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STNOPSLS

High strength, high modulus carbon fibres are becoming
increasingly important as high performance engineering materiéig;' This
thesis describes how they may be prepared by heat treatment from
filaments spun from polyacrylonitrile and its copolymers.

The chemistry of the first stages of heat treatment is very
important in controlling the mechanical properties of the carbonised
product. A cyclisation reaction has been found to be responsible for
the relatively high thermal stability of pyrolysed polyacrylonitrile,
but without oxidation the fibres degrade and fuse. An initial
oxidation stage is, therefore, essential to the preparation of fibre
of high orientation. The cyclised product of pyrolysis is probably a
poly 1,4 dihydropiridine and oxidation converts this to aromatic
structures, and cyclised structures containing carbonyl and other
oxygenated groups. Oxidation is found to assist the carbon fibre
preparation process, by producing a product which condenses at an
earlier stage of heat treatment, before fusion can occur.

Carbon fibre strength and modulus are dependent upon producing a
highly oriented crystal structure. While oxidation of the polymer

stabilises the fibre so as to prevent disorientation, further large

increases in orientation, with a commensurate improvement in strength
and modulus, can be obtained by stretching at temperatures above
1,70000. This process is analogous to the way fibre orientation is
increased by the stretching of the precursor.

A lamellar graphite structure can be created in high temperature
fibre, by carefully controlling the degree of oxidation. This type of
graphite can produce very high values of Young's modulus. WMore often,
however, graphite fibre has a fibrillar fine structure, which is

explicable in terms of continuous graphite ribbons.



A ribbon model is the mésfxsatisféétoryrféﬁréééntaxiOn of' the
structure of carbon fibre, as it explains the mechanism of the
development of long range order and the variation of Young's\médulus

with crystalline preferred orientation.
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CHAPTER

CARBON FIBRES; AN INTRODUCTION.

1.1 THE ENGINEERING ADVANTAGES OF CARBON FIBRE,

In this last decade, carbon fibre has emerged as potentially a
very important engineering material. This is because of the
increasing value to be found in employing composite materials in
engineering applications. Composite materials are devised to combine
the advantages of two or more materials in one component. An example
of this is glass reinforced plastic (GRP), which combines the high
strength of glass fibre with the light weight of a plastic matrix.
Carbon fibres are at present being produced with properties which are
highly competitive with glass fibre and they have a development
potential, which promises further advances in the future.l

1.11 Carbon fibre composite material.

Metals possess a range of properties which amply justify their
use in a large proportion of engineering applications. They include
materials which have high strength and modulus and which can be
applied over a wide range of temperatures. Metals are ductile in most
cases and are capable of absorbing energy by plastic deformation.

Many non-metallic materials are stiff and strong, but do not have
this valuable characteristic.

A disadvantage of metals is their high density. In advanced
technology some engineering designs are limited solely by the welght
of their components, when produced in metal. This 1s particularly
the case with aero-space systems and with machinery in which high
centripetal forces are applied to components. Composite materials
present the possibility of reducing this weight penalty in engineering
design.

A method of measuring the efficiency of a material for use in
engineering applications is to take the ratio of its strength and

modulus to the specific gravity. These are known as the specific
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properties of the material. Figure/i.11 coﬁpafes the specific
properties of a Rolls-Royce Ltd carbon fibre composite with a number
of typical engineering materials. This composite, called H&fil;
consists of a 70% volume fraction of carbonised (ﬁ,OOOOC)
polyacrylonitrile fibres in a matrix of epoxy resin. The specific
modulus of Hyfil is about three times as great as for the metals or
G.R.P.. The specific modulus of metals is approximately constant, so
there is little to be gained by changing the metal one is to use in
this respect. The specific strength of both the composite materials
in figure 1.11 is high compared to the metals and especially so for
Hyfil. The properties of Hyfil are, therefore, quite exceptional,

Tt is not enough simply to have good specific properties; the
absolute strength and modulus have to be good also. Carbon fibre
composites also have advantages in this respect. A 70% volume fraction
carbon fibre composite made with graphitised cellulose or
polyacrylonitrile can have a tensile modulus of 350 GN/MZ; a figure
which is similar to drawn tungsten wire and much better than glass or
asbestos. The strength of this material would be 1.L GN/MZ, quite an
adequate value. It is, however, a simple matter to prepare a composite
with a strength of 2.4 GN/M2 by choosing the right processing
temperature with a polyacrylonitrile precursor.z’é This is quite
competitive with the finest grade steels.

1.12 Carbon fibre compared to other reinforcing agents.

There are o number of high performance reinforcing materials
which can be used with metals and plastics to make composite materials.
Each has its own peculiar advantage. Sometimes it is one of cost or
possibly chemical stability, in addition to good mechanicel properties.
Figure 1.12 is a plot of a selection of the more promising materials,
compared for their specific properties. Several examples of carbon
fibre are shown in the figure. The high strength carbon fibre is a

polyacrylonitrile based material, which has been pre-oxidised and
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carbonised to 1,20000. In specific stréngth; it competes with
asbestos and E-glass and is superior in specific modulus’ This type
of carbon fibre is cheaper than any other, as it is prepared at
comparatively low temperatures. When volume production becomes
possible, it should compete with glass and asbestos in price. The
high E (modulus) carbon fibre is prepared at very high temperatures;
2,50000 and above. For this reason it is more expensive than the
high strength material. However, one gains by an improvement in
specific modulus, although this is accompanied by a reduction in
specific strength. Stress graphitised carbon fibre has a much
higher specific modulus than most reinforcing materials. It can be
prepared from cellulose or polyacrylonitrile to have the same
properties. It is the most expensive continuous carbon fibre because
it requires a very high temperature stretching process.

Carbon fibres have not so far been prepared with specific
strengths as high as S-glass and silica. TFor most engineering
applications, however, the glasses do not have a sufficiently large
modulus. Whisker materials generally have high moduli and strengths,
but because of their sophisticated methods of preparation they are
extremely expensive. Another disadvantage of whiskers is that they
are small and are hence not as efficient as continuous filaments in
reinforcing a matrix. Also, there is greater difficulty in making
fully aligned composites with them.

Carbon fibres are therefore highly competitive reinforcing
materials, which can be obtained with a variety of properties. They
are at an early stage of their existence and can be expected to
improve with development. They have disadvantages, of course, such
as their incompatibility with metals&’i, and their susceptibility

to oxidation. Otherwise they have a very great potential and should

become an important engineering materialg




1,13 The ultimate properties of carbon fibre: graphite whiskers.

