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Abstract

The clectrical and thermal properties of two high-performance polymers,” PEEK,
poly(etheretherkctone), and NEW-TPI semicrystalline thermoplastic polyimide, are re-
viewed and compared in this work. Diclectric relaxation was used as a probe of the
crystal/amorphous interphase and is shown to be sensitive to the interphase structure in
the temperature range above the glass transition. The dielectric relaration intensity is
relatcd to the number density of dipeles thalt are relaxed at a given temperature. For
NEW-TPI. the constrained amorphous phase is completely relaxed within thirty degrees
above 7., while for PEEK the interphase relaxes more gradually. Thermal analysis shows
that PEEK contains a much larger fraction of constrained amorphous chains and a much
smaller fraction of mobile amorphous chains, compared to NEW-TPI. PEEK cryslallizes
more rapidly above the plass transition., and a large fraction of PEEK crystallinity is
attributed to secondary crystallization processes. In NEW-TPI, as a result of the increased
chain stiffness, cold crystallization is slow and little or no crystals develop by secondary
crysiallization. These differences in crystallization behaviour of the two malterials may be
related to the differences in the formation of a rigid amorphous interphase.

INTRODUCTION

Failure of the two-phase model adequately to describe the morphology
of semicrystalline polymers has been recognized for a long time [1-8]. The
picture of perfect lamellar crystals separated by random ccil-like amor-
phous chains was deemed too simple, and could not account for specific
observations. For example, observation of a third relaxation between the
amorphous and crystal phase relaxations in polyethylene [9] was attributed
to the fold surface region which exhibited properties intermediate between

those of the crystal and amorphous phases. Such a region may generally be
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termed an ‘‘“‘interphase’, or transition zone, over which a variation in
properties occurs. Other examples of systems which may possess an
interphase would include block copolymers, fiber/matrix composites,
immiscible and partially miscible blends, blends with one component
crystallizable, semi-interpenetrating networks, and polymers containing
additives such as toughening agents. | ' '

In this paper, we review our recent work using dielectric relaxation to
explore the molecular mobility of interphase regions [10-12]. In Fig. 1, a
very simple sketch of three regions is shown. The regions differ in their
molecular mobility, with region 1 being the most rigid, and 2 the least rigid.
Region i is the interphase, and has intermediate mobility. To probe the
temperature-dependent relaxation, we utilize a local probe of molecular
mobility, here shown as an arrow. In the case of dielectric experiments, the
arrow is an electric dipole of dipole moment u. In a different type of
experiment using nuclear magnetic resonance, the arrow is a nuclear
magnetic dipole moment. We have used both approaches in our study of
molecular mobility in poly(phenylene sulfide), PPS [10, 13]. Here we
restrict our attention to the electric dipole probe, which we have previously
used to study molecular mobility in two cther high-performance polymers,
poly(etheretherketone), PEEK [11], and the semicrystalline polyimide,
NEW-TPI [12]. While in some case¢s the probe itself may be an additive, for
example a dopant molecule which has a dipole moment, in our studies the
electric dipole is located on the peolymer chain and is controiled by the
chemistry of the monomer repeat unit. In Fig. 1, if regions 1,2 and i are
chemically the same, e.g. a homopoiymer, then differences in behaviour of
the electric dipole probe can be related directly to the differences in
molecular mobility among the three regions at any temperature.

In this work, we consider specifically the interphase region which exists
in semicrystalline polymers as a result of the constraining effect of crystals
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Fig. 1. Schemiatic of phase structure showing more and less mobile regions separated by an

interphasc. The arrow represcnts a local probe of mobility, such as an electric dipole
moment or a nuclear magnetic momeoent.
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on the moblhty of the amorphous phase This mterphase material has been
termed. the rigid amorphous phase fraction [14-20], or the constrained
amorphous phase. We describe the dielectric relaxation method which
allowed us quantitatively to analyze the mobility of such interphase regions
as a function of temperature [10-12]. We compare the dielectric method to
thermal analysis methods which have been used to deduce the existence of
r|g|d interphase material [14-20]. Finally, we consider the possible relation
ship between chemical structure differences and effects of the kinetics of
crystallization in two systems which are shown to exhibit very different
relaxation behavior of the interphase. The two polymers that will be
compared here are PEEK and NEW-TPI thermoplastic polyimide. Our-
resuits lead to a general picture which suggests that polymers that
crystallize slowly, and with little or no formation of secondary crystals, will
have smaller amounts of low-mobility interphase. Polymers that crystallize
rapidly, and form large populations of seécondary crystals, may force large

constraints upon the amorphous phase leading to formanon of a significant
amount of constrained mt&.rphase

THEORETICAL SECTION

In this section, we review the basis for the use of dielectric relaxation to
study interphases. The dielectric relaxation intensity is shown to be related
to the dielectric constant and loss, which are the experimentally measured
guantities. Then the relaxation intensity is related to the microscopic
parameters of interest, namely the number density of the relaxing dipoles.
These concepts are summarized from various excellent reviews, to which
the reader is referred for greater detail [21-25].

Dielectric relaxation intensity

The complex dielectric function, € =&’ —ig”, is obtained by direct
measurement (as described in the Experlmental Section below) as a
function of frequency and temperature; € can be written according to the
Havriliak—Negami formulation [26] of the Debye equations [27] as

(&.— &=)
= [1 + (Gwr)n]™ - R

The parameters @, and a. (0 <a,<1) are empirical broadening factors that
describe the departure from the Debye equations for which a =a= 1. In
eqn. (1), w is the angular frequency of the applied field, T is the central
- relaxation time for the process of interest, and &. and g, are the high and
low frequency limiting values of the permittivity, resPectwely In the case
wherc the broadening is symmetric, which was in fact the case for our
mvestlgatlons of" PPS PEEK, and NEW-TPI [10 12] then a, = 1. Under

=g
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the cohdilion a, = 1, the set of equations given by egn. (1) can be rewritten
as [28] :

, _ 1 + (w7)" cos(a, n/2) '
g =e.+ (e 8:)[1 + 2(wT)" cos(a, m/2) + (w‘r)z“f] (2a)
. (wT)" sin(a, 7/2)
£ = (s, s")[] + 2(ewT)" cos(a, m/2) + (wr)z‘“] (2b)

. These equations can be solved to eliminate the common variable, w1,

and the resulting equation is that of a circle in the complex plane given by
[28]

(¢ -5 v (e 25 a0 D)) = (255 w(d)) @
£ > E > .na,z = > CSsC a,z 3)

A plot of £ versus g’ is called a Cole—Cole plot [28]. The intersection
points of the circle with the axis €’ = 0 give the values of €. and g, directly.

