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In the present work, the thermal transformations of Nomex [poly(m-phenylene isoph-
thalamide)] fibers have been investigated up to a temperature of 1173 K. The main stages
of the pyrolytic degradation of the fibers were determined by thermal analysis, and their
chemical and morphological evolution through the different steps was subsequently followed
by Fourier transform infrared spectroscopy (FTIR) and atomic force microscopy (AFM)
measurements, respectively. The degradation starts with the cleaving of hydrogen bonds at
approximately 633 K, which leads to a disordering of the polyaramide chains on the
nanometer scale. The next decomposition step takes place between 673 and 873 K with the
disruption of the amide bonds, the subsequent breaking of the polyaramide chains into
smaller units, and their condensation into large polyaromatic compounds. From 873 K
onward, the reaction progresses by the dehydrogenation of the polyaromatic structures and
their arrangement into graphite-like assemblies, resulting in the final fibrous carbon which
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is obtained at 1173 K.

1. Introduction

Aramid fibers are a class of synthetic polymers which
possess excellent thermal and oxidative stability, flame
resistance, and superior mechanical and dielectric be-
havior.® It is for these reasons that they have found
increasing uses in a wide variety of demanding applica-
tions in modern technology. One of these applications
takes advantage of their thermal stability and allows
the manufacturing of heat-resistant materials for fire
protection.? In a different context, aramid fibers have
been proposed in the last years as precursors of acti-
vated carbon materials with distinctive adsorbent prop-
erties, such as molecular sieve behavior.3=®> The high
crystallinity of this type of fiber is an important
advantage for this purpose, which sets them apart from
the usual fibrous precursors of low or intermediate
crystallinity. In this case, the aramid fibers are normally
transformed into activated carbon fibers by a two-step
process: pyrolysis and (physical) activation. In conse-
quence, the study of the thermal transformation of
aramid fibers has relevance in, on one hand, under-
standing the mechanisms by which the fiber degrades
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and, on the other hand, being able to select the most
advantageous conditions to prepare activated carbon
fibers.

The thermal degradation of aramid fibers has been
investigated in the past through the analysis of the
compounds evolved during their pyrolysis by techniques
such as infrared spectroscopy, gas chromatography, or
mass spectrometry.5~1! These studies provided valuable
indirect information on the chemistry of the degradation
process of aramids. However, direct information on the
changes undergone by the solid material upon pyrolysis
is still lacking or is very rare. As a matter of fact, very
few examples are reported in the literature®!1~14 and
most of them concern Kevlar, poly(p-phenylene tereph-
thalamide).

The main objective of this work was to get an insight
into the chemical and morphological transformations
undergone by the poly(m-phenylene isophthalamide)
fiber known as Nomex upon pyrolysis up to 1173 K,
when the polymer has been completely transformed into
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fibrous carbon. To date, the only direct available infor-
mation about the thermal transformation of this poly-
mer is essentially the elemental composition of the solid
residue.’>14 In the present work, Fourier transform
infrared spectroscopy (FTIR) and atomic force micros-
copy (AFM) measurements have been carried out at
different stages of the pyrolytic transformation of the
fiber, selected by thermal analysis (TGA/DTG/DTA), to
provide direct information about the changes taking
place in the chemical bondings of the polymer (FTIR)
and how those chemical changes affected the fiber
surface morphology at the nanometer scale (AFM). The
utility of FTIR to follow the thermal transformations
of other polymeric materials during pyrolysis has been
demonstrated in the past in a number of examples.15-18
On the contrary, the application of AFM to monitor the
morphological changes induced by pyrolysis on a poly-
mer at different steps of the process is much less
common, though some related work can be found in the
literature.’®=22 Being an extremely surface-sensitive
technique (capable of atomic or molecular resolution in
the most favorable cases) and having proved its capa-
bilities for the study of a wide range of materials,23-27
AFM appears as a promising technique for this purpose.
As will be shown thereafter, the morphological changes
in the fibers during the different steps of pyrolysis are
in general too subtle to be detected by more conventional
microscopic techniques, such as scanning electron mi-
croscopy (SEM).

