CPI and (d) LARC-IA

CTE. In LARC-CPI it is roughly two times larger at
the higher temperature. The error estimates were made
using the standard method described in ASTM test
E831-86.

Small angle X-ray scattering

In Figures 6a and 6b we Present a sequence of Lorentz
corrected intensities I s° vs. s, for PEEK measured
from 40°C to 300°C, and NEW-TPI measured from 60°C
to 340°C respectively. A temperature interval of 20°C
separates adjacent curves. Distinct maxima are observed
which reflect the Bragg scattering from the periodic
lamellar structures. As the temperature increases, the
intensity increases and the peak maximum shifts to lower
s. The upper limit of temperature was chosen to be just
below the prior crystallization treatment temperature, in
order to avoid any melting of the sample. From d.s.c.
analysis at the same heating rate, no melting was
observed in either PEEK or NEW-TPL

Table 2 Coefficients of thermal expansion (107 °C™!) of bulk and
amorphous material, at temperatures below and above T, evaluated
from t.m.a.

Bulk CTE Amorphous phase CTE
1 I
o (0a)
Polymer” (Ty - 75°C) (T3 +75°C) (I, —75°C) (Ty+75°C)
PEEK 60+3 180+ 4 6348 246+ 25
NEW-TPI 54+2 16217 55410 210+ 39
LARC-CPI 55+t4 105+ 8 51+10 123 +£26
LARC-IA? 707 200+ 15 70+£7 200+ 15

“PEEK, NEW-TPI, and LARC-CPI bulk materials are semicrystalline
b 39, offset

The long period (L) was obtained from K (z) according
to the method of Strobl and Schneider®?. The procedure
has also been described in our other SAXS studies™**®.
Resuits for PEEK (Figure 7a) and NEW-TPI (Figure 7b)
obtained from both heating (circles) and cooling
(triangles) are plotted together. The cooling data fall
closely on the heating curves in both plots. This indicates
that our heating process did not significantly affect the
crystal stacks, and the changes in L obtained are
reversible.

For PEEK polymer, in Figure 7a, the long period has
a value of 140 A at 60°C and increases steadily to 165 A
at 300°C. Above T, from 170°C up to 300°C, L increases
about 28 A from ~ 143 A to ~ 165 A. This observation
agrees well with published data'®'’. Similar trends in L
are observed for NEW-TPI, as shown in Figure 7b. As
temperature increases above T,, there is a noticeable
change in the slope of L vs. T. For NEW-TPI, from
250°C up to 335°C, L increases about 10A, from
~ 188 A to ~ 198 A.

DISCUSSION

The linear coefficient of thermal expansion, a;l, describes
the temperature dependent change of a characteristic
dimension of the material, p, measured along the 1|
direction, according to:

p(T) = p(0)(1 + o} T) (4)

where p(T) is the value of the characteristic dimension at
temperature 7. In the case of t.m.a. measurement, the
characteristic dimension is the sample thickness; in the
SAXS measurement, it is L. Both the sample thickness
and the long period may be treated according to a simple
two-phase model. In this model, the crystals and
amorphous phase are assumed to act in series along the
direction in which the linear expansion is measured. Thus

P(T) = pa(T) + p(T) 5)

where the subscripts a and ¢ refer to the amorphous phase
and crystalline phase, respectively. The crystal and
amorphous phase CTEs we will write as o) and a!. Then
combining equations (4) and (5) we arrive at the following
expression which relates the expansion of the character-
istic dimension to that of the component phases:

a:) = Q;(Xa) + aé (Xc) (6)

In equation (6), x, and yx, are the volume fractions of the
amorphous and crystalline phases, respectively, and
Xa + X = 1 according to the two-phase model.