Figure 1.12 includes values of specific strength and modulus

for graphite whiskers. In both properties, these whiskers: aresfar

superior to any other currently available strong material. Bacon
first described their preparationé. They require very exacting
methods, being formed by a high pressure electrical arc, struck
between carbon electrodes. The strengths and moduli quoted for the
better examples approach 20 GN/M2 and 1,000 GN/M2 respectively.

These values are remarkably close to the anticipated properties of
perfect single crystal graphite, tested parallel to its basal planes.

The reason for these high values is apparent from the structure of

the whiskers. FEach one consists of a scroll, formed by the apparent
tyolling up' of a single thin stack of graphite layer planes. The
axis of the scroll becomes the axis of the whisker.

Graphite whiskers are often quoted as having the mechanical
properties which should be ultimately realisable with carbon fibres.
It is not theoretically necessary for carbon fibres to have the same
scroll structure, but only that they should be very highly oriented,
flaw free crystals. The author has achieved modulus values similar

to graphite whiskers by producing graphite fibres having an oriented

concentric lamellae structure (see chapter 8). The improvement of
strength to the same degree remains for the future. Nevertheless,
the prospects for very high performance carbon fibres are very
exciting.

4.2 THE CRYSTAL STRUCTURE OF CARBON FIBRES.

41.21 The graphite single crystal.

There are two naturally occurring forms of crystalline carbon;

dismond and graphite. Diamond is a very hard, transparent, electrical

insulator, which has a characteristic cubic structure. Graphite is
a very different material from diamond; in single crystal form it

has a metallic appearance and can be easily cleaved. In
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polycrystalline forms it is very ;ofﬁif% the touch and marks surfaces
very easily. Graphite 1s an electrical conductor and is very much
more anisotropic than diamond, a feature which is readily uﬁderstood
when their crystal structures are compared. The triple point for
carbon, when both crystal types are in equilibrium with the liquid,
occurs at 3,65000 and 100 atmospheres pressure. Of the two crystal
forms, graphite is the more stable, as diamond graphitises in the
region of 1,750°C.L

The unit cell of the graphite crystal is shown in figure 1.21.

The structure of graphite was originally determined by Bernal,§ to

be a hexagonal layer structure, with the atoms in the layers closely
packed, having a separation of 1.415 AO. The atoms in the layers

are covalently bonded, but the layers themselves are bonded by the
van der Waal's dispersion force. The interlayer spacing is therefore
very great, having a minimum separation of 3.354L Ao. The layers are
stacked in an .ABABA --——-- sequence. The hexagonal unit cell shown
vy hatched lines in figure 1.21 has a height of 6.708 1° and an edge
dimension of 2.46 A%, The layer structure of graphite explains many
of the peculiar features of the material, and in particular why
orientation in polycrystalline graphite 1s so0 important. The crystal
is extremely anisotropic: the modulus measured parallel to the

layer planes is 1,020 GN/MQ, while measured perpendicularly it is
36.3 GN/M2. 2 It is, therefore, necessary that an ideal carbon fibre
should have the individual crystallites oriented with their layer
planes parallel to the fibre axis.

Graphite materials only occasionally occur in an ideally crystalline
form; examples are found in isolated geological formations, and some
exanples of highly crystalline material have been synthesised Dby
precipitation from molten metals (e.g. kish graphite from iron) and
by the high pressure graphitisation of pyrolytically deposited carbons.

The degree to which a carbon is graphitic will depend upon the
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precursor material, the degreé of héatffreatment and the types of
impurity element present.

Many carbons have an imperfect form of the graphite structure
which is essentially two dimensional, lacking a regular stacking
sequence of the layer planes. This type of graphite is called
turbostratic graphitenlg It has a fixed interlayer spacing and the
atomic packing within the layers is identical to the single crystal.
The lack of three dimensional order is due to the layers having a
rendom stacking sequence, with neighbouring layers rotated out of
register with each other about the crystal C-axis. This
rotational disorder increases the spacing of the layers from 3,354 Ao
(for a perfect crystal) to a minimum value of 3.LL AO.

Turbostratic graphites produce X-ray diffraction patterms
characteristic of a two dimensional diffracting system.
Polycrystalline or powder specimens will only produce diffraction
arcs of the type (o o ¢) and (h k o) for which h and k camnot
simultaneously be zero. This is assigning the arcs by conventional
Miller indices.

The term lubricostratic it has been employed to describe an
alternative imperfect form of graphite. In this case, the layers
are in the right sequence, with no relative twist between them, but
the interlayer lattice interval varies.

1,22 The graphitisability of carbons.

Carbons are generally classified according to their ability to
form a three dimensional graphite lattice with a c-spacing of 5.35L AO.
If they do this, they are termed graphitising, or alternatively, soft
carbons. Carbons which do not form three dimensional order for
normal graphitising heat treatments are termed non-graphitising,
or slternatively, hard carbons. A carbon which is turbostratic at
2,OOOOC is not necessarily non-graphitising, because with heat

treatment to B,OOOOC it may develop complete crystallinity. The
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classification is really a measure 6f the ease with which complete
crystallisation is achieved, because even a non-graphitising carbon
should completely crystallise at 3,65000, although it may not do
this without sublimation, or the application of high pressure.
Carbons produced from organic polymers can be eilther graphitising
or non-graphitising. An example of the former is polyvinylchloride
and of the latter, polyvinylidine chloride.lg The concept that all
carbonised organic materials should belong to one of these two
categories is now being questioned. A recent paper i) describes
how polymer carbons can have a range of crystal structures spanning
the whole range of crystallinities between the non-graphitised and
graphitised types. It will also be shown in this thesis that
polyacrylonitrile carbon can be classed as either type depending upon
the initial heat treatment, and often it has characteristics of both
types simultaneously.

1.23 The structure of carbon fibres.

The chapter which considers the graphitisation of acrylic
fibres (chapter 8) considers the subject of fibre structure in some
detail. This section will be restricted to a brief review of the
topic.

Shindo 12 made the first and most detailed study of the
structure of acrylic based carbon fibre. For acrylic fibres which
wave been oxidised and carbonised to 1,OOOOC, he found that the
structure was only poorly crystalline. OUnly the (002), (400) and
(110) diffraction arcs could be identified. The crystal thickness LC
was 14 Ao and the d-spacing 3.4 A°, This fibre, though very strong
and stiff, is a turbostratic graphite. Other workers have confirmed
this with alternative acrylic precursors. 16,17 Heat treatment of
the fibre to higher temperatures is found to increase the size,

perfection and preferred orientation of the crystals. This is

accompanied by an increase in the density and Young's modulus of

-7 -




the fibre.

