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ABSTRACT

This article uses in situ X ray diffraction techniques to
study PAN (polyacrylonitrile) preoxidation processes. In a
series of resolution charts obtained from wide angle measurements
and varying with sample pyrolysis times at different
temperatures, calculations are made of sample crystallinities,
microcrystalline dimensions, crystal lattice spacing, and
"aromatization" indices. 1In conjunction with this, explanations
are givern for the transient cases associated wit.: these
parameters following along with changes in experimental
conditions. At the same time, descriptions are also done of
cyclization kinematics behavior associated with PAN fibers during
preoxidation processes. Solutions are made for cyclization
reaction speeds and activation parameters at various

temperatures.

KEY WORDS PAN fiber, Pyrolytic characteristics, Kinetics of
cyclization, In situ X ray diffraction techniques
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GRAPHICS DISCLAIMER

All figures, graphics, tables, equations, etc. merged into this
translation were extracted from the best quality copy available.
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Following along with the break neck development of
materials science, which is one of the three great pillars
of modern civilization, carbon fibers, which have prospects
in national economies and the peoples' livelihood, have
received a high degree of serious attention from the
scientists and entrepreneurs of various countries. In
particular, broad research [1-4] has been carried out on one
of the raw materials taken to make carbon gauze--thermal
dissociated PAN fibers. Option is made for in situ
techniques in order to track changes in system constituent
structures. Although there are incomparable advantages,
making use of in situ X ray diffraction methods on PAN fiber
pyrolysis processes to carry out tracking has, however, been

reported up to now in very few references.

In order to better observe dynamic changes during PAN
fiber low temperature pyrolysis processes, this article uses
in situ X ray diffraction techniques to study PAN fiber
transient dynamic pyrolysis characteristics, tracking
structural changes generated by samples in pyrolysis periods
and thereby obtaining structural details better able to
reflect serial patterns of transient change behaviors and to
use structural changes in order to show signs of the kinetic

course of nitrile radical cyclization in PAN.

* Numbers in margins indicate foreign pagination.
Commas in numbers indicate decimals.
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EXPERIMENTAL SECTION

1. Samples

The samples used in this article were supplied by the
Jilin chemical industry company reagant plant. The PAN
fiber bundles in question are 1000 fibers to a bundle.
Their characteristics are a fiber size (fiber unit),
strength (gram/fiber unit), and elongation (%) of 1.10,
4.57, and 14.60 respectively. In fibers, the contained
amounts of carbon, hydrogen, nitrogen, and oxygen (wt%) are
respectively 65.56, 5.76, 24.51, and 2.77.

5. Instrumentation and Experimental Conditions

/550
Experiments were carried out on a 2311B1 high temperature
apparatus associated with a Japanese scientific D/max-TA
12kw revolving target anode X ray diffraction instrument.
Apparatus control systems indicate temperatures and make use
pbeforehand of standard thermocouples to carry out
calibration. Taking fiber samples in strictly parallel
arrangements, they are put onto the sample platform in a
platinum wire electric furnace, and temperature control
thermocouples are fixed to the side surfaces of samples.
Following that, by computer, temperature settings are raised
in accordance with setting sequence speeds of 20°C/min up to
preset temperatures. Beginning with each interval
associated with a certain time period (or temperature), one
jteration of X ray diffraction scanning is carried out. The

scanning range is 20 from 12° to 32°. X ray test samples
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are dynamically measured in an air atmosphere. Diffraction
conditions are: Cu target radiation sources; graphite
monochromators; tube voltages of 40 thousand volts, tube
currents of 80 milliamperes; incidence slit 1°, receiver
slit 0.4mm, scattering slit 1.2°. Use was made of fixed
time stepped scanning methods to collect data. Step width

was 0.02°. Time was 0.5 seconds.
RESULTS AND DISCUSSION

1. Patterns of PAN Fiber Structures in Air Atmosphere
Following Along with Changes in Pyrolysis Temperatures and

Times

From Fig.l, it is possible to know that, at a 2¢0=16.16°
location, there is a very strong diffraction peak (100
surface). It is a reflection of molecular bond spacing in
molecule segments. At a 2¢=28.67° location, there is
another relatively weak diffraction peak (110 surface). It
reflects the distance between molecular sections which are
nearly parallel [5]. This type of two tiered diffraction
characteristic represents relatively high lateral serial
pattern structures possessed by the samples in question. It
matches up with results reported by such people as Wegener
[6] and Gupta [7]. At the same time, in charts, it is also
clearly shown that there exists between these two
diffraction peaks a broad area of diffused reflection,
clearly showing unordered phases spread all over through the

entire structure in unseparated modes [8].

