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Using X-ray diffraction data, the behaviour of Kevlar 49 fibres at low temperatures, up to
—100°C, has been analysed. During cooling, the basal plane of the monoclinic unit cell
shrinks whereas the c- (unique, chain axis) length is not significantly affected. In contrast, in
the return heating cycle to ambient temperature, the basal plane expands and contraction
occurs along the chain direction. The unit cell registers a reduction in volume in both the
cooling and heating cycles. Conspicuously, after a cycle of cooling and heating, the unit cell
does not return to its initial volume. © 2003 Kluwer Academic Publishers

1. Introduction

Kevlar is a high strength, high modulus, light weight
aramid fibre commercialised by DuPont Inc., USA. The
wide range of applications of Kevlar fibres includes use
in deep sea environment and also high up in space [1]
where the fibres or components made of the fibres can
get exposed to temperatures (7') less than the ambient
temperature of ~24°C. Although extensive work has
been carried out on the high temperature behaviour of
Kevlar fibres [2—12], very little is known about Kevlar
at low temperatures. Yang [13], in a review on Kevlar
fibres, mentions that when the fibres are exposed to
temperatures as low as —196°C, no embrittlement or
degradation occurs. Jackson et al. [14] have investi-
gated the dynamics of the amide bond of PPTA in the
temperature range —184 to 228°C using one dimen-
sional quadrupole echo H NMR method. In a later
study, Schaefer and English [15] have elucidated the
dynamics of the p-phenylene diamine rings of PPTA
in the temperature range —119 to 75°C using two di-
mensional exchange solid state >’H NMR spectroscopy.
Conspicuosly, none of these earlier studies at low tem-
peratures concern the crystallographic characteristics.
This paper reports the details of the first investigation
on the crystal structural characteristics of Kevlar 49 fi-
bres at low temperatures, derived by X-ray diffraction
methods, using an in sifu cooling/heating arrangement.

2. Experimental details

The samples used were Kevlar 49 fibres commer-
cialised by DuPont Inc., USA X-ray diffraction pat-
terns were recorded using a STOE/STADI-P computer
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controlled powder diffractometer, in the transmission
geometry. Germanium monochromated CuKe1 radia-
tion was employed. A curved position sensitive detector
was used. The patterns were recorded at the following
temperatures in the sequence given below:

Room = 0°C = —50°C = —100°C = Room
temperature

(24°C)(RT1)

temperature
(24°C)(RT2)

To distinguish between the two room temperature
patterns, the ambient temperature prior to cooling is
referred to as RT1 and that reached after excursion to
the chosen lowermost temperature of —100°C is re-
ferred to as RT2. To reach T'’s < 24°C a programmable
Oxford cryogenic system with liquid nitrogen as
the cooling agent was used. The rate of cooling was
—2°C/min. The sample was cooled by a spray of liquid
nitrogen from a nozzle. Care was taken to ensure that
the fibres were as close as possible to the nozzle tip and
at the same time secure enough so that they did not get
displaced during the recording of the X-ray diffraction
patterns. After recording the X-ray diffraction patterns
at —100°C, the cryostat was switched off and the
fibres were allowed to return to room temperature in
an uncontrolled heating process. It took about an hour
to warm up from —100°C to RT2.

In these experiments, after reaching the chosen tem-
peratures, 5 minutes were allowed for stabilisation.
While recording the diffraction patterns, the tempera-
ture remained stable upto an accuracy of £0.5°C. Both
equatorial and meridional patterns were recorded in
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the 26 range 8—72° using tautly held bundles of fibres
~0.3 mm thick. As the diffractometer circle was hor-
izontal, the fibres were mounted vertically to record
the equatorial reflections and then rotated by 90° to the
horizontal position to record the meridional reflections.
The equatorial and the meridional patterns included the
reflections (110), (200), (310) and (002), (004), (006)
respectively. At each of the chosen temperatures the
fibre was exposed for ~1 h.