The difference g, — e. is called the relaxation intensity, or relaxation
“‘strength™.

Relationship to microscopic parameters

Many excellent reviews derive the relationship between macroscopic
quantities, such as the dielectric relaxation strength, &, — €., and micro-
scopic parameters characterizing the dipoles on a polymer chain [21-25].
The main factors which need to be considered include first, the temperature

dependence of the orientational polarizability, «,, which has the general
form

ap= Nup2/3kT (4)

where N is the number of dipoles per unit volume, u is the dipole moment,
k is Boltzmann's constant, and T is temperature. Next, on a polymer chain,
the orientation of any dipole unit will be correlated to that of neighboring
dipoles on the same chain because of hindered rotations. Finally, the
applied electric field will differ from the electric field acting locally at the
position of the dipole. Using the formulation of Frohlich [21], the limiting
static dielectric constant difference at temperature 7 can be written

38()kT (235 +1)2 k' k=k!

(ML= (M=t 3y 2222 1 4 5 cosouop] )
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where . is the dipole moment of a repeat unit and N, is the number of
dipole groups (repeat units) per unit volume. The last term, in square:
brackets, reflects the angular correlation between dipoles k and k’.on the
same chain. A similar term could be included for the angular correlation
between dipoles on different chains, but for polymers this may - be
considered as negligible [22]. The two middle terms containing €, and &..
arise from the Onsager relationship of the local to the applied electric field
[29]. It is our specific interest to consider the temperature dependence of

the dielectric response. Rewriting eqn. (5) to collect terms in &, and £. we
have :

e(T), — e(T)..

: _ % :
N (The (T)(Bs.,kT) (6)

For simplification, in eqn. (6) we have used g for the angular correlation
term, and % for the electric field ratio which is defined as

(3&.)(2€, + &€.)
(2, + 1)? (7)

G =

Equation (6) was derived on the assumption that the material is
homogeneous, which is a reasonable assumption for the case of a quenched
amorphous polymer. For a semicrystailine material, the representation of
the polymer as a mixture of separate phases has been treated in detail by
Boyd [30]. In our relaxation study, we are concerned with the amorphous
phase relaxation only. At the temperatures and frequencics of interest, the
crystals are dielectrically inactive. The crystals act as constraints on the

mobility of the amorphous phase but the specific morphology of the crystals
is not taken into account.

EXPERIMENTAL SECTION

Electrical measurements

Here we describe in detall our experimental setup which was used in our
research reported previously [10-13]. These details have not been
presented elsewhere. First, the polymer film is coated on both sides with
thermally evaporated gold electrodes. During the evaporation process, the
film is heat-sunk to a metal block to avoid any temperature increase. The
gold layer provides very intimate contact with the sample surface and
prevents the introduction of any air gap. The area of the gold coating
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Fig. 2. Experimental setup for diclectric relaxation experiments showing computer control
of impedance analyzer and hot stage for temperature control. The four-wire bundle is
attached to rigid electrodes between which the saumple film is placed.

defines the area used in the calculation of the dielectric function. Two rigid
brass disk electrodes are then positioned against the polymer film surface
and held in place by Kapton'™ tape. The surface area of the brass disks is
slightly less than the surface area of the sample coated by the geld. This
allows easy positioning of the electrod=as. The upper brass disk is connected
to the high voltage supply and current-in wires; the lower brass disk is
connected to the low voltage and current-out wires. In our situation, the
electrode radius (5.0 mm) is very much greater than the film thickness
(0.075 mm), so that the effect of fringe fields is negligible. Therefore, we
did not employ a guard electrode.

The measurement system is shown in Fig. 2. The main components
include: temperature control system, voltage and current measurement
system, data collection and analysis system, and the sample electrode
~assembly described above. The temperature control functions are handled
by a Mettler FP80 micros:ope hot stage and its controller, which can either
heat at a constant rate or hold isothermally. The practical temperature
range is from room temperature up to about 320°C. The heating rate used
was 1-2°C min~'. The hot stage was slightly modified by filing away the
entrance slot to make it wider; this allows the somewhat thick electrode
- assembly to be placed inside the stage without opening the stage cover.

- The voltage and current supply and measurement are handled by a
Hewlett Packard 4284A Precision LCR meter. Corrections are made for
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open and short circuit conditions. The frequency range of this instrument is
from 100 Hz to 1 MHz, but in practice we did not use frequencies below
500 Hz because the lower frequency signal-to-noise ratio was unfavorable,
and ionic conductivity effects increase greatly as frequency is reduced. Data
collection and analysis tasks are handled by a Macintosh SE30 computer
with a National Instruments board and Labview"™ software. Data from the
HP impedance analyzer are fed directly into the computer upon execution
of a manual *‘start’ signal. The system measures the capacitance C, and
resistance R, of an equivalent circuit modeled as a parallel combination.
The real and imaginary parts of the dielectric funcition are determined from
the measured quantities according to

g'=C /Cu Cpd/(Asgy) (8a)
= 1/{R,Cow)=d[/(R, A&, ,w) (8b)

where C,, is the empty cell capacitance, d is the initial film thickness and A is
the electrode area. Eliminating the geometrical factors, we define the loss
tangent as tan & = ¢"/g’.