2. Experimental Section

The starting material employed was commercial poly(m-
phenylene isophthalamide) fiber, known as Nomex, manufac-
tured by DuPont. For the present study, a variety named
Crystalline Nomex (Dtf 2.2) was used.

A Stanton-Redcroft STA-1500 thermobalance provided with
a Plus-V software was used for simultaneous thermogravim-
etry (TG) /differential thermal analysis (DTA) measurements.
The derivative of the TG curve (DTG) is also presented. The
fibers were used as received in all the thermal treatments,
without drying. Samples (~10 mg) were placed in Pt crucibles
that were 5 mm in diameter and 5 mm in height. A constant
flow of 50 cm® min~* of argon (99.99990% pure by volume)
was used. Temperatures were measured with Pt/Rh thermo-
couples placed at the bottom of the Pt crucibles, in contact with
them. a-Alumina was the reference material for DTA mea-
surements. Several linear heating rates ranging from 5 to 40
K min~! were tested over the temperature interval of 298—
1173 K. Once a convenient heating rate was chosen, samples
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that were pyrolyzed to different selected temperatures were
prepared in the same thermobalance under the same condi-
tions, effectively stopping the process by rapid cooling to room
temperature. These samples were considered to be representa-
tive of the different decomposition stages that the material
undergoes.

Elemental analyses of all samples were carried out in a
LECO CHNS-932 microanalysis apparatus with a LECO VTF-
900 accessory for oxygen. FTIR absorption spectra were
obtained in a Nicolet Magna IR560 spectrometer. Pellets in
KBr with a sample concentration of (2—5) x 107! wt %,
weighing 120 mg and 13 mm in diameter, were used. The
spectra shown are the result of coadding 200 interferograms
obtained at a resolution of 4 cm~* and normalized to 1 mg cm™2.
All samples, fresh and pyrolyzed, were cold-ground at 77 K in
a mixer mill used in combination with a cooling attachment
in which liquid nitrogen was the coolant. Then, they were kept
in a desiccator, avoiding direct exposure to sunlight in order
to prevent their photochemical degradation.?®

AFM investigations of the different heat-treated samples
were carried out in air at room temperature with a Nanoscope
Multimode Illa from Digital Instruments. In every case,
bundles of the fibers were attached to the AFM sample holder
by means of adhesive tape, taking special care to avoid the
presence of fibers protruding a great length from the sample
surface which could interfere with the cantilever and prevent
the attainment of stable imaging. The tapping mode of
operation?®3° was chosen over the more conventional contact
mode to follow the morphological evolution of the fiber with
heat treatment temperature. This was due to the fact that the
cantilevers employed in tapping mode (made of etched Si,
resonant frequency ~ 250 kHz) have a considerably smaller
tip radius of curvature (5—10 nm) than those used for contact
mode and also that the lateral shear forces in the former mode
are greatly reduced as compared with those of the latter,
resulting in a better resolution of nanometer-sized features.s!
Particular attention was paid to minimize the tip—sample
interaction during the tapping mode AFM measurements, this
being necessary to obtain accurate surface topographic infor-
mation.®2 To confirm the reproducibility of the images, several
different previously unused tips were employed to study the
samples, every sample was imaged on many different fibers,
and every fiber was imaged on several different areas. All the
images shown here were flattened and then smoothed by a
low-pass filter to improve their visual presentation, taking
special care to ensure that no artifacts or distortions were
introduced by this procedure.

3. Results

3.1. Determination of the Main Stages of Pyroly-
sis: Thermal Analysis Studies. Figures 1 and 2 show
some of the TG and DTA curves, respectively, obtained
by varying the heating rate in the pyrolysis process.
Apparently, changing this parameter does not modify
the mechanism of pyrolysis: the TG curves keep their
shape and simply shift to higher temperatures with
increasing heating rates, resulting in higher yields, and
all the DTA curves show the same features. Therefore,
an intermediate heating rate of 10 K min—! was chosen
(part b of Figure 1 and part b of Figure 2) for the
subsequent experiments.