Three dimensional graphite has been observed in a number.: of
samples. Shindo observed it on the surface of his highest
temperature material. 1k It has also been observed in ultra-~
sonically disintegrated Rolls-Royce fibre.lz Other authors have
claimed that very large amounts of three dimensional crystal are
possible,lg’li and it will be shown later that it is a more
important feature of fibre structure than previously believed.

Figure 1.23 is a reproduction of a model for the structure of
Rolls-Royce, 2,80000 material i prepared from oxidised Courtelle
acrylic fibre. This model has been to some extent superseded by the
observation of continuous ribbon structures in graphitised fibre,
using high resolution electron microscopy (chapter 8). However, it
is a very good model for explaining the X-ray data produced by both
high 1 and low angle 20 diffraction. The crystals are almost cubic
in shape, having an edge dimension of about 60 Ao. The crystals are
turbostratic and oriented preferentially to the axis of the fibre;
the high modulus is due to this arrangement. The crystals are
organised in chains, which correspond to a fibrillar fine structure,
This structure is believed to be the counterpart of the fibrous
texture of the precursor fibre, retained in the graphite fibre as
a crystal texture,lz’gl’gg

Fibres prepared from other polymers are found to have a similar
structure to polyacrylonitrile based material. The major difference
appears to be that most alternative polymers do not produce such
highly oriented graphite, unless a stretching process is applied
at some stage of their preparation, Polyacrylonitrile fibres produce
very highly oriented graphite, without stretching, although stretching
can be used to improve its properties. It is the inherent ability of
this polymer to conserve high preferred orientations during

carbonisation that explains its attraction as a precursor.

-8 -




A MODEL OF C ARBON FIBRE STRUCTURE
{ Johnson & Tyson}




1,3 THE FORMATION OF CARBON FIBRE FROM TEXTILE PRECURSORS.

1,31 The early history of the preparation of carbon fibre. : 1

The first patented carbon filament was produced from cellulose
for use as an incandescent lamp filament.gg’gi We do not know the

mechanical properties of this material, but they may well have been

. . . . . . 2
very good, as this use is quite an exacting application. Swann 2k

was the first worker to spin synthetic, i.e. regenerated cellulose,
fibres, for use as a carbon fibre precursor, as early as 1883, The
use of very high temperatures had been developed by the turn of the
century with the introduction of the Acheson method of producing
graphite. Therefore, a large part of the technology For producing
high performance carbon fibre was established at the beginning of
this century. What has been lacking since then has been the stimulus
of the demand for light and strong reinforcing materials, which is
now making itself felt,

The carbon lamp filament was displaced in 1907 by the drawn
tungsten wire and carbon fibres were for a long while neglected as a
research topic.

1,32 The development of cellulose based carbon fibre as an

engineering material.

Interest in using carbon fibres as an engineering material first
arose in the early 1950's. It was found that by using very high
tenacity rayons as precursors quite high mechanical properties were
realised.gz’gé The method of heat treatment for cellulose can be
very complex, with the periods spent at different temperatures having
a great deal of significance. Chlorine is introduced into the furnace
purge gas during heat treztment between 300 and 6OOOC, as this is
found to increase the yield and properties of the fibre. Since the
use of pre-oxidation with polyacrylonitrile was publicised, it has

27

been adopted for the early stages of the cellulose process. Ross =~

describes a typical continuous process with rayon as a precursor and

-9 -



he also provides a very useful: list of batent references, in which the
details of the various carbon fibre processing methods can be found.
Cellulose fibres cannot be pyrolysed under restraint, otherwise
they will break and shrivel. They must be allowed to relax to some
extent. This appears to result in a reduction in the preferred
orientation of the carbonised product and a low modulus. Typical
properties for graphitised, unstretched cellulose based fibres are
strengths of 0.9 GN/MZ and moduli of 170 G1\1/2 Cellulose based
material can be stretched at high temperatures, to produce properties
equivalent to the high modulus polyacrylonitrile based material. It
cannot, however, be used to produce the equivalent of the high strain
material prepared by heating oxidised Courtelle acrylic fibre to
1,200%C, 2

1.33 Carbon fibre prepared from polyacrvlonitrile precursors.

The chemistry of the pyrolysis and oxidation of polyacrylonitrile
is reviewed in chapter 3. This present section will be limited to a
history of acrylic carbon fibre technology.

Shindo k12 was the first to publish details of a process which
employed oxidised polyacrylonitrile as a method of preparing carbon
fibre. His results are probably the basis of the original patent for
the process.gé The properties he quoted for his best material were
very similar to those quoted in section 1.32, for cellulose based
material. It is possible that he did not restrain his fibre during
oxidation, and the resultant relaxation of the fibres could have
reduced their ultimate mechanical properties.

Research workers at Rolls-Royce Ltd 22 and RAE (Farnborough) 2
originally developed distillation processes for preparing acrylic
carbon fibre. (There is now some doubt, however, about them being
thoroughly inert distillations.) The properties obtained with these
processes were better than any obtained at that time by other methods.

There appear to be two reasons for this. One is that restraint of

AN




the acrylic fibre was used during the first stage of the process.

The other was that an acrylic copolymer was used, Courtelle, which has
an 8% weight content of methylacrylate.él This fibre is very much
more easily processed than other acrylics, as 1t does not melt so
easily and does not have such a violent exothermic reaction during
‘initial pyrolysis. The properties obtained with distilled and
graphitised Courtelle were strengths of 1.7 GN/M2 and moduli of

410 GN/MZ. It was these properties that provided the initial stimulus
for the use of carbon fibre composites in advanced technology in
Britain.

The RA¥ workers discovered that the use of pre-oxidation with
Courtelle, particularly 1.5 denier high tenacity fibre, produced
improved properties. The strengths obtained were very high,ég’éé
At the optimum heat treatment temperatures, strengths of 3.1 GN/M2
and moduli of 450 GN/MZ can be achieved. This process has now become
an important commercial method for producing high strength carbon
fibre.

Apart from the obvious advantages of good mechanical properties,
polyacrylonitrile has other benefits as a precursor. It provides a

high weight yield; 554 of the fibre is retained as carbon. Cellulose,

at best, produces a 159" yield. Oxidised polyacrylonitrile is highly
thermally stable. Pre-oxidised Courtelle fibres can be carbonised
very rapidly, without excessive shrinkage. This allows the use of
economic processing techniques. Cellulose has to be slowly programmed
through carbonisation and thils 1lnvolves long expensive processing
times.

1.%34 Alternative precursors for carbon fibre.

There are a number of polymers which produce large carbon ylelds
after distillation. Although at present cellulose and

b

polyacrylonitrile are the favoured candidates, research with these

alternative materials may very well lead to better properties and more
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economic production.