The real and imaginary parts of the dielectric function are analyzed
according 1o eqn. (3) using a non-linear least-squares fitting routine [31].
The fitting parameters were (e.— €.)/2, €. and a,. Not all the data points
were used in the fitting. Ionic conductivity effects {(at low frequency) and
overlap of secondary relaxations (at high frequency) occasionally resulted
in a data point Leing excluded from the fit. To determine whether a point
would be excluded, a cubic spline fit to the data was made and the second
derivative evaluated. A change of sign of the second derivative was used as
the determining factor. The validity of the fitting procedure used to
determine the intercepts £(7), and £(T). was checked in the following way.
First, the parameter (&, — £.)/2 was forced to take a value that deviated
from its best fit value. The fitting program was rerun with (&, — £.)/2 fixed
at this new value, and with £.. and a, now free to take values as needed to
minimize the squared deviations of the calculated &” from the £” data. The
fit was judged to be poor as soon as the initial choice resulted in a factor of
two change in th- chi-square value. This criterion was applied to each of
the fit parameters in turn. Results indicate that the valie of (g, — £.)/2 is
determined to £4%, €. to 0.5%, and a, to =5%.

Sample characterization

Two polymers are compared in the present study, PEEK and NEW- TPI.
‘The chemical structure of PEEK is well known  [32], and contains
alternating phenyl—ethf*r and phenyl ketone lmkages. PEEK polymer was
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obtained in pellet form from ICI Americas, Inc. and compression-molded
into thin sheets as previously described [33]. During molding the films were
heated to 370°C, then an amorphous film was made by quenching from the
melt into ice water. The glass transition of the amorphous film was
determined to be 145°C, from the midpoint of the sigmoidal transition,
during scanning in a Perkin-Elmer DSC-4 at 20°C min~'. Crystalline film
was made by rapidlv heating the amorphous film in a Mettler FP80 hot
stage to a cold crystallization temperature above 7, and holding for 1 h. The
crystalline film was removed from the hot stage and aliowed to cool in air to
room temperature. |
NEW-TPI (product of Mitsui Toatsu) is a recent addition to the family of

polyimides. [ts chemical structure has been previously published [34-36]
and is shown in Scheme 1.

ACe -~ :
s epeloge)
o

Scheme I. The structure of NEW-TPI.

This polymer is composed of a very rigid dianhydride component, made
from pyromellitic dianhydride, PMDA. This group imparts a high degree of
chain rigidity to NEW-TPI. To make NEW-TPI both crystallizable and
thermoplastic, flexibilizing groups are incorporated into the diamine
component. NEW-TPI film was processed by Foster Miller, Inc. from
NEW-TPI pellets provided by Mitsui Toatsu Chemical Co. and now
marketed as Aurum™™. The as-received film was amorphous, judging from
wide-angle X-ray scattering curves, and the equality of heats of crystal-
‘lization and melting [35]. The glass transition temperature, determined as
above, was 248°C. Crystalline NEW-TPI film was made by rapidly heating
- the amorphous film in the Mettler hot stage to a cold crystallization
temperature above 7T, and holding for one hour. The film was cooled by
‘quenching in air.

Thermal analysis was performed on all materials using a Perkin-Elmer
DSC-4 with a 20°C min™' scanning rate. The sample masses were in the
range from 2 to 10 mg. The heats of reaction, glass transition, and melting
temperatures were calibrated using indium and tin standards. The melting
points were determined from the peaks of the melting endotherms. The
degree of crystallinity y. was determined from area of the fusion peak,
using 130J g~! for PEEK [32] and 139J g~' for NEW-TPI [37]. The use of
therma! analysis to determine the amount of interphase . material has been
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described previously [10-12, 14]. The interphase, being of reduced molecu-

lar mobility, has beenr termed the ‘rigid amorphous fraction” or the
constrained amorphous fraction. The amount of rigid amorphous inter-
phase material as measured thermally is desngnated X and is found from

Xt Xt Xa=1 _ (9)
where y, is the amount of amorphous phase which exhibits a clear heut
capacity step at the glass transition temperature [10-12, 14-20] and is found

from the ratio between the glass transition heat capacity increment of the

semicrystalline polymer and the increment in the 100% amorphous
polymer. :

RESULTS
Thermal analysis

The phase composition of the two polymers is compai‘ed in Fig. 3(a) and
(b) for PEEK and NEW-TPI, respectively. In both polymers, the mass

0.50 = 0.75 =
1 0.65 1
0.55
0.40 J
5 § %
€ 3
E 0351 _3 .
[ ]
%] < o
= T = 0.35 1
0.30
0.25
0.22 4
0.20 T - v hd Q.05 =T T T . T
150 200 250 3 350 280 300 320 340 360 380
Crystallization temperature in"C . Crvstallizaliu-n temperature in°C

Fig. 3. Mass fractions of the three phases as a function of cold crystallization tempcrature

@, crystal phase: 3, liquid-like amorphous phase; and A, rigid amorphous phase. (a) PEEK.
(b) NEW-TPL. ‘
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fr'lcuon crystalhmty (solid c1rcles) increases as a function of crystallization
temperature while the liquid-like, or more mobile amorphous fraction,
(open squares) is relatively insensitive to thermal treatment. The rigid
amorphous fraction (open triangles) is calculated from eqn. (9). As a
function of crystallization temperature, this fraction decreases in both
polymers. The degree of crystallinity for PEEK is slightly larger than for
NEW-TPI. For the PEEK samples, ¥, is in the range 0.28-0.36, which is
quite typical for this polymer [32, 33, 38]. NEW-TPI has a slightly smaller
degree of crystallinity, at about 0.25, which is also typical [35.36].
NEW-TPI has a much larger liquid-like amorphous phase (0.60) compared
to PEEK (0.40); NEW-TPI has a much smaller rigid amorphous phase
(0.15-0.10) compared to PEEK (0.32-0.24). |

Table 1 shows the thermal analysis results for PEEK and NEW-TPI for
the cold crystallization treatments described in the Experimental section.
“The glass transition temperatures and DSC melting points were found from
the DSC scans of films heated from room temperature to above the melting