The parameters 26p,, half width w and the inte-
grated intensity I of individual reflections were derived
by fitting the diffractometer menu driven Lorentzian?
function to the observed diffraction profiles. As is well
known, values of the estimated standard deviations of

Figure 1 Molecular arrangement in the crystallographic be- plane of the
unit cell. The dashed lines represent the inter chain hydrogen bonds.
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these parameters are also calculated by the software
package. The unit cell constants @ and b were esti-
mated from the equatorial reflections (200) and (110)
respectively. As the reflection (310) was comparatively
weak it was not included in the calculations. Among
the meridional reflections, (002) was quite weak and
could not be used reliably. The higher angle reflection
(006) was slightly asymmetric and hence the subse-
quent profile fitting used to derive the profile parame-
ters had a comparatively high reliability factor. Hence,
the unit cell constant ¢ was determined using the re-
flection (004) only. Values of residual crystallinity, K,
were estimated from the ratio 7 /Iy where Iy and I cor-
respond to the integrated intensities at RT and at any
other temperature respectively.

3. Results and discussion
Kevlar crystallises in the monoclinic space group Pn
or P2;/n [16, 17]. In the crystal structure poly (p-
phenylene terephthalamide) or PPTA (Fig. 1) chains
of which Kevlar is made of [18], are fully extended
in an all trans conformation and are oriented along
the crystallographic c-direction. (unique axis). Adja-
cent chains along the b-direction interact by the for-
mation of inter chain NH...O hydrogen bonds. The
layers thus stabilised by hydrogen bonds are stacked
periodically along the crystallographic a-direction.
Figs 2 and 3 present the equatorial and the meridional
diffraction patterns respectively. As a typical example,
in each category, only one low temperature pattern has
been included. The diffraction patterns at ambient and
low temperatures are remarkably similar thereby show-
ing that the crystal structure is basically unaffected
by exposure to the chosen low temperatures. Exami-
nation of the profile characteristics, however, indicate
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Figure 2 Equatorial diffraction profiles from fibres (a) prior to cooling (RT1) (b) At —100°C and (c) At RT2. Where * is Ice peak. (Continued.)
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Figure 2 (Continued).

interesting features, viz., (i) during heating as well as
cooling, the unit cell manifests an anisotropic dimen-
sional change and (ii) in the return, heating cycle the
unit cell does not return to its initial dimensions. Details
of these observations are presented below.

3.1. Basal plane dimensions

With lowering of temperature, the 26,,,x values of the
equatorial reflections exhibit a progressive shift towards
higher angles. Most of the observed shifts (A’s) in the
26max values, though small, are statistically significant,
with |A|/o > 3. Here o is the standard deviation of
the A value. Table I presents the percentage variations

(®)

U-Jun-01

in the unit cell dimensions. Here, ag, by and ¢ corre-
spond to the parameters at RT1. With the lowering of
temperature from RT1 to —100°C, both a- and b-values
decrease progressively. At T = —100°C, the reductions
are ~0.7 and 0.1% respectively. The difference in the
magnitudes of the reductions in the a- and b-values is
indeed conspicuous. It must be mentioned that similar
preferential change in the a-value has been observed in
Kevlar 49 fibres exposed to T’s up to 500°C also [8,
9, 12]. It appears therefore that in the basal plane, the
a-dimension is readily affected by changes in tempera-
ture, be it high or low, than the »-dimension. The pref-
erential sensitivity of the a-length may be associated
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TABLE I Percentages variations in the unit cell dimensions

Temperature (°C) (Aa/ap)100 (Ab/bp)100 (Ac/c)100 (AA/Ap)100 (AV/V5)100
RT1 - - - - -

0 —0.123 0.094 0.002 —0.030 —0.027

—50 —0.401 —0.059 0.006 —0.459 —0.453
—100 —0.698 —-0.117 —0.061 —0.815 —0.877

RT2 0.236 0.249 —2.537 0.486 —2.064

The A’s in columns 2-6 are defined as ()Low temperature/RT2-ORT1 -
The unit cell dimensions at RT1 are indicated by the subscript ¢.
The increase in the basal plane area in the heating cycle from —100°C to RT2 is ~1.3% (Not listed in the table).
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Figure 3 Meridional diffraction profiles from fibres: (a) prior to cooling (RT1) (b) at —50°C and (c) at RT2. Where * is Ice peak. (Continued.)
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Figure 3 (Continued).
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Figure 4 Percentage variation in the (a) basal plane area, (b) axial length
for the cooling and heating cycles respectively. Values of «(/°C), calcu-
lated using adjacent data points, have also been included.

with the presence of van der Waal’s interactions along
the crystallographic a-direction [16].