TG (together with its derivative vs temperature, DTG)
and DTA curves obtained during Nomex pyrolysis under
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Figure 1. TG curves for heat treatments of Nomex under
argon atmosphere using heating rates of 5 (a), 10 (b), and 20
K min= (c).
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Figure 2. DTA curves for heat treatments of Nomex under
argon atmosphere using heating rates of 5 (a), 10 (b), and 20
K min=? (c).

argon with a heating rate of 10 K min~! are shown in
Figure 3. The first mass loss observed in the TG curve,
which spans from room temperature to 378 K and is
accompanied by an endothermal effect in the DTA curve
with minimum at 333 K, is ascribable to the release of
adsorbed moisture. No further changes occur until 543
K. The transformation undergone by the sample at this
temperature is barely noticeable by a mass loss of
approximately 1 wt % recorded in the TG curve, but it
is highlighted in the DTG curve and also appreciated
as an endothermal DTA peak with minimum centered
at 590 K.

The major mass loss starts at approximately 673 K.
Two steps are observed in the TG curve in the temper-
ature ranges 673—753 and 753—873 K. For the DTA
results, there is a well-defined endothermal peak with
minimum at 700 K, located in the middle of the first
mass loss step. However, the peaks are not well defined
in the temperature range corresponding to the second
TG step, suggesting that endothermal and exothermal
effects are superimposed. From 873 K on, the TG curve
shows a small but continuous mass loss which persists
even at 1173 K, accompanied by an exothermal effect
in the DTA curve.

The samples studied by FTIR and AFM were chosen
and prepared to be representative of the different stages
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Figure 3. TG, DTG, and DTA curves for Nomex pyrolysis
under argon with a heating rate of 10 K min=2.

Table 1. Chemical Analyses of Fresh and Decomposed
Nomex at Various Temperatures

Cc H (0] N
T C H O N (atom (atom (atom (atom
(K) (wt%) (wt%) (wt%) (Wt%) %) %) %) %)

293 71.2 3.9 15.6 9.7 516 339 84 6.0
473 69.7 4.7 16.2 95 477 385 83 5.6
633 69.8 4.1 15.7 96 502 354 85 5.9
706 71.9 4.0 13.7 98 521 343 75 6.1
725 69.5 4.1 13.9 95 508 356 7.6 6.0
773 739 3.8 10.7 100 543 335 59 6.3
823 76.5 4.1 6.3 102 53.0 353 34 6.3
858 78.4 3.6 51 100 586 322 29 6.4
923 79.8 35 5.8 9.0 600 309 33 5.8
1023 80.4 2.2 7.4 70 678 224 47 5.1
1173 83.6 14 8.0 6.7 745 151 54 5.1

of pyrolysis as evidenced by the thermal analysis
results.

3.2. Chemical Evolution during Pyrolysis: El-
emental Analysis and Infrared Spectroscopy Mea-
surements. The analyzed elements (C, H, O, N) when
added together arrive at a total of 100 wt % within the
experimental error. Thus, the starting material does not
contain inorganic impurities in detectable quantity. This
is confirmed by the fact that Nomex leaves no residue
either after high-temperature oxidation in air or after
low-temperature oxidation in a oxygen plasma. There
is no significant change in the elemental composition
of the sample until 823 K. From then onward, the
sample gradually increases in its content of C, as
expected in any carbonization process, while its atomic
percentage of hydrogen decreases. The other heteroat-
oms, nitrogen and oxygen, are retained to a great extent.
As a matter of fact, their atomic percent varies little
during the whole process (Table 1).