TABLE 1

Thermal propertics a1 20°C min ' of PEEK and NEW-TPI: glass transition and melting peak
temperatures of amorphous films and of films cold-crystallized at the indicated tem-
peratures

Crystallization 1./°C T../°C T2/ °C
temp./°C {(x£0.3°C) (£0.3°C) (£0.3°C)
PEEK

Amorphous " 145.1 - 335
180 159.1 199.7 337.8
200 158.5 2234 337.8
220 158.0 242.8 3384
24{( 157.6 261.6 3384
260 156.8 277.8 3384
280 155.7 2978 3378
300 154.8 318.5 338.5
NEW-TPI

Amorphous® 248 ‘ - 382
30} 2529 3id.4 385
310 251.3 3219 380.3
320 . : 250.40 3325 379.5
330 ' 248.7 349 380.9
340 247.3 351.0 381.9
350 246.5 36005 - 385.0
360 ‘ 244.4 371.8 380.4

" Amorphous films were quenched from above the infinite crystal mcllmg_ pmm to 25°C. " No
dual melting ;. int observed.
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endotherm at 20°C min~'. Cold crystallization was chosen because it has

been previously shown to result in the largest amount of rigid amorphous
fraction [10,11,19,20]. By these indicators, NEW-TPI is accounted as
possessing the more rigid structure compared to PEEK. Amorphous PEEK
has a 7, value of 145°C [11, 32] while amorphous NEW-TP] has a 7, of
248°C [35,36]. The DSC melting points also indicated the more rigid-
chemical structure of NEW-TPIL. The upper melting point (of the dual
endotherms usually seen) is near 338°C for PEEK [32, 33, 38] and 380°C for
NEW-TPI [35, 36].

Generally, it is expected that the crystals act as constriants, or
thermoreversible crosslinks, which reduce the mobility of the amorphous
chains. The anticipated effect on the glass transition is that T, is shifted to
higher temperature and the temperature interval of the glass—to -rubber
transition is broadencd. For PEEK polymer, Table 1 shows the typical
behavior in the semicrystalline polymer compared to the gquenched
amorphous film. Whereas the T, of quenched PEEK is about 145°C, the 7,
of all semicrystalline PEEK is nearly 10-14°C higher. The semicrystalline
PEEK shows a decrease in the value of 7, as the cold crystallization
temperature increases. NEW-TPI, however, has a very minor change in
glass transition temperature after cold crystaliization. The increase in T for
the semicrystalline sample with 7,=300°C is only 5°C. As the cold
crystallization temperature increases, 7, decreases in NEW-TPI just as in
PEEK. But judging by the midpoint of the step in the heat capacity, the 7,
values of some semicrystalline films (those with cold crystallization
temperatures greater than 330°C) are actually less than that of the
quenched amorphous material.

To address the differences in crystallization behavior between PEEK and
NEW-TPI, we show results of non-isothermal crystallization in Fig. 4. DSC
scans of amorphous PEEK and NEW-TPI at 10°Cmin~' over the same
temperature range are shown in Fig. 4. The non-isothermal crystallization
of PEEK occurs very quickly as the polymer is heated above T,, and the
exotherm and subsequent endotherm are well separated.’ NEW TPI
crystallizes much more slowly during heating. Above T,, the exotherm is
very broad and nearly overiaps with the start of the endotherm at this scan
rate [35].

In Fig. 5, results of isothermal cold (PEEK and NEW-TPI) or melt
(PEEK only) crystallization kinetics studied of these polymers are shown.
While melt crystallization was not used to prepare PEEK samples for the
dielectric analysas it is presented here along with cold crystallization to
show differences in the mechanism of crystallization of the two polymers. In
Fig. 5, the Avrami analysrs [39, 40] double logarithmic plot of crystallinity
development with time is shown. For PEEK, a very large fraction of the
crystals, about 0.50 relative crystalhmty, develops by secondary crystal-
lization processes [33]. This is seen by the break in the slope of the double
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Fig. 4. Thermograms of PEEK (curve 1) and NEW-TPI (curve 2) scanned at 10°C min ',

Hcat flow has been normalized per unit of sample mass., and curves have been displaced
vertically for clarity.

logarithmic plot. (Reference to the Avrami analysis of these polymers can
be found in refs. 33 and 36.) For NEW-TPI, however, there is almost no
break in slope at the later crystallization time, indicating that this pelymer

crystallizes by a single mechanism from initiation up to completion of
crystallization.

Dielectric analysis

Figure 6 shows tan S plotted against temperature for amorphous PEEK
(squares) and NEW-TPI (circles), at 1 kHz (open symbols) and 100 kHz
(solid symbols). Note that the vertical and horizontal scales are the same
but the axes zeros have been offset for clarity and ease of comparison. Both
polymers display a distinct peak at the glass transition temperature.
Considering PEEK polymer, we see that at both frequencies two relaxation
peaks exist, the second lower in magnitude and shifted up in temperature.
At temperatures above 200°C, ionic conductivity and Maxwell-Wagner
- interfacial polarization effects serve to increase the loss at the lower
frequency. The NEW-TPI amorphous films display a much lower loss value

at the glass transition than the PEEK films. Two relaxation peaks cannot be
separately distinguished in NEW-TPI amorphous film,
' Semicrystalline PEEK (squares) and NEW-TPI (circles) Ioss tangent
versus temperature plots are shown in Fig. 7 at two frequencies, 100 kHz,
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Fig. 5. Avrami plots of log]—In(] = {x.(0)/x.(=)D)] vs. log time during isolthermal
crystailization: @, PEEK, 315°C; O, PEEK. 164°C: O. NEW-TPI, 340°C.