The shrinkage in the basal plane area, A is depicted in
Fig. 4a. At —100°C, the reduction is ~—0.8%. In the
return, heating cycle from —100°C to RT2, the basal
plane, however, enlarges. These observations are not
very surprising because most materials exhibit shrink-
age during cooling and expansion during heating and
the basal plane of Kevlar 49 fibres exhibits this conven-
tional behaviour.

The interesting feature, however, concerns the rel-
ative dimensions of the basal plane at RT1 and RT2

respectively. Although both refer to the ambient tem-
perature of ~24°C, the dimensions at RT1 and RT?2 are
not the same. As shown in Fig. 4a in the return, heat-
ing cycle from —100°C to RT2, the magnitude of the
expansion is much more than the shrinkage introduced
during cooling from RT1 to —100°C. Thus, the result
of cooling from RT1 to —100°C and returning to RT2,
leaves the basal plane with a 0.5% expansion from the
initial area.

In Fig. 4a the coefficients of negative thermal expan-
sion, azp, of the basal plane area for adjacent tempera-
ture ranges have been marked. The variation of s with
T is not linear. For the entire range of cooling from RT1
to —100°C, the value of a5 is —65.7 x 10~¢/°C.In con-
trast, the coefficient of thermal expansion correspond-
ing to heating from —100°C to RT2 is 105.8 x 1076/°C
and is ~1.6 times the coefficient of contraction ob-
served during cooling through the same temperature
range. It must be pointed out that in the present study,
the cooling and heating rates were not identical. Al-
though cooling upto —100°C was at the rate of 2°C/min,
heating from —100°C to RT2 was uncontrolled. Pos-
sible contribution from the difference in cooling and
heating rates to the observed differences in the op’s
during heating and cooling, cannot be ruled out.

3.2. Axial dimension

The behaviour of the axial dimension during cooling is
very different from that of the basal plane. The strik-
ing feature is that at T’s < 24°C, the observed shifts
in the 26, values of the meridional reflections are
not statistically significant, the |A|/o values being <1.
As seen from Fig. 1, in the crystal structure of Kevlar,
the c-length of the unit cell represents the end-to-end
length of a PPTA monomer which has an all trans fully
extended conformation [16]. Absence of significant
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shifts in the 20,5« values suggests that exposures to
temperatures up to —100°C, do not introduce signif-
icant changes in the initial molecular conformation.
Fig. 4b presents the percentage variation in the c-length
which, for reasons mentioned above are not considered
statistically significant.

It has been reported that Kevlar 49 fibres exhibit a
macro axial contraction during heating [19, 20]. The re-
cent high temperature studies of Jain and Vijayan [19]
showed that similar to the macro behaviour of the fi-
bre, the crystallographic unit cell also manifests an ax-
ial contraction during heating. Thus, the negative axial
expansion characteristic of the molecules in the crys-
tallographic unit cell and also of the entire fibre, dur-
ing heating, has been unambiguously established in the
past. The near invariance of the c-length during cool-
ing, observed in the present study suggests that although
heating introduces contraction, cooling causes no sig-
nificant changes in dimension.

Unlike in the case of data corresponding to cooling
the |A|/o value for the shift in the 26,,,x value intro-
duced during heating from —100°C to RT2 is ~52 and
this shift is indeed statistically reliable. Fig. 4b depicts
the reduction of ~2.5% in the c-length during the return
heating cycle from —100°C to RT2. The coefficient of
negative thermal expansion, aa, corresponding to the
observed shrinkage has also been marked in Fig. 4b.