When the samples in question are continubusly heated in
air- -before 195°C--the diffraction strengths do not greatly
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change. After 195°C, there is then an obvious drop.
Moreover, at a 2¢=24.78° location, one has the appearance of
a new (101) diffraction peak. When temperatures rise to
250°C, (110) peaks have already basically disappeared.
Moreover, (100) peak diffraction strengths diminish very,
very greatly, and peak forms become wide and diffuse, as
well as (101) peak strengths obviously increasing. This
means nothing else than that the molecular bonds associated
with acrylonitrile structures in fibers--given rise to
because ~f temperatures in the systems in question--have
been destroyed. A drop in crystal formation is created,
leading to a change to smaller microcrystal sizes. At the
same time, acrylonitrile elements at locations on the edges
of fiber molecules begin to form polyamite trapazoid
polymers. In conjunction with this, there is a gradual

change into aromatic trapezoid structures.

From Fig.2, it is possible to see that, as far as
samples are concerned, in an air atmosphere and 195°C
conditions-- following along with lengthening of heating
periods--diffraction strengths associated with (100) peaks
and (110) peaks decrease. Moreover, half peak widths are
slightly narrowed before 30 minutes heating. This clearly
shows that fiber molecular bonds have a tendency toward
ordering, making trends toward serial pattern orderliness
irreqgularities decrease. However, after 30 minutes, half
peak widths get wider. Moreover, at 2¢=24.78° locations,
the (101) peaks which present themselves are more and more
obvious. This indicates that the original serial pattern
structures are gradually destroyed and new serial pattern
structures are gradually formed. As a result, it is
possible to recognize that (101) peaks are the results of
cyclization structures formed by molecules inside fiber
samples during pyrolysis periods gradually béing

accumulated.




From Fig.z,.it can also be seen that the peak positions
of (100) diffraction peaks are also displaced from low
angles toward high angles. However, the numerical values of
translation (20) only lie between 16.16° and 16.33°. This
type of tiny change is difficult to get to in discontinuous
optical spectrum measurements associated with general X ray
diffraction. It not only reflects the heating and
mechanical histories undergone by fibers, it is also related
to fiber high polymer structures and forms. In particular,
alterations in internal stresses existing in samples due to
pyrolysis conditions lead to there being displacements in
diffraction line locatioms.

At 220°C and 235°C respectively, in the same way,
“locations with heating of 50 minutes and samples at
96=24.78° show the appearance of a new diffusion diffraction
peak (omitted from charts). The diffraction strengths
follow along with time periods, and the speed of increases
are faster than when temperatures are 195°C. The
explanation is that, at this time, cyclization structural
accumulation serial patterns are clearer than when
temperatures are 195°C. Moreover, (100) peak diffraction
strengths are clearly weaker than when temperatures are
195°C. Half peak widths also increase. At the same time,
(110) characteristic diffraction peaks gradually disappear.
These phenomena mean that nitrile radicals in fiber
molecules give rise to reactions, and the higher thermal
processing temperatures aré, the faster reaction speeds are.

Fig.3 shows X ray diffraction strength curves
associated with different constant temperature time periods
at 250°C. It is possible to clearly see that, following
along with extensions of heating time periods, the patterns
of change associated with various diffraction
peaks-—although similar to times when various temperatures
discussed above applied--are, however, such that (100) peak

(%
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diffraction strengths drop even more severely. (110) peaks
have already basically disappeared. Moreover, (101) peaks
follow the trend toward increasing time periods and are
clearer than at times when temperatures were 235°C. This
experimental fact is in line with [10] the results--reported
in previous articles--for the primary roles between PAN
molecules during thermal stabilization processes and the

determination of unceasing decreases in the ordered

arrangements of —C=N radicals and gradual
increases in conjugate nitrile radicals
\ .
C=N—
/
2. Influences of Given Temperatures and Constant

Temperature Time Periods on PAN Fiber Structure Parameters

On the basis of the contributions of crystal grain
sizes to X ray diffraction peak widths--when not considering
other factors giving rise to the widening of diffraction
peaks—--we adhere to P. Scherrer's empirical formulae [11].
Going through self-writing programs, micro computers
calculate out half peak widths for (100) diffraction peaks
in various charts. Taking Scherrer's constant to be 0.89,
use is made of half height and width methods to directly
solve for sample microcrystalline sizes (see Table 1) under
different temperature and constant temperature time period
conditions. At the same time, we also opt for the use of
methods given by Reference [12] to carry out calculations of
crystallinity in the sample in question under different
temperature and constant temperature time period conditions.

The results are also set out in Table 1.
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(Tab.

1)

Tab. 1 The microcrystalline size and the degree of crystallity of PAN fibers

at the different temperatures and various times of constant temperature

Jemp. 195 220 235 250

© Micro- degree of |Micro- degree of | Micro- degree of |Micro- degree of
Time crystalline size crystallity [erystalline size crystallity |crystalline size crystallity lcrystalline size crystallity

min. (nm) %) (nm) ¢ (nm) %) (nm) (%)