and 1 kHz (PEEk) or 2kHz (NEW-TPI). The loss tangents are much
smaller in the semicrystalline samples compared to the amorphous samples
shown in Fig. 6 due to the reduction in the amount of amorphous chains.
Now only one relaxation peak is seen, and its position is identical to that of
the second, higher temperature peak seen in Fig. 6, which appeared after
the amorphous sample crystallized. .
Cole—Cole plots of & versus £’ as a function of measurement
temperature are shown in Fig. 8(a) and (b), respectively, for the amorphous
films of PEEK [11] and NEW-TPI [12]. Symbols represent the measured
data and the solid line is the best fit to eqn. (3). The interval between the
x-axis intercepts represents the dielectric strength and shows an initial
decreasing trend with temperature for PEEK (Fig. 8(a)). PEEK begins to
crystallize (above 165°C) and after crystallization there is a sudden decrease
in both intercepts. It takes about 12s to accumulate data at all the
frequencies. Within a window of about 8°C, from 166 to 174°C, crystal-
lization is occurring so rapidly that the low and high frequency data
represent different physical states of the sample. This situation results in a
severe skewing of the Cole—Cole arc. and we do not attempt to analyze the
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Fig. 6. Loss tangent (tan 8) vs. temperature for amorphous PEEK ([J, B) and amorphous
NEW-TPI (O. @) at frequencices of 1 kHz (open symbols) and 100 kHz {solid symbols).

relaxation strength during this period of crystallization. Following the
crystallization, the relaxation strength increases for PEEK. For NEW-TPI
(Fig. 8(b)), the amorphous film relaxation strength shows a monotonically
decreasing trend over the entire temperature range.

The limiting values of the dielectric constants, &, and €., are shown in
Fig. 9(a) and (b) for semicrystalline and amorphous PEEK, respectively. In
Fig. 9(a), two different crystallization treatment conditions are compared.
The value of g.. is unchanged by the crystallization temperature. The value
of g, is systematically larger in the PEEK sample crystalhzed at lower
temperature. The amorphous PEEK sample is shown in Fig. 9(b). At this
heating rate, the amorphous film crystallizes during heating above 165°C
[11]. A change in both g, and ge. is observed at this temperature. After
crystallization, the value of £.. is the same as that seen in the semicrystalline

~samples (Fig. 9(a)). The value of g, is largest prior to crystallization, and
- decreases suddenly from 4.5 to about 4.0 after crystallization. This value is
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Fig. 7. Loss tangent (tan 8) vs. temperature for PEEK crystallized at 200°C (I:I,-) and.

NEW-TPI crystallized at 3(K)°C (O. @) at frequencies of 1 kHz (). 2 KHz (O). and 100 kHz
(H.®),

larger than the corresponding &, values seen in either of the isothermally
crystallized PEEK films.

The linriting values of dielectric constant for amorphous and crystallized
NEW-TPI are shown together in Fig. 10. The vertical scale is the same as
that used for the semicrystalline PEEK films, shown in Fig. 9(a). The
crystalline NEW-TPI sampie (circles) shows a weak declining trend in both
£, and e.. which is is within the error bars. The amorphous sample (squares).
also has both &, and €. decreasing slightly with increasing temperature and
this is also within the error limits.

Figure 11(a) and (b) shows plots of the temperature dependence of the
relaxation strength divided by the electric field ratio, or (&, — £.)/ %, for.
amorphous and semicrystalline samples of the two polymers. In Flg 11(a),
for two semxcrystallme PEEK samples (circles), (g,— £.)/% is seen to
increase with increasing temperature. For morphous PEEK (squares),
(e. — €.}/ F initially decreases and then increases above 175°C. The broken
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Fig. 9. Limiting values of the dielectric constant. g, (upper curves) and &, (lower curves), vs.
tempcrature for PEEK. (a) Crystallized al 200°C (@) or 280°C (A). (b) Amorphous PEEK.

line represents an estimate of the behavior of non-crystallizable PEEK. For
NEW-TPI shown in Fig. 11(b), the plot of (&.— &.)/% versus T for
crystalline sample (solid symbols) first decreases and then levels off. The
amorphous sample decreases continuously.

DISCUSSION

Thermal properties

Thermal analysis is often used as a major tool to study the properties of
semicrystalline polymers. The two polymers considered here, PEEK -and
NEW-TPI, arc shown by thermal analysis to differ in the following
properties: effect of crystals on the glass transition temperature, isothermal
and non-isothermal crystallization kinetics, mechanism of crystallization,
amount of liquid-like amorphous phase, and amount of constrained
amorphous phase. NEW-TPI has the more rigid chemical repeat unit, and
as a result has slower kinetics when cold crystallizing either isothermally or
‘non-isothermally, as shown in Fig. 2. :

The process of crystal development has been analyzed by the Avram:_
equation [39, 40] (Fig. 4) and PEEK has a distinct change in kinetic process
during the latter stages of. crystalhzatlon This leads to a decrease in the
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Avrami exponent (from 2.8 to about 1.5 [33]), which usually is related to
the formation of secondary crystals in a constrained geometry where fully
three-dimensional growth is not considered possible. However, NEW-TPI
exhibits no such change in kinetic processes: one Avrami exponent can be
used to fit the entire crystallization curve [36]. Spherulitic growth has been
observed to occur in NEW-TPI [41] and the Avrami exponent of » = 3.5
[36] is consistent with three-dimensional growth and a mixed nucleation
process between athermal (17 =3) and thermal (s = 4) limiting cases [42].
However, the fact that a single process occurs over the entire range of
crystallization times may mean that formation of secondary crystals is
limited in NEW-TPI. This may be a consequence of its more rigid chemical
structure and low chain mobility which may prevent nucleation of
secondary crystals between the emstmg lamellae.

From the phase fractions shown in Fig. 3, we see that the degree of
crystallinity is slightly smaller in NEW-TPI than in PEEK, but the amount
of liquid-like amorphous phase is much greater and the amount of rigid, or
constrained, amorphous phase is much smaller. In determining the phase
fractions shown in Fig. 3, we utilized the method developed by
Wunderlich’s group [14-20]. At any temperature, the normalized heat
capacity increment y(7) is defined as '

C{l(T)hquld C[?(T):.l:ﬂid (ID)
Cfl(T)lquIltl C]»(T)::ulid

Y (T)=

where superscript sc represents the amorphous phase in the semicrystalline
polymer, and superscript a represents the amorphous phase in the 100%
amorphous polymer.

v(7.) represents the total of mobile relaxing units, i.e. ¥,(7;). As Mathot
has shown, this is the fraction of the amorphous phase in the semicrystalline
polymer which is able to exhibit cooperative glass transition relaxation
behavior in the case where there is no excess heat capacity {43]. If the
two-phase model is strictly valid and there is no excess heat capacity, then
A7) =1=v(T).