Prominent amongst these materials is polyvinylidine chloride,éﬁ’ii
which can be used to form a carbon of high internal surface afea,
However, it is a non-graphitising carbon which has a structure similar
to carbonised polyacrylonitrile., In fine filament form, it may well
produce very good properties. High temperature polymers are also
potential precursors that should produce high yields, and a number of
patents have been taken out for processes which use them,éé’iz

The major precondition for a polymer fibre to be used for carbon
fibre production is that it should not melt and disorient prematurely.
The cross-linking and condensation of the chain molecules has to be
accomplished without passing through a molten phase. This has been
accomplished with polyolefines by the initial stabilisation of the
polymer, either by filling with carbon black, or by cross-linking with

. .. - . 58;593)4-0
ionising radiation. = =="——

Another method of dealing with polymers
having low melting points is to pyrolyse them in the molten state and
then spin them into fibres afterwards. The fibres can sometimes be
stabilised by oxidation as they emerge from the spinnerette. This
process works -very successfully with polyvinylchloride.&l Petroleum

pitch &2 and bituminous tars (unpublished) can be spun and oxidised

by similar methods.

The use of oxidation to stabilise unsaturated polymers, such as
pitches and tars, 1s quite a standard practice and well known to the
graphite technologist. It is quite possible that the oxidative
stabilisation of polyacrylonitrile is related to the same basic
mechanism.

The author has conducted several experiments with Nylon, polyamide
filaments and has been able to obtain high carbon yields. However,
the problem with most polyamides is that they tend to melt before
achieving complete thermal stability. Nylon 6, which has a melting

point of ZOOOC, could not be stabilised without fusing. Figure 1.3L

A



FIGURE 1-34
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OXIDISED NYLON 6 GRAPHITISED . 10 3,000 C .

o
OXIDISED NYLON 6,6 GRAPHITISED TO 3,000 C



shows scanning electron micrographs ofré bundle of Nylon 6 fibre

which has been oxidised and graphitised. The fibres have fused
together, although their individual profiles are still apparenf.
Tmproved results were obtained with Nylon 6,6, which melts at 260°C
and can hence be oxidised at higher temperatures. In spite of this,
i+ was impossible to prevent shrinkage and some fibre adhesion.
Although after carbonisation the fibres were separable, they had very
poor properties. Micrographs of two of these fibres are shown in
figure 1.34. They are glassy and the surfaces are Vvery rough.

The best results were obtained with an aromatic polyamide fibre;
Nomex Nylon. This has a melting point in excess of AOOOC and can be
satisfactorily oxidised at BOOOC. Carbonisation produced fibres which
were separable and which had moderately good mechanical properties.
Ezekiel 25} has also found that aromatic polyamides can be used as
precursors.

It is very important that the precursor is stabilised against
melting during the early stages of heat treatment. This is a problem
with polyvinylalcohol i as well as with the polyamides. It is also
important with pure polyacrylonitrile fibres, as the rapid heating of

these can easily result in fusion and excessive shrinkage.
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APPARATUS AND EXPERIMENTAL TECHNIQUES.

The main purpose of this research was to relate the mechanical
properties of carbon and graphite fibres to the method of preparation
and to obtain an understanding of the behaviour of acrylic fibres
under various processing conditions. It was, therefore, necessary to
determine the fibre strength and tensile modulus following
carbonisation and to monitor the physical and chemical changes
accompanying heat treatment. For this purpose, quite a wide range of
instruments and techniques have been employed and these will be
described below.

2.1 X~-RAY DIFFRACTION DETERAINATIONS.

The X-ray diffraction data reported in this thesis has been
obtained by J. R. Marjoram of Rolls-Royce Ltd, who provided a routine
service for the author. Two X-ray techniques were used for
investigating fibre structure, the Debye-Scherrer powder diffraction
method and the flat plate fibre diagram. The former method is very
well known and can be studied in standard texts on crystallography.ﬁé
The method of obtaining the fibre djagram is shown in figure 2.17. The
fibre bundle to be investigated is mounted upon a frame, which in turn
is mounted perpendicularly to the incident X-ray beam. A flat photo-
graphic plate is placed at an accurately determined distance from the
fibre specimen, perpendicular to the incident beam and parallel to
the axis of the bundle. The undeviated fraction of the incident beam
is allowed to pass through a central aperture in the plate, so that
only the diffracted Z-rays are used in making the exposure. The
precursor acrylic fibres and their carbonised products behave
essentially as polycrystalline solids which have varying degrees of
preferred orientation. The X-ray diffraction pattern, therefore,
consists of numbers of concentric arcs about the axis formed by the

incident X-ray beam. This is illustrated in figure 2.1. The number

Pal

of arcs recorded 1s deliberately limited by the size of the
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photographic plate and the distanoe:bf éﬁé/piaﬁe from the specimen.
This is done because only one or two arcs are required for the
measurements to be made and the accuracy can be optimised by contriving
to obtain as large an arc as possible.

The fibre diagram is used to determine accurate values of the
Bragg angle for given crystal planes and the orientation angle for the
fibre. The Debye-Scherrer powder diffraction method is used for the
determination of the degree of crystallinity, as all the possible
diffraction arcs can be obtained and indexed. It is also used for
the determination of mean crystallite dimensions from the widths of
some of the diffraction arcs. The acrylic precursor fibres only exhibit
two diffraction arcs, which, using Miller indices, are the (100) and
(200) arcs, and are both due to the lateral order of the molecular
chain packing within the fibre. The preferred orientation of the
precursor fibre is related to the orientation angle. The orientation
angle is the half angular width of the intensity measured around the
diffraction arc at half height. This 1s illustrated in figure 2.1.
For the precursor fibre this measurement is made by teking a micro-
densitometer plot around the (100) arc (the more intense of the two)
and then by accurate measurement with the resultant intensity
dsstribution. The smaller the orientation angle, the greater the
degree of preferred orientation, i.e. the more perfectly aligned are
the polymer molecules with the fibre axis.

With increasing heat treatment, the diffraction pattern changes.
The (100) polymer arc disappears and new arcs develop. The strongest
of these is the (OOZ) arc, which is due to diffraction from planar
structures, oriented epproximately parallel to the fibre axis. These
planar structures eventually become the layer planes of the graphite
crystal structure. For oxidised fibres and their carbonised products,
the orientation angle has been determined from this (002) arc

intensity distributlon.




The crystallite dimensions of the carbonised fibres have been
determined from the width of the (002) and (100) diffraction arcs.
The methods of calculating these dimensions can be found in the
46,47,18

literature.