As in the case of the basal plane dimensions, the
c-value at RT?2 is very different from the starting value
at RT1. The striking difference, however, concerns the
directions of change. Whereas the basal plane expands
during heating, the axial length contracts, leading to the
following inequalities

Basal plane: (a, b)rr1 < (@, b)rT2

Axial dimension: (¢)rT; > (C)rRT2

3.3. Unit cell volume, V

Fig. 5 presents the percentage variation in the unit cell
volume. It is seen that in the cooling cycle the unit cell
contracts, with the major contribution to the shrinkage
arising from the reduction in the basal plane dimen-
sions. Interestingly, in the heating cycle also, the unit
cell contracts, despite an increase in the basal plane area
by ~1.3%. The principal contributor to the reduction
in volume is the shrinkage of the c-axial dimension by
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Figure 5 Percentage variation in the unit cell volume for the cooling and
heating cycles respectively.
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~2.5% which is significantly more than the increase
in the basal plane area. Thus, after undergoing a cycle
comprising of both cooling and heating of the type de-
scribed above, Kevlar 49 fibres are characterised by a
crystallographic unit cell smaller than the initial one. It
must be pointed out that similar data regarding the effect
of cyclic cooling and heating on the macro behaviour
of the fibre are not available in literature.

The negative axial expansion of Kevlar 49 fibres has
been a cause of concern to users of Kevlar fibre rein-
forced composites, at elevated temperatures. In a com-
posite, if there is anisotropic shrinkage in the volume of
the fibre at elevated temperatures, the properties of the
components made of the composite can deviate from
the initial values and thus affect their anticipated per-
formance. The present study suggests that another sim-
ilar cause of concern may arise from cyclic cooling
and heating. If the behaviour of the unit cell which
has emerged from the present study could be extrapo-
lated to the macro behaviour of the fibre, it is likely that
when components made of Kevlar 49 fibres get exposed
to low temperature and then brought back to ambient
conditions, the fibre fraction of the composite would
have suffered a residual, reduction in volume which in
turn can affect the properties and performance of the
composite.

3.4. Half width, w

As is well known, the half widths of X-ray reflections
are related to the crystallite size and microstrain. In the
case of Kevlar fibres, changes in half width values of
both the equatorial and meridional reflections during
heating as well as cooling were statistically not signifi-
cant. Neither the crystallite size nor the lattice strains of
Kevlar 49 fibres thus appear to be sensitive to exposures
to low temperatures.

3.5. Crystallinity

It is well known that the crystallinity of a diffracting
material affects the total intensity distribution in the X-
ray diffraction pattern [22]. The crystallinity of a fibre,
in turn, is closely related to its tensile modulus. Rela-
tive changes in the crystallinity values can be identified
from a comparison of the integrated intensities, esti-
mated under identical experimental conditions. Based
on the correlation between I and crystallinity, the tem-
perature induced variations in the residual crystallinity
values of Kevlar 49 fibres have been derived (Fig. 6).
Here, the integrated intensities of the equatorial pat-
terns have been used. In the cooling cycle from RTI
to —100°C, the crystallinity increases by ~1.6%. In
contrast, in the heating cycle the crystallinity reduces
by ~8%. This decrease is similar to the behaviour of
fibres heated above 24°C[8, 10]. The correlation be-
tween crystallinity and tensile properties suggests that
the tensile modulus of Kevlar 49 fibres exposed to low
temperatures may be expected to be adversely affected.
Details of the experiments which establish the changes
in the tensile modulus of Kevlar 49 fibres exposed to
low temperatures will be presented elsewhere.
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Figure 6 Variation in the residual crystallinity in the cooling and heating
cycles respectively.

4. Conclusion

Exposures of Kevlar 49 fibres to low temperatures upto
—100°C and subsequent heating to ambient tempera-
ture of ~24°C, both introduce anisotropic dimensional
changes in the crystallographic unit cell. In the cool-
ing cycle, the basal plane of the monoclinic cell shrinks
and the axial dimension which corresponds to the repeat
unit of the PPTA chain does not register any significant
change. In contrast, in the heating cycle, the basal plane
expands and the axial dimension shrinks. Interestingly,
the unit cell registers a reduction in volume in both the
cooling and the heating cycles. After the cooling and
heating cycles, the unit cell does not return to its initial
dimensions. Crystallinity values suggest a reduction in
the tensile modulus.
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