Wunderlich and co-workers [14-20] studied the thermal properttes of
several high-performance polymers as a function of processing history. This
group showed that PEEK exhibits a rigid amorphous fraction which does
not become liquid-like at the glass transition. In other words, this rigid
material does not contribute to the distinct heat capacity increment at 7,. In
the semicrystalline polymer they found that the heat capacity increment
decreased from its value in the amorphous sample far more than could be
expected on the basis of the known degree of crystallinity. The rigid
amorphous fraction behaves like the crystal fraction at T, and was suggested
to be located in the crystal/amorphous interphase region. It was also
suggested that the rigid amorphous fraction might not become mobile until
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the crystals themselves had melted [19, 20]. In the fol]owing sections we-
show that dielectric relaxation provides evidence that the rigid amorphous
interphase fraction represents chains of reduced molecular mobility, and

that these chains become mobile in the temperature range between 7, and
Ty '

Dielectric properties

Dielectric relaxation is used to provide a more sensitive indicator of
relaxation behavior in these two polymers. From the loss tangent data of
Figs. 6 and 7 we see that in both PEEK and NEW-TPI, crystals serve to
broaden the alpha relaxation (glass transition) and shift the tan & peak to
higher temperatures. The effect is very obvious in PEEK (Fig. 6) where two
maxima are seen in the amorphous film which crystallizes during the
heating. On the high temperature side, the tan § peak does not decrease to
the baseline because of the interference of a second higher temperature
relaxation. Both polymers also show this second peak, which is the
relaxation of the amorphous phase in the now crystalline material. The
degree of separation of the two peaks depends upon the degree to which
the crystals serve as constraints on the amorphous chains. In NEW-TPI,
crystallization is relatively slow compared to PEEK and the glass transition
temperature is hardly affected by the presence of the crystals. This results
in the pronounced overlap of the two peaks. The peak position of tan § is
shifted to higher tempeature in the semicrystalline films (Fig. 7) and the
peak width is increased on the high temperature side.

In spite of the fact that dielectric experiments are typically performed as
a function of increasing temperature, it is not possible to analyze the
temperature curves quantitatively. There is no simple relationship between
peak height, or peak area, in temperature space, which would allow a
direct connection to microscopic parameters. Therefore, the Cole—Cole
plots are preferred because all frequency information is plotted together to
obtain a single frequency-independent parameter, the relaxation strength.
The parameter is directly related to microscopic variables through eqn. (5).
Cole—-Cole plots. such as those shown in Fig. 8, allow determination of g,
€., and the relaxation strength at any measurement temperature.

The limiting values of the dielectric constant, shown in Figs. 9 and 10,
provide insight into the effects of the thermal history on relaxation
processes occurring above the main glass transition relaxation. The high
frequency value £. is controlled by sub-7, processes in the amorphous
~phase. These motions involve localized dipcle movements that do not
require the large-scale mobility of amorphous polymer chain segments. For
semicrystalline PEEK (Fig. 9(b)), €. is the same for samples which have
identical mass fractions of liquid-like amorphous phase, but different mass
fractions of crystallinity and rigid amorphous phase. Thus, from the
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standpoint of localized motions, the crystals and the rigid amorphous phase
can be grouped together. The data for g. for 7, = 200°C c¢veriap completely
with the 7. =280°C data. The value of &. for the quenched amorphous
PEEK (Fig. 9(a)} is very close to that of the semicrystalline samples, yet
there are some differences. As the amorphous PEEK crystallizes, there is a
sudden decrease in £.. This is a result of the reduced number of amorphous
phase dipoles which are available to contribute to the sub-7, relaxation.
After the sudden crystallization (from 165°C to about 175°C), the value of
£. decreases faster with increasing temperature than the decrease seen in
the two semicrystalline PEEK films. In NEW-TPI (Fig. 10), within the error
limits, €= does not decrease with increasing temperature, and the data for
the amorphous and semlcrystallme materials overlap We conclude that
localized dipole movement in NEW-TPI is the same in the amorphous film
as in the semicrystalline film.
In both PEEK and NEW-TPI, the low frequency, or static value, of the
dielectric constant shows a strong dependence on structure. Samples with
reater amorphous phase fractions have an increased value of &,. In Fig.
9(b), the PEEK film c¢rystallized at 200°C has the greater value of &,
compared to the film crystallized at 280°C. The twe materials have the same
liquid-like amorphous phase fractions from thermal analysis, but different
rigid amorphous fractions and different degrees of crystallinity. Film with
7.=200°C has x¥.=0.29 and x,, =0.30, while film with T,=280°C has
x.=0.35 and yx,, = 0.25. The amorphous film (Fig. 9(a)) shows a decrease in
g, with increasing temperature prior to crystallization. At 165°C, &,
decreases sharply as the amorphous material is converted to the crystal
phase. Above 175°C there is only a small decrease in &,, which is within the
error bars, The values of g, after the amorphous film has crystallized are
greater than either of the crystalline PEEK films over the temperature
range, a reflection of the reduced degree of crystallinity in the quenched
and now-crystalline film. NEW-TPI has the same trend between the
semicrystalline film and amorphous film. Owing to the very slow cold
crystallization process, there is no crystallization of the amorphous film up
to 294°C. Therefore we conclude that the amorphous phase relaxes in the
same manner in both the amorphous and semicrystalline NEW-TPI for the
temperature range shown.