5. o THE DETERYMINATION OF TEXTILE FIBRE MECHANICAL PROPERTIES.

The lack of three dimensional crystalline order in
polyacrylonitrile precursor fibres, and their pyrolysed and oxidised
products, renders the physical interpretation of the changes
accompanying heat treatment rather difficult. Infra-red spectro-
photometry and differential scanning calorimetry facilitate the
chemical analyis of the changes that result from heat treatment. They
do not, however, help a great deal in characterising changes in the
physical structure of the fibre. For this reason, it was decided that
it would be valuable to follow the changes in fibre mechanical
properties with heat treatment. By this means it should be possible to
judge if a loss of preferred orientation has taken place and whether
polyuwer chain degradation has occurred. Another important possibility
following from the oxidation of polyacrylonitrile is the cross-linking

}
ii’ég If this

of the chains to produce a rigid intractable structure.
occurs it should have an appreciable effect on the mechanical
properties.

The tensile properties and torsion modulus have been measured for
1.5 denier Courtelle fibres, heat treated in air and argon. The
tensile properties, i.e. the Young's modulus, breaking strength and
elongation at break were measured using a specially designed textile
extensometer.

2,21 Textile fibre extensometry.

Te textile extensometer is shown in figure 2.21(a). This is
a photograph taken from the front of the instrument. The instrument
is driven by a 'Citenco’ motor (A in the photograph) which is

reversible and has a variable speed control. The motor drives a pair
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FIGURE 2-21(a)

TEXTILE EXTENSOMETER



of brass lead screws (B) which carry a %égésﬂééﬁss~head (c). The
fibre is mounted upon a card (D), which is of standard dimensions.

An approximate gauge length was obtained for the fibre by mounting it
across the central hole and securing it by spots of 'Durafix' glue at
points 'a' and 'b' shown in the figure. The central line along which
the fibre must lie was marked upon the card with a pencil, using a
specially constructed jig. The card has a palr of small holes at the
top and bottom, with which it is mounted upon pins on the top mounting

N

block () and the cross-head, respectively. The card is fixed securely
by brass caps, which sre screwed down upon the pins,

The load upon the fibre is measured with an Ether Ltd U.F.1
Dynamometer, (#) measuring 2 ozs full scale. The full scale
cetbion of the Dynamometer 1is é m.m,, which will not introduce
serious error into the meuasurement of modulus or extension at bresk,
because the former is determined at small loads and the latter is
normally in cxcess of 5, extension, The input voltage to the
Dynamometer was supplied by a stabilis ed source and the output supplied
to an amplifier and then to the y-terminals of an hdvance Ltd x-y
recorder. The extension of the fibre is measured with a linear voltage
difierential transformer \hVDi) (6), which was supplied by Scheavitz Ltd.
The LVD) measures displicements of O to 1" with an accuracy of at least
ﬁO~ . It was supplied by a stabilised 22 volt source and the output
was applied directly to the x-terminals of the recorder. The
transformer coil is contrined in the barrel which is bolted into the
top plate of the evtensometer. The core of the transformer (H) is
attached to the cross-hnead of the extensometer, and it is free to slide
in the barrel with the movement of the cross-head. The position of the
core within the barrel is linearly related to the out-put voltage.

The di meter of the [ibre was measured with an optical microscope,
in which the normzl eye-piece was replaced by a ¥Watson Ltd image

e

shearing eyeplece. [hLsS instrument requires to be calibrated and this
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was done using wires of known diameter which covered the range of

fibre diameters which were likely to be met. The wires had been

accurately measured at high magnifications. A mean ‘of three

along the gauge length were taken as the final diameter

The microscope was calibrated prior to every set of fibre

measurements.

Y

The usual test sample was of twelve fibres from each

sse were selected randomly from the fibre bundle. Having

determined the diameter, the fibre was mounted upon the extensometer

and the card cut through to the left and right of the fibre. A

vertical travelling telescope was then used to measure the gauge

h of the

ibre, after it hod been pulled straight, so as to

small load. The test speed was 750 extension/minute.

vas guite an arbitrary choilce that suited the response of the

recorder,

Before each test the load calibration was checked using

accurately

1.

shed metal rings and the strain measurement was checked

Z 1

o - : ;. =2 .
travelling telescope, which was calibrated to 10 with a

he load-extension curve obtained for a 1.5 denier Courtelle fibre

shown in {igure 2021(b)? topether with the formulae for obtaining

the nodulus, stremgth and elongalion at bresk. UThe Young's modulus is

]

trsins snd so it is determined {rom the initial straight

line »ortion of the curve.

deternination of the torsion modulus of 1.5 denier Courtelle.

e torsion modulus o

T

=N

4.5 denier Courtelle and its heat treated
2

+£

hns been determined by a modification of a method due to

to produce an

and very weak

Iy

%4 torsion bar is suspended from the test fibre by means
which is glued to the end of the fibre. This was found
unnecessary load upon the fibre, which 1s of low dilameter
~fter heat iLrestment. It was found to be more convenient

to attsch the fibre directly to the torsion bar by means

iminating the weight of the stirrup.
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The fibre was Tirst mounted upon a large frame card and the

torsion bar attached with a spot of glue. When the glue had’drigd,
the card could be clamped vertically and the card and fibre cut, so
that it formed a torsion pendulum, This is shown in figure 2.22.

The gauge length of the fibre was usually about 124 although weaker
fibres were sometimes measured with shorter lengths. The period of
the fibre was measured for five oscillations, with the fibre shielded
from air disturbances. A mean of three measurements was taken for
each determination. The torsion bar was 1 cm. long, 0.2 mm., in
diameter and weighed 6.0 x 10—5 grams. Hence the tensile and
torsional strains in the fibre were very small. The mean diameter of
the fibre was measured after the completion of the test by remounting
the fibre upon another card and using the microscope as with the
extensometer samples. The formula for calculating the torsion modulus
is shown in figure 2.22.

9.3  THE DRTERIINATION OF CARBON FIBRE STRENCTH AND MODULUS.

-

]

he tensile testing of carbonised fibre has many features in

[

common with the testing of the precursor. However, because carbon
fibres oare brittle, the accurate measurement of strain becomes an
important consideration and the extensometer has to be designed
accordingly. To differentiate it from the textile extensometer, the
carbon fibre extensometer has been titled the carbon fibre modulus
machine. 4 photograph teken from the front of the modulus machine is
shown in figure 2.3. HMany features of the machine will be recognised
from the previous description of the textile extensometer. The same
standard gauge length cord as used for textile testing was used for
mounting carbonised fibres. A card cut ready for testing is shown in
position in the figure (F). Sealing wax was found by previous
workers to give the best bond between the fibre and the card. 3Being

s brittle material, it does not vield very much during the test.
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Durofix is too plastic and if this is used to secure the fibre the

£

7ielding of the glue causes an underestimation of “the modulus.