The FTIR spectrum of fresh Nomex can be seen in
Figure 4a and the main band assignments made in it
are shown in Table 2. The spectra of samples treated
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Figure 4. FTIR spectra of fresh Nomex (a) and its solid decomposition products at 633 (b), 706 (c), 746 (d), 803 (e) 823 (f), 873

(9), 923 (h), 973 (i), 1023 (j), 1073 (K), and 1173 K (I).

Table 2. FTIR Band Assignments in Fresh Nomex

wavenumber

(cm™1) band assignments

3300 N—H stretching vibrations in a secondary amide in trans form with a bonded hydrogen

3065 C—H stretching vibrations in an unsaturated compound

1660 amide C=0 stretching (usually designated as amide | band) for hydrogen-bonded amide groups

1608 C=C stretching vibrations of aromatic ring

1536 N—H in-plane bending and C—N stretching coupled modes of the C—N—H group (also known as amide Il band)

1305 aromatic C—N stretching

1240 C—N stretching, N—H in plane bending, C—C stretching (amide I11)
781, 685 out-of-plane C—H vibrations of one and three adjacent hydrogens in a meta-substituted aromatic ring
720 N—H out-of-plane bending (amide V)

at temperatures 633—1173 K are shown in Figure
4(parts b—1). The spectrum of the sample heated to 633
K is virtually the same as that of the fresh sample
except for a slight shift (~10 cm~1) to higher wavenum-
bers of the N—H stretching absorption band. As already
mentioned, there is no remarkable change in the
elemental composition of the sample until 823 K (Table
1) and so the number and position of the bands remain
invariable through thermal treatments up to that tem-
perature. The only exception is the appearance of an
aryl nitrile band (2230 cm™1) at 746 K. Consequently,
it is possible to establish comparisons of peak intensities
between the spectra of the fresh material and the
samples in the 633—823 K temperature range. These
comparisons are given in Table 3. The first column
shows the ratio between the intensities of the amide C=
O absorption band and the amide N—H band. As both
bands correspond to the same chemical group, the
quotient remains nearly constant through the entire
process. The second column corresponds to the ratio
between absorption intensities for the aromatic C=C
band and the C—H band for the polymer. Again, this
qguotient remains reasonably constant in the mentioned
temperature range. The third column gives the relative
intensity between the bands corresponding to the aro-

Table 3. FTIR Band Intensity Ratios at Various
Decomposition Temperatures

1660 cm~Y/ 1608 cm~1/ 1608 cm~Y/

T (K) 3300 cm~1 3065 cm~t 1660 cm™1!
293 3.05 6.03 1.03
706 3.06 4.60 1.01
746 3.64 5.11 1.08
803 3.53 5.72 1.43
823 2.93 5.78 1.54

matic C=C bonds and the amide C=0 bonds, which
remains constant up to temperatures of 746 K and
increases at higher temperatures. Regarding the aryl
nitrile, an increase in the intensity of its corresponding
band is observed in the course of the degradation, as
can be appreciated in Figure 4.

As the changes in the FTIR spectra at temperatures
higher than 823 K are so great that the initial bands
are severely altered, there is no point in making
guantitative comparisons with the preceding spectra.
As a consequence, results for these samples do not
appear in Table 3. Above 873 K (Figure 4g), all the
bands ascribed to the amide group disappear completely.
In contrast, the peak centered at 1608 cm™1, related to
the aromatic bonds, persists and even broadens with
increasing heat treatment temperature. The only FTIR
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Figure 5. SEM micrographs of the Nomex fibers before and
after pyrolysis: (a) fresh fiber, (b) final pyrolyzed fiber
(1173 K).

spectrum of pyrolyzed Nomex found in the literature®
corresponds to a sample that was heat-treated at 823
K for 15 min and is consistent with the spectra shown
here, it being halfway between those corresponding to
823 and 873 K (spectra f and g of Figure 4). At 1023 K
(Figure 4j), the aryl nitrile band has vanished as a
consequence of the decomposition of this previously
formed product. As indicated by the elemental analysis
(Table 1), the atomic content of hydrogen significantly
diminishes between 923 and 1023 K and this fact is
reflected in the drop in intensity of the N—H and C—H
stretching bands in the related spectra shown in Figure
4. Finally, at 1173 K (Figure 41), the FTIR spectrum of
the sample shows the typical absence of absorption
bands of many carbonaceous materials.