POLYMER Volume 37 Number 14 1996 3006
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Thermal mechanical analysis

The linear CTE values listed in Table 2 allow
calculation of the thermal expaunsion of the amorphous
phase using equation (6), provided we have knowledge of
the thermal expansion coefficient of the crystals. This
may be estimated from the known CTEs of the crystal
unit cell lattice parameters which have been determined
from prior wide angle X-ray scattering (WAXS) studies
of PEEK ', NEW-TPI* and LARC-CPI*’. In Table 3
are listed the CTEs of the a, b, and ¢ lattice parameters

3006 POLYMER Volume 37 Number 14 1996

for these polymers. All three polymers have highly
anisotropic crystal lattice expansions. The expansion
along the molecular chain (c-axis) is unmeasurable in
most experiments, though Choy er al!' reported a
negative CTE for the c-axis expansion in PEEK. In all
investigations, the c-axis expansion is considered to be
much smaller than the expansions observed along the
other two directions of the unit cell.

The average linear CTE of the crystal phase, (o),
assuming an isotropic distribution of crystals within the
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TPI

Table3 Coefficients of thermal expansion (107 °C™') for the a, b, and
¢ lattice parameters, and the istotropic crystal phase determined from
wide angle X-ray scattering studies

Isotropic crystal”

Polymer a-axis b-axis c-axis {al)

PEEK" 13327 39+6 0 57+4
NEW-TPI’ 93+6 60+19 0 517
LARC-CPI¥  117£7 7523 0 64+8

“ Determined from equation (7)

bulk semicrystalline polymer, is derived from:

() = (1/3) ) () (7)

1

where the summation is over in the ith crystal unit cell
lattice parameter (i = 1,2, 3). The average linear crystal
CTE is listed in the last column of Table 3. The
amorphous phase CTEs (cl), derived using equation
(6) and the isotropic estimate for the linear crystal CTE,
are shown in the last two columns of Table 2 for the
regimes below and above T,. For all three semicrystalline
polymers, the amorphous phase expansion is greater
than the expansion of the bulk semicrystalline material
which accords with our intuition.

The flexibility of the polymer backbone containing
carbonyl and/or ether linking groups results in relatively
larger CTEs in the polymers we studied, compared to
those in Numata’s study*®~*. Smaller bulk linear CTE
values were measured in the more rigid chain aromatic

polyimides studied by Numata and coworkers**~*_ The
polyimides used in their study were prepared by reacting
different diamine groups with three common dianhy-
dride groups, PDMA, BTDA and s-BPDA, and gen-
erally have T,s higher than the t.m.a. test temperatures.
The P1 films were cured either on or off a substrate, and
the relationship of bulk linear CTE to chemical structure
was investigated. Bent structures generally had higher
CTEs. For PIs containing BTDA, bulk linear CTE
ranged from 30 x 107® to 50 x 107°K ™", while PIs
containing PMDA, which is a more rigid group, had
lower CTE  ranging from 10 x 10~ to
20 x 1078 K 1469 All the phenyl-ether/phenyl-ketone
containing polymers we studied had larger CTEs in the
glassy state, and much larger CTEs once 7, was
exceeded.

Small angle X-ray scattering

Equation (4) may be used to deduce the linear
coefficient of thermal expansion of the L in the z
direction from the data shown in Figures 7a and 7b.
Below T,, the changes in L are slight, and although a
trend is observed in which L increases with temperature,
the error bars on the measurement of L are large.
Only above 7, does the increase in L exceed the
error range. Therefore, we will only apply equation (4)
to analysis of the data in the temperature range above 7,.
To compare with the t.m.a. data, we consider the
variation of L at temperatures about 50-75°C
above T,. We find in PEEK and NEW-TPI, there is a
similar expansion coefficient of the long period, of,
above T,. In PEEK, of is 428 x 107°°C™" while in
NEW-TPL, it is 423 x 107°°C™'. These values are listed
in Table 4.