N

The machine is driven by a synchronous motor and gear box (A)

and is normally run at a strain rate of 0.1%/second. The properties

independent of the testing rate, so the test speed is not
of any great lmportance. The extension of the fibre is achieved by

the rotation of the micrometer screw, B, which draws the load cell,

5

with the attached upper end of the fibre, upwards. The load cell is
an Sther Ltd U.P.1. dynamometer which has a full scale load reading

of %2 ozs., The maximum breoking load likely to be encountered with

o

4
1

a carpon Iibre is about = oz. “he reason for using a 32 oz load cell

is that 1t minimises the deflection produced in the upper grip of the

i

1

fibres reach a maximum extension of about

a slight

jer]

eflection of the load cell is

to seriously reducc the measured modulus. Uhe U.:f.1.
dyn-mometer has a maximun deflection of 4 mm.; the use of the cell
st very low louds, therefore, reduces the deflection to an acceptable
error. The out-put voltage from the load cell is very low, however,
and has to be amplified by a good quality d.c. amplifier. The load
signal wes apnlied to the y-terminals of an x-y recorder.

As with the textile extensometer, the extension of the fibre was

provided by 3Schaevitz Ltd (C). In this case a

Z
: -,
1.7 P S £ ~ -
qore sensitive model was used, having o range Ol 0 to 50 x 10 .

L
. - - . L s
able of measuring to 10 . The out-put from
5 >4 rant N D A
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using the knurled screw (G) at the baéé of“the machine. This was
necessary when first straightening the fibre, after having cut thé
card. The gauge length of the fibre was measured using an accufately
calibrated, vertical travelling telescope. The mean fibre diameter

were measured by the same method as the precursor fibres.

~3TRETCHING EXTENSCMETER.

The problem of designing instruments for the hot stretching of
carbon fibres is one of conveniently applying a relatively large load
to the fibre without incurring a large frequency of breakages. If
the stretch is obtained by suspending a weight from the fibre and
allowing it to stretch with temperature, it is more difficult to
obtain large extensions. With perseverance, however, fibres with
high stretch ratios can be obtained, as reported by Johnsonig. A
better approach to the problem was found to be the use of a screw
extensometer. This functions by using the fibre bundle in the form of
a loop and applying the stretching load to it, through a push-rod
driven by a lead screw. The advantage of using a screw to apply the
1oad is that it does it smoothly and continuously. In order to control
the load applied to the loop, the lead screw was driven through a
torgue controlled clutch, supplied by Kinetrol Ltd. A Citenco motor
was used to turn the clutch and the torque applied to the lead screw
was varied, either by a direct setting of the torque control, or by
changing the speed of the motor. The advantage of this method 1s
that a sensitive control of the stretching load can be achieved, The
loop can be kept continuously stretching, with less risk of applying
an excessive load.

Two extensometers were designed, each for a different graphite
tube resistance furn-ce. The principle of both instruments was the
same, but the dimenslons differ because of the different sizes of the

Purnace tubes. A photograph of both extensometers can be seen 1n
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figure 2.4(a). The main features of/them ha;e been Tettered.

The main body of the extensometer, (4), is a graphite tube which
contains the lead screw and push-rod. The lengths of the tubes have
been calculated, so that the fibre loop will be in the middle of the
furnace hot zone when the end flanges (B) are bolted into position.
The flanges which are an integral part of the extensometer barrel (C)
serve a dual purpose. A lot of the heat losses from the hot zone are
by radiation, because of the very high temperatures, and the flanges
help to reduce these losses simply by cutting off the radiation. The
losses in the opposite direction of the furnace tube are cut-off by a
set of heat shields, which are inserted ahead of the extensometer,
The other advantage of the flanges is that they reduce the electricel
contact between the extensometer and the inside of the furnace tube.
The graphite resistance furnace functions by the application of low
voltages (10 to 20 volts) from the secondary of a high power

transformer, across a graphite tube which has a very low resistance
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the very high currents that are drawn which
provide the furnace power. If the extensometers were in greater
contact with the furnace tube, they could act as shunt resistors
which could create a short circuit. The presence of the flanges
svoids this problem. The end bushes (D) were made from 'Tufnol!
insulating composite, to provide thermal and electrical insulation to
the cxternal case of the furnace. The lead screw extension rods (%)
pass through p.t.f.e. bushes to the outside of the furnace, where a

mm

drive sprocket is fitted. The extensometer is driven by a chain from
the clutch and motor.

The holder in which the test loop is restrained is shown at (F)
in figure 2.4(a>. A drawing of the plan and elevation of this part
of the extensometers (it is the same for both models) is shown in

1

figure Z,L(b). Two rods are used to restrain the loop. These are
g .
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inserted through the shield after the loop has been formed and placed
in position. The push-rod is pushed along by ‘the:rotation of the lead
screw, to put the loop under load. It then forms a double loop in
readiness for the hot stretching experiment. The loop was formed
using a specially designed jig, which allowed a straight tow of fibres
to be neatly clamped into a circle; ‘Bvostick' adhesive was then used
to glue the ends together. At graphitising temperatures the 'Evostick'
forms a very hard carbon, which does not itself stretch very much. It
has proved a very useful substance for this purpose, as it withstood
the stretching loads applied to the loop. To check for the accuracy
of the stretch ratios, which were calculated from the number of turns
made by the lead screw, the stretched fibre mean diameters were

compared to their control values. This usually confirmed the results.

O MZAT TREATED DOLYACRYLONITRILE,

Host of the published work on the chemistry of the changes
resulting from the heat treatment of polyacrylonitrile is concerned
with the initial reactions responsible for colouration., Very few of
the results are quantitative, and none of them extend so far as to
describe the oxidised polymer at the stage where it would be considered
satisfactory for carbonisation. In this work it was thought desirable
to obtain quantitative measurements of the chemical changes following
heat treatment, in order that the correlation between the physical
and chemical changes might be investigated.

e KPr disc method was the best available, because it was
necessary to keep the sample in a fibrous form during heat treatment.
Thin films could not be prepared after heat treatment, as the sample
was usually only partislly soluble in any solvent, BSpectroscopically
pure KBr was used, which was kept completely free of moisture by
storage in a dry vessel. The fibre samples were first thoroughly

chopped with sharp scissors until they were very fine. They were

sround for long periods in a ball mill and subsequently dried



. o]
by being kept at 80°C for several hours in a vacuum oven, A

concentration of 0.3% by weight of ground fibre sample to KBr was-
used for the preparation of each disc. The sample was carefully
weighed each time using a Cahn microbalance, which weighed to 10"
grams. The KBr mixture was then ground, sieved and dried. The KBr
discs were prepared by pressing the sample mixture in a special die,
which was evacuated during the application of pressure in a hydraulic
press. DBefore recording the spectra, the disc was carefully checked
hat no moisture induced opacity of the surface had occurred
and that it was otherwise unflawed.