Relationship to microscopic parameters

The most significant information, and that which can be directly related
to microscopic parameters through eqn. (6), is that shown in Fig. 11. The
temperature dependence of (&, — £.)/ % has several origins. As seen from
eqn. (6), there is an explicit 1/7T term arising from the temperature
dependence of the orientational polarizability, which reduces the relaxation
strength as a function of increasing temyperature. This explicit temperature
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dependence reflecis the competition between thermal energy, which tends’
to misorient dipoles through thermal fluctuation, and the electric field
energy which tends to align dipoles along the field direction. Of course, this
term is always operational, and if there were no other tomperature-
dependent terms we would expect (&, — ¢.)/F always to decrease. In Fig.
11(a), the amorphous curve decreases prior to 165°C as a result of the
thermal energy term. The decrease is steeper than a simple /T
dependence, and this is usually interpreted as being due to the temperature
dependence of the angular correlation of dipoles. Because the decrease is
steeper than 1/7T, we conclude that cooperative interaction decreases with
increasing temperature. In other words, in eqn. (6), orientational polariza-
bility and g(7) both exhibit the same trend, decreasing with increasing
temperature. After 165°C, the amorphous curve decreases for these
recasons, but also because of the sudden reduction in the number density of
amorphous phase dipoles. As crystallization occurs from 166°C to 174°C,
dipoles are removed from the amorphous phase, thus reducing N..

In this work we are concerned only with the relaxation process
characterizing the glass transition in the amorphous phase of a polymer, so
the relaxation strength, (&, — £..)/ %, relates specifically to amorphous phase
behavior in 100% amorphous material. Then N, refers to the number of
amorphous phase dipole groups per unit of samiple volume. Now consider
what happens when the polymer of interest has 1 fractional degree of
crystallinity .. The number of amorphous phase dipole groups per unit of
sample volume will be reduced, and the value of (g, — €..)/ % will become
(1 — x.) times its value in the 100% amorphous sample. From this we
realize that any temperature-dependent process that alters the relative
phase fractions (such as crystallization, melting, or liberation of constrained
amorphous phase) will introduce temperature dependence into (g, — €.)/F
through changes in N,. We can now use the measured temperature
dependence of (&, — €.}/ % 1o deduce information about the temperature
dependence of M.

Consistent with the reduced number density of amorphous phase
dipoles, the semicrystalline samples (both PEEK and NEW-TPI) all have
smaller values of (&, — £.)/ % compared to the amorphous samples. The
relaxation strength of NEW-TPI (Fig. 11(b)) is smaller than that of PEEK,
probably as a result of the weaker permanent dipole, u,. However, the
main difference between these two polymers is in the temperature
dependence of (&, — €.)/ % for the semicrystalline samples. In PEEK, the
isothermally . crystallized films, and the amorphous . film after it. has
crystallized, show an increase in (g, — €.)/ % as a function of temperature.
- This cannot be the result of any temperature dependency associated with
' orientational polarizability or correlated motion of dipoles, because these
terms have the opposite trend. This increase in dielectric strength must
-come from temperature dependence in N,. The reason for the increase in
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IV, is the liberation of previously rigid amorphous phase dipoles, located at
the crystal/amorphous interphase. These interphase dipoles, which surely
have a distribution of molecular mobilities, are made mobile above the
glass transition Lemperature of the liquid-like, or most mobile, amorphous
phase dipoles.

As temperature increases (in spite of the countervening effects of
thermal energy and dipole correlation which make (g, — €..)/ % decrease),
we still see strong increase in (g, — £.)/%. This is true for all the crystalline
PEEK and PPS samples we have studied [10,11]. It is not true for
NEW-TPI, however. As seen in Fig. 11(b), (& — &.)/F for NEW-TPI
decreases in both amorphous and semicrystalline films. We conclude that
for this material, a very small amount of additional interphase dipoles are
liberated for the range of temperatures studied. The temperature window
is small, however, and efforts are currently underway to explore a lower
temperature range closer to 7, for the bemlcrystallme MNEW-TPI.

It is convenient to define a parameter B(T), which is the direct electrical
analogue to ¥(7) from eqn. (10). We write a dielectric relaxation intensity
ratio to represent the behavior of the amorphous phase in semicrystalline

film normalized to its behavior in the 100% amorphous tilm. Thus, B8(T} is
defined as )

B(T) = [Ae(TYy</ F<]/[Aae(T)/F] (11)

where, as before, the superscript sc refers to the amorphous phase in the
semicrystalline polymer, and superscript a refers to the amorphous phase in
the 100% amorphous polymer. (The definition of 8(7) differs slightly from
the one we used previously in which the terms containing % were omitted.
This is justified because of the very weak temperature dependence of & but

the present equation, eqn. (11), is more exact.) Comparing to egn. {(6), we
now write

B(T) = N(Tyg(TY IN(T)'g(T)" (12)

If we assume that the dipole angular correlation term is approximately the

same in the amorphous phase of both samples, then eqn. {12) simplifies
further to

B(T) = NTY/NAT)" (13)

B(T) represents the relative number of dipoles per unit volume which
are relaxed at temperature 7 in the semicrystalline polymer, compared to
the 100% amorphous polymer. This definition is convenient because it
allows a direcl comparison between the semicrystalline and 100% amor-
phous materials and provides an estimate of the effectiveness of crystals in
constraining the mobility of amorphous chains.

Getting a precise vaiue for B(T) is difficult because evaluatmg the
denominator of eqn. (11) from the data shown in Fig. 11 requires



252 ) P. Cebe, P.P. Huo/Thermochim. Acta 238 (1994) 229-255
TABLE 2

Lower and uppei; limi g values of 2(7T) for PEEK " and NEW-TPI " compared to mobile
amorphous, x,. and total amorphous, ¥,, + ¥.. mass fractions.