The expansion of L in the z direction may be due to
several different causes which are very difficult to
separate. One cause would be the melting of thinner
lamellae which would result in an increase in average L.
This reason was suggested by Pope and Keller to account
for the changes in L observed in polyethylene heated far
above the glass transition temperature’>>*. Here, in the
temperature range just above Ty, as noted before, we did
not observe melting from d.s.c. studies. A second
possibility to explain the change in long period at
temperatures just above the glass transition is thermal
expansion. At temperatures above T, but below the first
melting endotherm (T},;) there is, in the case of PEEK, a
precedent for associating the changes in long period with
thermal expansion. In the SAXS study of the meliting of
PEEK by Hsiao and coworkers!’, thermal expansion
was used to explain smaller changes in L below T},
while thin crystal melting was used to explain larger
relative changes in L above T};.

Table 4 Linear crystallinity, and coefficients of thermal expansion®
(1076 °C™") for long period and amorphous phase in the z-direction,
and average amorphous phase expansion

Average

Linear Long period Amorphous amorphous

Polymer  crystallinity CTE, of CTE, a? CTE, (o))
PEEK 0.30 428+ 13 658 +26 273422
NEW-TPI 0.31 423+ 17 604 + 30 252436

¢ Measured above T,
% Determined from equation (8)
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In modelling the long period expansion, we consider
the changes in L to arise from changes in the crystal
lamellae and changes in the intervening amorphous
phase. With regard to the crystalline phase, in PEEK and
NEW-TPI, the c-axis is normal to the lamellar surfaces®’
For the crystal phase, the c-axis expansion would
contribute to the long period expansion. However,
from Table 3. we see that the c-axis expansion is
negligible for both PEEK and NEW-TPI. Therefore,
the long period expansion will be negligibly affected by
the crystal lamellar expansion.

The greatest contribution to the long period expansion
will come from the amorphous phase expansion. If we
apply the two phase model, as expressed in equation (6},
to the lamellar stack, we can deduce the amorphous
phase CTE in the z direction from the SAXS data as
follows. In equation (6) the volume fraction crystallinity
refers to the crystallinity of the lamellar stack, y..
Together with the negligible crystal expansion,
equation (6) reduces to af = a2 (1 — x4). This equation
states that the long period expansion reduces to the
amorphous phase expansion times the fraction of
amorphous material within the stack, when the crystal
phase expansion can be neglected.

In applying this simplification of equation (6), note
that the degree of crystallinity used must be the linear
crystallinity within the lamellar stack. From SAXS data
alone, only the relative phase fractions can be deter-
mined. The linear fraction of phase 1, x|, and the linear
fraction of phase 2, x, =1 — x| can be obtained by the
method of Strobl and Schnieder™. However, the assign-
ment of phase 1 or 2 to the crystals is arbitrary, and our
choice is guided by previous SAXS studies in PEEK '®!7
and NEW-TPI*. Hsiao and coworkers studied crystal-
lization and melting in PEEK'®"". In choosing which
relative phase fraction x; or x, refers to the crystals, these
researchers used the shorter of the two lengths for the
crystal thickness based on compatlblhty with observed
changes during crystallization'”. In a similar manner, for
PEEK we will assume that the crystal phase is the
minority component (shorter length) within the lamellar
stack.

Regarding NEW-TPI the situation is not as clear,
although we also chose to assign the shorter length to the
crystals in NEW-TPI. From WAXS we obtained the
volume crystallinity, ¢, for NEW-TPI (after correction
for density) to be about 0.26, slightly less than the value
determined from d.s.c. This volume crystallinity can be
written as:

®e = XsXel (8)

where y, is the volume fraction of lamellar stacks within
the sample, and x; is the linear crystallinity w1th1n the
stacks. In our case (unlike that of Hsiao et al ¥ either
choice of g (i.e. xq = x| or xq = X») gives physically
realistic values for x,. We chose the value of x, which

makes the lamellar stacks fill space in about the same
degree as suggested by the data of Hsiao et al.®®. These
researchers had x, values of about 0.64 for NEW-TPL
indicating that the lamellar stacks occupied about 64%
of the available sample volume. In our case, for NEW-
TPI we found that the choice of x. = 0.33 (equivalent to
choosing the shorter of the two lengths) resulted in x, of
0.78. This choice of x makes the consistent assignment
of the shorter length scale for the lamellar thickness for
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both PEEK and NEW-TPI. This assignment differs from
Hsiao e al.*’, who chose the longer length for the crystal
phase in NEW-TPI, to reach agreement with other data
from Scherrer analysis of WAXS (001) reflections. Thus,
while our lamellar stack density for NEW-TPI is the
same, our assignment of lamellar thickness to the shorter
length is not.