The spectrophotometer used for the determinations was a Perkin
Blmer Ltd 257 model. This is a double beam instrument. The slit
width of the collimator was set at the normal value indicated by the

instrument.

TTAL SCANMING CALORIMETRY.

T+ has been shown that polyacrylonitrile exhibits a reactlon
exotherm during pyrolysis, which is probably attributable to the
polymerisation of the nitrile groupséa. The formation of a ladder
polymer as a result could well be significant in the development of
a thermally stable carbon fibre precursor. It is, therefore, valuable
to quantify this exothermic reaction, in order that its importance to
the formation of high strength carbon fibre might be assessed. Most
of the published studies of the reactlon have been made using
differential thermal analysis (DTA). This method is not gquantitative.
Differential scanning calorimetry (D3C) is quantitative and for this
reason it was adopted as the method of studying the effect of thermal
pretreatment upon the reaction., Apart from the reaction exotherm,
polyacrylonitrile undergoes thermo-physical changes which are of

interest in understanding the behaviour of the fibre under different
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Like DTA, DSC compares the saﬁéle~@ith:a£iiﬁert reference. DTA‘
measures the temperature difference between the sample and reference;,
as the average temperature of the calorimeter enclosure 1is raiséd.
An endothermic change in the state of the sample results in“the
sbsorption of heat without a commensurate rise in temperature and so
the sample temperature falls behind that of the reference. An
exothermic change would have the opposite result. The D3C measures
the amount of heat required to maintain the reference and sample at
the same temperature. For an endothermic change, heat is supplied to
the sample in order to keep it at the same temperature as the
reference. For an exothermic change, the heat 1is supplied to the
reference. Hence the magnitude of a thermodynamic transition can be
determined with the D3C, while only the temperature effect of the
change can be measured with DTA. The essential difference between
the two methods is that the DSC is measuring the rate of change in
specific heat with temperature. If the DTA was to be used
guantitatively, then the change in specific heat of the sample with
temperature would have to be determined separately.

The principles of the DSC method are illustrated in the block
diagram shown in figure 5.6. The out-put of the instrument is a plot
of the mean temperature of the calorimeter enclosure in OK, versus
the rate of supply of heat to either the sample or reference pan, in
calories/second. The latter reading remains constant until there is
. {ransition in the state of the sample. The temperature of the
calorineter enclosure is measured independently of the sample end
reference, by a resistance thermometer and the signal is amplified
by the average temperature amplifier. The actual temperatures of the
sample and reference 2re neasured by resistance thermometers which
are in extremely intimate contact with the cells. These cells are
igentical in every respect, s0 their specific heats will chenge in

an identical manner. he aifferential temperature amplifier records
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the difference in temperature between saﬁple’aﬁd reflerence; and the
phase of the difference. It then supplies heat to the cooler cell
until equilibrium is restored. The response of the amplifier and the
size of the cells determines how rapidly this process is accomplished.
The amount of power required to restore equilibrium is recorded with
the average temperature.

The instrument used in these studies was a Perkin Elmer Ltd
D3C 1B. At this time this was the most sensitive instrument available
of the type. A detailed study of the D5C.1B 22 compares the
performance of the instrument with the standard DTA method. The
sample is encapsulated in thin walled aluminium pans which are
supplied with the instrument. To ensure that the surface
characteristics of the sample and reference are the same, an empty
aluminium pan is used as the reference. To obtain as large a sample
as possible, the fibres were chopped to a fine mat. Pans and lids
were weighed using a microbalance and the samples were packed into
the pans and the 1lids crimped onto them using a standard crimping
press. The sample weight was determined by re-weighing. Before
starting the experimental scan, the sample was kept in the instrument
at 10000 for 30 minutes, to remove all moisture. The signal baseline
settled at a fixed value once the sample had equilibriated. The
scanning prosramme was started at 10000, unless the glass transitions

0 .

were to be studied, in which case it was first cooled to 30 C, Host

0 .
of the measurements were carried out at a programme rate of 16 C/minute,

0
. v . P Ly
unless the melting behaviour was being studied, in which case Ok c/

[e2]

minute was used. The out-put from the D3C was recorded on a specially
modified strip chart potentiometer. The power signal was continuously
recorded by the potentiometer pen, while the temperature was marked

4o

. . - . I . M
slong the edge of the strip chart by a relay operated pen. This

On _. . N
resistered a mark upon the chart for every 1 C rise in temperature,
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but left a gap every tenth degree for the convenience of recording

the temperature.
A typical DSC scan is shown in figure 2.6. This is for a

polymer which passes through a glass transition and eventually melts.

3

he differential power signal changes as soon as the temperature
programue is started. The resultant deflection is directly
proportional to the specific heat of the sample. As the temperature
is raised the deflection increases, as the specific heat of the
sample increases. Other offects also influence the position of the
signal base line with increasing temperature. The most important 1is
due to the differences in emissivity between the sample and reference
pans. A glass transition in the sample is seen as a discontinuity in
the signal base line. The convention is to take the glass transition
temperature as the temperature of the start of the discontinuity.
hig has been followed in this work. Thermal transitions which
involve the absorpiion or evolution of heat produce a signal peak.

FRR}

Tn the crse of the polymer studied in figure 2.6, the melting of the
polymer has produced an endothermlc peak. The determination of the
ares under this peak produces a value for the heat of fusion of the
polynacr. In the case of polyscrylonitrile, an exothermic peak 1is

. b

obtained which is similar in shape to a fusion peak, but as heat 1s

W

supplied to the reference cell, it is formed by a contrary deflection
in the power signal., The amount of exothermic heat evolved was
determined by measuring the area under the peak with a rotating
planimeter. Knowing the rate of feed of the strip chart, the full
scale value of the power sirnal, the rate of hcating and the mass of

the amount of heat evolved per gram of sample was easlily

calculated.
To obtain accuracy with the DIC method, 1t is lmportant to

carefully calibrate the instrument. The calibration of the power
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amplifier was checked regularly by the de%ermination of “the heat: of
fusion and crystallisation of a highly pure sample of indium. The
result usually agreed very well to + 1%. The temperature calibration
had to be set regularly, though it did not depart from previous
calibrations by more than i.ZOK. The temperature calibration was set

by comparison with the melting points of pure indium, tin and lead.