3.3. Morphological Evolution during Pyrolysis:
Atomic Force Microscopy Imaging. Before the AFM
results for the different heat-treated samples are shown,
it is interesting to present some SEM images for
comparison. These were obtained using a Zeiss DSM-
942 apparatus with samples that were gold-coated for
electron conduction. Figure 5 shows typical SEM mi-
crographs of the fresh Nomex fiber (a) and the fiber
pyrolyzed at 1173 K (b). Both samples exhibit striations
more or less parallel to the fiber axis, being apparently
somewhat deeper and more numerous in the former
case, which may indicate a general smoothing upon fiber
degradation. Apart from this difference and from the
fact that, as expected, a decrease in the diameter of the
final pyrolyzed fiber as compared to that of the starting
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Figure 6. General appearance of Nomex fiber before and after
pyrolysis. The images were obtained by tapping mode AFM:
(a) fresh fiber, (b) fiber pyrolyzed at 1173 K. Lateral size:
1 pum.

fiber (~16 vs 20 um) is observed (arising from the
consumption of a considerable portion of material at
1173 K), detailed morphological differences between the
two fibers could not be detected at the magnifications
that can be attained by SEM, and the same applied for
the other heat-treated samples. If the fibers experience
nanometer-scale morphological changes in the different
steps of pyrolysis, they would be clearly detected only
by AFM.

Figure 6 presents some AFM images comparing the
general appearance of the same samples as in Figure
5. As can be seen, the difference between the starting
material and the final carbonized fiber now becomes
readily obvious. The former presents a morphology
consisting of fibrils parallel to the fiber axis (from top
to bottom in all the images presented here). These fibrils
have typical diameters of a few tens of nanometers and
are more or less arranged into groups separated by
striations that are 50—100 nm wide and 20—30 nm
deep. Most probably, some of the striations are those
observed also by SEM (Figure 5a). By contrast, the
fibrillar morphology has completely disappeared from
the sample heat-treated at 1173 K. Now the topography
turns out to be much smoother (root mean square
roughness values of 1—3 nm compared to 7—10 nm for
the untreated fiber), as also evidenced in the line profiles
of Figure 7, and is characterized by approximately
rounded platelets (which will be subsequently shown in
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Figure 7. Line profiles of the fresh and pyrolyzed fibers from
the images of Figure 6: (a) fresh fiber, (b) fiber pyrolyzed at
1173 K. The line profiles are drawn from left to right in the
images, that is, perpendicular to the fiber axis.

more detail) typically between 10 and 20 nm in diam-
eter. No preferred orientation of the features along the
fiber axis can be evidenced now, in contrast to the fresh
Nomex fiber. In consequence, the fiber surface has
become more isotropic after the pyrolytic transforma-
tion.