Using the shorter length for the crystal lamellar
thickness, we apply the two-phase model to the expan-
sion of the long period. The values of amorphous phase
expansion calculated from this model are listed in Table
4, and are large compared to the amorphous phase CTE
deduced from the t.m.a. measurements. In order to
consider thermal expansion of the amorphous phase as
the cause of the increase in long period above T, we need
to explain this large value of CTE observed from SAXS.
Whereas the SAXS results relate to amorphous phase
expansion in one direction relative to the crystal surfaces,
the t.m.a. data refer to the average linear expansion of
the amorphous phase in an isotropic sample.

We suggest a model in which crystals limit the
expansion of the amorphous phase in the lateral
dimensions. The lamellar crystals may confine the
amorphous phase so that it expands laterally (i.e. in the
x and y directions parallel to the lamellar surfaces) with
an expansion coefficient no greater than that of the
crystal phase. To avoid the build up of stresses at the
crystal/amorphous interfaces, all the remaining volume
expansion of the amorphous phase is forced to occur
along the z direction, normal to the lamellar stacks. The
constrained expansion is depicted in Figure 8. Similar
constraints have been used to explain large thermal
expansion observed in amorphous diblock copolymers in
which one block exhibits much larger expansron in the
direction normal to the layer structure™.

Using Figure &, the average linear expansion of the
bulk amorphous phase, (), in a sample in which the
lamellae are arranged isotropically, would be written in a
manner analogous to equation (7) as:

(o) = (1/3)[e + o} +a] 9)

This calculation results in amorphous expansions for
PEEK of 27% x 107%°C™" and for NEW-TPI of
252 % 107°°C ', These values are in reasonable agree-
ment with the average linear amorphous phase expan-
sion deduced from t.m.a. measurements.

(T -~ U
LUTTT HHHHUHHHIHWI,;
[
T - — - T
To T>T,

z L
X

Figure 8 Model of lamellar stack expansion showing no expansion of

the crystals in the z direction. Crystals expand primarily in the x

direction (and also in the y direction which is not shown) and constrain

the amorphous phase to the same x.y expansion. The remaining volume
expansion of the amorphous phase occurs in the z direction
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While this model can account for the large changes in
long period without an assumption of thin-crystal
melting, we present it simply as one possible explanation
for the observed changes in long period. Thermal
expansion or thin-crystal melting are two effects which
are in fact difficult to separate, and additional experi-
ments will be required before a firm conclusion can be
drawn about the origin of the increase in long period seen
above T,.

CONCLUSION

High temperature thermal properties of novel thermo-
plastic polyimides containing ether and carbonyl linking
groups were studied and compared to PEEK polymer.
NEW-TPI has the highest 7, and greatest stability
against weight loss in nitrogen. The increased flexibility
of the polymer backbone results in larger CTE in these
polymers compared to more rigid, non-thermoplastic
polyimides. All materials showed an increase of about a
factor of three in CTE above the 7,. Using a two-phase
model, the amorphous phase CTE was deduced from
t.m.a. measurements and the known crystallinity.

We applied SAXS to study PEEK and NEW-TPI to
determine the expansion properties of L in a direction
perpendicular to the lamellar stacks. Below T, L did not
change much; above T, larger increases were observed.
The changes in L may be attributed either to thin-crystal
melting or to a large thermal expansion coefficient in the
amorphous phase, which could result if crystals con-
strain the lateral expansion of the amorphous chains.
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