Matcrial ' 7"‘!'.W|-‘I’,°C B(T-luwur) xll np[l'rlac B( 7:.Ii‘pl:r) Xrn + xll
PEEK 160 0.43 041 190 0.72 0.71
NEW-TPI 275 0.72 0.62 300 0.76 0.77

* PEEK cold-crystallized at 200°C. " NEW-TPI cold-crystallized at 300°C.

knowledge of the behavior of an amorphous sample at temperatures above
7,. PEEK polymer crystallizes so rapidly that we had to estimate the value
of the denominator from an extrapolation of the amorphous data from
temperatures above 7, to just below 7,,. For PEEK this estimate uses the
broken non-crystalline curve shown in Fig. 11(a). For NEW-TPI no
extrapolatlon was required because the amorphous phase data overlap the
crystalline sample data. In both cases, the values we find fcr 8(7) are
estimates only.

In Table 2 we list selected estimated values of B8(T) for PEEK and
NEW-TFI. If no rigid interphase dipoles are as yet relaxed, then at a
temperature 7 = T uer» B(7T) should be equal to the number of
dipoles/volume in the liquid, or rubbery, state because only these dipoles
contribute to the glass transition relaxation. From Table 2 we see that the
estimated B( 7w, = 160°C) for PEEK is nearly equal to x,, the liquid-like
amorphous fraction determined from DSC. However for NEW-TPI,
B(Tower = 275°C) is greater than Yx,. At an upper limit temperature,
T = Typper, If all rigid interphase is already relaxed, 8(7") should equal the
total number/volurie of amorphous phase dipoles because we expect the
interphase to become mobile at the melting point. The temperature T, is
chosen to be less than the onset temperature of the melting endotherm. In
both polymers the upper limit 8(7,,,..) is neariy equal to 1 — y. which is
the total amorphous phase, including both x, and .. For PEEK,
ﬁ(TumM_ 190°C) is 0.72, and x., + x. is 0.71; in NEW-TPY, B(T.pper =
300°C) is 0.76, and x,, + x. is 0.77.

The physical interpretation of these results is the following. Above the
DSC T, we expect all liquid-like amorphous phase to become mobile. But
at 71,“,,_.,, the rigid amorphous interphase has not yet become mobile. Thus,
for PEEK B{(Ti....) is very close in value to x,. The number density of
dipoles relaxed just above the calorimetric 7, is about the same as the
liquid-like amorphous fraction. However, in NEW-TPI 8(7 ,u..) is greater
“than x,, indicating that a large portion of the interphase has already
relaxed.

'~ As temperature is increased, more and more dipoles from the rigid
amorphous interphase join the relaxation. At the onset of melting, 7,,,.., all
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TABLE 3

Ordering of polymers using chain flexibility, glass transition temperature and account of
lquIl.d -like amourphous phase present

PBT < PPS < PEEK < NEW.TPI
{most flexible) (least flexible)
T./°C 35 90 145 249
Xu 0.10 0.2¢9 0.40 0.62

the rigid amorphous and liquid-like amorphous dipoles are relaxed in-
PEEK and NEW-TPI. Thus, B8(7,,,..) is very close to x, + ¥,.. The number
density of dipoles relaxed by the onset of melting is about the same as the
total amorphous fraction determined calorimetrically. We conclude that
normalized dielectric relaxation intensity is a sensitive, quantitative
indicator of the rnolecular mobility of the interphase regions.

The issue of the relat:onshlp between chain flexibility and formatlon of
rigid amorphous material arises in considering cther polymers, such as
poly(butylene terephthalate), PBT. PBT has a very fiexible chemical
structure yet possesses almost no mobile morphous phase material, neariy
all the amorphous phase being considered as rigid [19]. Clearly, the
chemical structure differences that reduce chain flexibility, and increase the
glass transition and melting point, are not the only factors that determine
whether the amorphous phase will exhibit a rigid fraction. We suggest that
the crystailization kinetics, and the formation of secondary crystallization,
will be important factors that control the relative amount of rigid
amorphous chains in PBT, PPS, PEEK and NEW-TPI. In terms of the
qualitative estimate of chain flexibility, glass transition temperature and
amount of liquid-like amorphous phase, we would rank these polymers as
shown in Table 3. The polymers that are least flexible have the greatest
amount of mobile amorphous phase. However, on the basis of qualitative
estimates of ciystallization rate, and the amount of rigid amorphous phase
present, the polymers would be ranked as shown in Table 4. The polymer
with the most flexible chain (PBT) can crystallize the most rapidly, forming
a large population of very poorly formed crystals that are effective in
constraining the amorphous phase. NEW-TPI, which has the least flexible

TABLE 4

Order of polymers using crystallization rate and account of rigid amorphous phase prescent

NEW-TPI < - PEEK < - PPS < PBT
{slowest rate) . (fastest rate)

Xra 0.12 . o 0.27 0.38 0.60
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structure, crysml]izes most slowly, and exhibits the least fracticn of-
constrained amorphous phase chains.

This qualitative ordering is simply meant to suggest that it is inappropri-
ate to say that stiffer chain polymers necessarily form the largest amount of
rigid amorphous phase. The ability of crystals to act as constraints on the
molecular mobility of the amorphous phase may be more direcltly related to
the crystallization kinetics. In particular, polymers that crystallize rapidly
and/or with a large fraction of secondary, in-filling lameilae, may be more
effective in creating constrained amorphous chains. This picture is
consistent with observations that crystallization under conditions of low
chain mobility (such as cold crystallization, or crystallization by cooling at
high rates) leads to formation of the greatest amount of constrained
amorphous phase for a given polymer [11, 20].

CONCLUSIONS

In thlS review, we have indicated how dielectric relaxation can be used as
an important tool for the examination of structural relaxations in
semicrystalline polymers. This tool shows excellent sensitivity to changes in
microstructural parameters and allowed us to explore the relaxation of the
crystal/amorphous interphase chains. The power of this technique is related
to thc direct association which can be made between the measured
dielectric constant and loss in temperature—frequency space, and the
microscopic parameters through well developed theoretical models. PEEK
and NEW-TPI1 showed very different interphase relaxation behaviors above
the glass transition. We suggest that these differences arise from differences
in the crystallization behavior. Dielectric relaxation studies together with
thermal analysis will lead to a better understanding of the role that chemical

structure plays in determining the amount and nature of the constrained
amorphous interphase.
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