In Figure 8, the detailed nanometer-scale evolution
of the fiber surface morphology with heat treatment for
selected temperatures, as detected by AFM, is shown.
Although slight variations in the exact morphology could
sometimes be observed from place to place within a
given sample, the general features outlined in the
images of Figure 8 were found to be representative of
the changes undergone by the fibers upon heat treat-
ment, since they reflected trends observed with a high
reproducibility everywhere. As can be appreciated, there
is a gradual transformation of the starting Nomex fiber
(a) into the final fibrous carbon (f). Initially, as men-
tioned previously, the Nomex fiber presents a structure
made up of long fibrils approximately parallel to the
fiber axis (a reflection of its molecular conformation).
Below the heat treatment temperature of 573 K, no
appreciable changes in morphology are observed. After
a heat treatment of 633 K (b), the anisotropy that is
characteristic of the starting material has been lost to
a noticeable extent and the long fibrils of the fresh fiber
have been replaced by shorter features, as if the fibrils
were truncated at several points, losing their long range
(along the fiber axis) cohesiveness. Upon pyrolysis at
706 K (c), the anisotropy of the fiber has disappeared
completely and its morphology consists of more or less
rounded or elongated features with typical lateral sizes
around 20 nm arranged in a disorganized way. Increas-
ing the heat treatment temperature by 30 K, up to 736
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K (d), results in a smoothing of the surface topography
but the general features are quite similar to those of
the previous sample, only perhaps they are now more
rounded. After a heat treatment of 823 K (e), the fiber
surface appears highly isotropic and is comprised of
rounded domains (platelets) with diameters between 10
and 20 nm. This turns out to be, in essence, the final
morphology of the pyrolyzed material, since no funda-
mental changes in the surface features take place by
raising the heat treatment temperature to 1173 K (f),
after which the aramid fiber has been thoroughly
converted into fibrous carbon. The only difference
observed is that in the final pyrolyzed sample, the
features are somewhat more pronounced in the z direc-
tion than those in the 823 K sample, but basically, from
a morphological point of view, the final carbonized
material is already developed at this latter temperature.

It should also be noted that in the particular case of
the 1173 K sample, further evidence of its morphology
could be obtained from scanning tunneling microscopy
(STM). The images recorded by STM were totally
consistent with those acquired by AFM: rounded na-
nometer-sized features and absence of directionality
along the fiber axis. For the rest of the samples, due to
a lack of conductivity, STM imaging was not practicable
because the tip would crash onto the samples.

4. Discussion

From the results presented in this work, several
observations regarding the mechanisms of the thermal
transformation of the Nomex fiber into fibrous carbon
can be made. The first step in the process of the thermal
degradation takes place at about 633 K with the
cleavage of the hydrogen bonds that hold the polyara-
mide chains together. This breaking of the hydrogen
bonds in Nomex is reflected in the endothermal effect
registered in its DTA curve and also in the small mass
loss (~1%) recorded in the TGA curve (Figure 3) due to
the release of water present in the crystalline lattice,®
which was most probably forming hydrogen bonds with
the amide groups. Evidence for the cleavage of the
hydrogen bonds is also found in the FTIR spectra
(Figure 4b): the shifting of the N—H amide band
observed at 633 K (~10 cm™1) is characteristic of the
breaking of this type of bond.3® The AFM images at this
temperature (Figure 8b) also reflect this change: as
mentioned previously, the long fibrils typical of the
pristine material have been replaced to a considerable
extent by shorter features, without long range cohesive-
ness. This can be explained by the rupture of the
hydrogen bonds, which leaves the polyaramide chains
free to rearrange themselves, so that they curl up in a
disorganized way when the sample is allowed to cool to
room temperature. As a result, the chains lose their
originally stretched arrangement and the anisotropy of
the starting material is reduced.

The rupture of hydrogen bonds between polymer
chains occurs prior to the main mass loss and is well
differentiated from the onset of this process, which
starts at 673 K and continues up to 873 K. In this range

(33) Brugel, W. An Introduction to Infrared Spectroscopy; John
Wiley & Sons: New York, 1962.
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Figure 8. AFM images of the surface morphological evolution of fresh Nomex (a) and its solid decomposition products at 633 (b),

706 (c), 736 (d), 823 (e), and 1173 K (f). Lateral size: 250 nm.

of temperatures, the second step in the polymer decom-
position comes about. Now, the amide bonds, which hold
the aromatic units together, begin to break down and,
as a consequence, the polyaramide chain collapses and
divides into shorter chains. The TG results (Figure 3)
evidence the existence of two regimes for this step, as
commented beforehand. The first one, between 673 and
753 K, reflects the heterolytic breaking of the amide
bonds.”® This is also noticed in the DTA curve (Figure
3), which shows an endothermal peak at 700 K. The
second regime spreads between 753 and 873 K and
arises from the homolytic rupture of the amide bonds.
The FTIR results corroborate the splitting of this step
into two regimes: while the intensities of the bands