0 13.24 50. 24 11.87 46. 85 9.46 34. 34 9. 93 17. 83

10 13.23 49.75 10.18 35.54 7.23 21.98 6. 62 8.51

20 13.23 49. 84 9.93 29. 99 6. 62 17. 53 4.97 5.93

30 12. 43 45. 45 9.69 25.82 6. 11 14. 35 4.41 3.93

40 12.04 45. 85 9.24 22.51 5. 68 13.03 3.97 3. 69

50 11. 68 45. 48 8.82 19. 87 4. 97 10. 56 3.31 2. 48




R ad

From Table 1, it is possible to know that, following

along with rises in thermal processing temperatures, sample

) microcrystalline sizes gradually become smaller, and drops

in crystallinity become more acute. In accordance with the
viewpoints of Minagawa and others [13], there are
relationships between chemical reactions and polymerized
patterns inside molecules. Therefore, during heat
stabilization processes, PAN fiber chemical reactions show
up first of all in areas of low ordering and gradually
develop toward areas of high ordering. This indicates that
preoxidation reactions carried out on the peripheries of
ordered areas cause the rearranging of interstitial atoms,
which leads to drops in the average sizes associated with
these zones. Under the experimental conditions in question,
the higher temperatures are, the faster reactions are
carried out, determining that ordered structural
arrangements of C=N radicals decrease even

faster, making changes in microcrystalline sizes even more

maximized.

At the same time, from Table 1, one can also obviously
see that, following along with extensions of pyrolysis
periods, at 195°C, the two structural parameters in question
fluctuate somewhat. However, the changes are not too great.
Even so, after 220°C, microcrystalline sizes and
crystallinities quite obviously follow changes in pyrolysis
time periods. This clearly shows that ordered structural
conditions associated with fiber atoms have been very
greatly altered. Moreover, this type of structural change
is not instantaneously completed. It goes through a
process, that is, following along with the carrying out of
reactions, hydrogen bonds in PAN molecules gradually meet
destruction. The original ordered arrangements between
molecules determined by hydrogen bonds also gradually meet

9
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with destruction thereby leading to the obvious decreases in

the two values discussed above.

Based on the aromatization index (AI) defined by Uchida
and others [14], we used the sums and ratios of (101) peak
diffraction strengths and (101) peak diffraction strengths
plus (100) peak diffraction strengths, obtaining
aromatization indices for samples under various experimental
conditions. Fig.4 shows the influences of pyrolysis time
periods on aromatization indices at different temperatures.

From Fig.4, it can be seen that, at the different
temperatures in the experiments in question, when fiber
samples are pyrolysized--due to aromatization given rise to
in the molecules of samples by preoxidation reactions--the
aromatization indices all show a linear relationship to
pyrolysis time periods. However, when samples are
pyrolysized at 195°C, 220°C, and 235°C, the aromatization
indices follow pyrolysis time periods and slowly increase.
It is only that the latter increases somewhat faster than
the former, clearly showing that, in this time period, the
production of condensed aromatic rings is still not too
great. However, at 250°C, aromatization indices follow
pyrolysis time periods and rapidly increase. This clearly
shows that the speed of formation of condensed aromatic
rings very, very greatly increases, causing the linear
structure of the fibers in question to turn into a similar
trapezoidal polymer structure [15] of segmented form with
relatively high heat resistance properties.

From Fig.4, it is possible to know that, under 195°C
constant temperature conditions, the crystal lattice spacing
of samples (d100) cannot be seen to show any change.
However, under constant temperature conditions of 220°C and
250°C, the lattice spacings all show dropping phenomena

10




after 10 minutes. Moreover, after constant temperatures for
20 minutes at 220°C, they have basically stabilized.
However, under constant temperature conditions at 250°C, the
d100 values still continuously drop. This may possibly be
due to the consequences of a lattice distortion occurring

in a crystal grain or between crystal grains.
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3. Calculations of Activation Parameters Associated

with Cyclization Kinetics

Based on changes in fiber structure given rise to by
chemical reactions, we returned to the consistency of
structural destruction and the formation of new structures
in terms of reaction kinetics, using (101) diffraction peaks
to act az newly formed aromatization structures. Based on
the fact that, at any instant, reaction speeds are only
related to the amount of matter in question existing at that
time, we were then able to go through a full linear analysis
of temperature change spectra, solving for cyclization speed
constants K for 195°C, 220°C, 235°C, and 250°C, which were,
respectively, 1.63x10-3 sec-1 ; 2.43x10-3 sec-1 ;
3.82x10-3 sec-1 ; and, 4.63x10-3 sec-1 . Following
that, in accordance with Arrhenius theories, that is,
1nK=1nA-E/RT, the symbols had normal meanings. Taking lnK
and making a graph versus 1/T, one obtains a linear
relationship (such as that shown in Fig.6). From the slope
of the straight line in Fig.6, one obtains the activation
parameters for cyclization reactions of samples as 95.5966
kilojoules/mol.

Summarizing what has been described above, in order to
understand PAN fiber dynamic pyrolysis characteristics and
transient structural changes, in situ X ray diffraction
techniques supplied adequate and reliable data as well as
kinetics behavior related to cyclization reactions in
molecules. Thus, important scientific information was given
for optimized control in production and test manufacture of
high performance PAN radical carbon fibers during thermal

stabilization processes.
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