related to the amide group and the aromatic ring drop
in parallel in the first regime, in the second, only the
intensities of the former diminish (Table 3). This
observation suggests the occurrence of both polycon-
densation reactions, which are exothermal processes,
and homolytic ruptures of the amide bonds (endother-
mal) simultaneously, which leads to the superposition
of the two effects in the DTA curve in the temperature
range between 753 and 873 K. The polycondensation
reactions give rise to an increasing aromatization of the
heat-treated sample. As regards the products of the
rupture of the amide bond, aryl nitrile compounds have
been detected in the present work (2230 cm~?! band in
the FTIR spectra, Figure 4) and also in previous
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studies.1013 Concerning the AFM results, the breaking
of the polyaramide chains into smaller units and the
subsequent disorder brought about by this effect is
reflected in a further reduction of anisotropy in the
sample surface morphology (Figure 8c—e).

Polycondensation reactions continue after 873 K,
when amide bonds have disappeared (Figure 4h). The
polycondensation is reflected in the small but continu-
ous mass loss observed in the TG curve for this tem-
perature range and coincident with a DTA (Figure 3)
exothermal effect and the decrease in the hydrogen
content (Table 1). It is also manifested by the persis-
tence of a broadened peak at 1608 cm™! in the FTIR
spectra corresponding to the aromatic absorption band.
The AFM morphology seen here at a temperature of
1173 K has also been found for other disordered carbon-
ized materials® and is made up of small stacks (~6
nm3%) of graphite-like layers. Finally, the relative
similarity in morphology between the AFM images of
the samples heat-treated at 823 and 1173 K should be
drawn to attention: it strongly suggests a considerable
aromatization of the former sample, in agreement with
the DTA and FTIR observations. Thus, the general
picture at this last stage of the degradation process is
that the skeleton of the final carbonaceous material has
already been developed to a considerable extent at 823
K and, essentially, the evolution of the fiber from that
temperature up to the formation of the final fibrous
carbon at 1173 K proceeds by the dehydrogenation of
the aromatic structures to eventually form small graph-
ite-like assemblies.

(34) Nysten, B.; Roux, J.-C.; Flandrois, S.; Daulan, C.; Saadaoui,
H. Phys. Rev. B 1993, 48, 12527.

(35) Blanco Lopez, M. C.; Martinez-Alonso, A.; Tascon, J. M. D.
Microporous Mesoporous Mater. 2000, 34, 171.
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5. Conclusions

FTIR and AFM have proved to be very valuable
techniques for providing direct and complementary
information on the thermal degradation of Nomex
aramid fibers. The chemical and morphological changes
observed by these two techniques were found to be
consistent with each other: (a) The rupture of hydrogen
bonds between polyaramide chains revealed by FTIR
was also evidenced by an increasing disorganization and
a noticeable reduction of anisotropy observed in the
AFM images on the nanometer scale. (b) The disruption
of the amide bonds which the FTIR spectra indicated,
and the subsequent splitting of the chains into smaller
units, led to a further reduction of anisotropy and
increasing nanometer-scale morphological disorder, as
AFM was able to show. (c) The early (823 K) signs of
polycondensation reactions appearing in the FTIR spec-
tra and the dehydrogenation which follows at higher
temperatures were coherent with the similarity between
AFM images at 823 K and higher temperatures, with
this resemblance strongly suggesting the formation of
polyaromatic compounds at the former temperature.
The morphological changes detected by AFM upon the
different stages of pyrolysis could also reveal helpful
information in similar studies of thermal treatment/
degradation of other polymers.

Acknowledgment. The authors thank their col-
leagues Javier Fernandez and Celina Blanco (DuPont
Asturias) for providing the Nomex sample. Financial
support from CICYT (Project 1FD1997-1915) is grate-
fully acknowledged. We also acknowledge a predoctoral
fellowship from the Spanish Ministry of Education
awarded to S.V.-R.

CMO001219F