=3

'he average temperature amplifier was re-set until the temperatures

recorded agreed exactly with all these melting points.

A

2.7 THE

NTAL ANALYSTS CF PYROLYSHD AND CXIDISED

POLYACRYLONITRILE,

The analysis of the elemental composition of a large range of

samples was carried out for the author by F. C. Johnson of Rolls-Royce

u
L
pult
%
o
t
)
3
O

utine service. The instrument used for this purpose was an

N

Anglyser, manufactured by the Hewlet Packard
Company. This instrument is a gas chromatograph, which analyses the
casecous oxides produced by the total combustion of the specimen. The

sample to be analysed was first accurately weighed and placed in a
stendard combustion cup. It was then covered with an excess quantity
of manganesc dioxide and catalysts (transition metal oxides). The
instrunent operated with a {low of helium gas at a pressure of four

m

stmospheres. The sample cup was first placed in the cold zone of the

instrument combustion tube, while sufficient time was azllowed for the
sir to be purged from the system. The chromatograph was then allowed
to come to equilibrium before combustion of the sample was commenced.

Once the chromatograph had established a satisfactory base line, the

nushed into the hot zone, using a push rod which slides

ourh s pressure seal. As soon as the sample reached the hot zone,

the helium flow was diverted and the oxidation took place under static
e Tetas ~A 9 1 .

conditions; the evolved gases being reteined in the combustion

O tal - - .
chamber. The hot zone was used at 1,100 C for all determinations.
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The combustion process took about 70 secoﬁds, éfter which the ‘helium
flow was resumed and the sample gases swept further into the-system.

The carbon monoxide in the sample stream was completely converted
to carbon dioxide by passing through copper oxide. The oxides of
nitrogen were reduced to form pure nitrogen gas by passing over bright
copper at 450 to SOOOC, The sample entering the chromatograph column
consisted of carbon dloxide, nitrogen, water and the helium carrier
gas. The chromatograph column separated the gases and they were
detected by a katherometer. The detector out-put signal was
integrated electronically, to give the relative quantities of each
gas. The instrument was calibrated prior to each determination, by a
compound containing a similar c-rbon content to the experimental
samples. Acebanilide was used in most cases, as this has the same
epnroximate carbon content as the precursor polymer.

This method provided accurate values for the proportions of
carbon, nitrogen, and hydrogen in the sample. The oxygen content was

talken as the residual weight fraction; ignoring the trace gquantities

of other elements, which are possibly present in the precursor.

no
°

THE SCAMIING ZIECTRON MICROSCOPY OF 1EAT TREATED FI

Tt is very useful to have a purely visual observation of fibres

after heat treatment, in order to assess their condition. If melting
has occurred, this is immediately apparent from direct observation in
the microscope. The scenning electron microscope also reveals the
fine structure of the fibfe, if this is within its resolving power.

. PN . -
The scanning electron microscope (5¥1) used in these studies was a

Stercoscan [k 1. instrument, produced by Cambridge Instruments Ltd.

%]
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. .0 . .
imate resolution of 150 A and a maximum accelerating
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voltape of 20 KV.

Yost of the studics made with the instrument were of fibre

Qu

ed tensile machine was used for

D

eracture
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obtaining the fractured specimens. It was horizontal, which allowed
the fibre, mounted on a card in the usual way, to be fractured while

imnersed in a liquid. A mixture of glycerol and water was found most

suL

able for this purpose. In this way the fractured ends were
retained in the liquid and could be easily retrieved for mounting.
After retrieval, the fractured pieces were washed in acetone and
mounted on the ends of standard size steel pins, as parallel to the
pin axis as possible, using Durafix cement. The normal type of SEH
specimen stub was used for mounting the steel pins, which had holes
drilled centrally for this purpose. After mounting, the fibre was
T

riven a thin coating of gold in a vacuum coating unit. his provided

a conducting film, which prevented the charging of the fibre by the

also increased the yield of secondary electrons,

i

he two major advantages of the scanning electron microscope,

mared to the optical microscope, are the higher magnifications
possible and the very much greater depth of focus. These are major
adventares with the study of cnarbon fibres, becnuse they are usually
very thin and have features which require a large depth of focus,
such as the lamella structures considered later in the thesis., A
detailed account of the operation of the scanning electron microscope
end its application to physical investigations can be found in a book

, Ok
by Thornton ——.
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CHAPTER 3.

THE PYROLYSIS AND OXIDATICN OF POLYACRYLONITRILE;
A REVIZW OF CURRENT XKNOWLEDGE.

Folyacrylonitrile is a linear organic polymer which can be very

simply represented by the following molecular formula.

H H H H
TR
3 | 3 } i ‘ H

O
Sw

7
7

It does not necessarily have an isotactic conformation ag represented

by the formula snd generally it is believed that 1t has a very

irregular structure. The distorted configuration adopted by the

nolyacrylonitrile molecule in either the solid state or in solution

/

makes a detailed structure analysis very difficult.

Conpared Lo inorganic solids linear polymers are thermally

unstable: if crystalline they have low melting points, - if not, they
soften very considerably at relatively low temperatures. The reason

ror this behaviour is spparent from the long-chain structure of the

Hh

molecule. Although within the molecule the atoms are covalently

ss a rule, the moleccules themselves asre often only bound by

Ser iaal's forces, as in polyethylene for example. Folymer

molecules are in some cnges heterogeneously bonded, with additional

such as hydrogen bonding found in the polyamides

‘nd moler bonding, found in Dolyvinvlchloride, adding to the cohesive
NG POLALr DULLLIEL, & s P J

T+ is these relatively weak interchain forces

which 1limit the physical stability at high temperatures, unless

. : roem g y—1linking ; r g i d.
deliberste reinforcenent or Cross linking of the polymer is use

etanility oS ine el Sugg, =}
The 1low thermophysical stapility of most linear polymers ggest




that they might be chemically unstable agzgigh temperatures also. In
fact, they are often found to be much more unstable than the simple
chain model itself impli 22 i

2 e T 1mplies. Degradation processes are observed
before appreciable softening or melting of the polymer occurs, and
early discolouration is often an indication of this. It is virtually
impossible to synthesise polymers having the ideal chemical structure
described by a simple linking together of the monomer or condensation
product. 4 small probability of the building-in of chemical defects
is always present. These defects are sometimes of a type which can
initiate degradation processes, causing'them to proceed more rapidly
and at lower temperatures. The defects may take the form of the groups
which terminate the chain molecule, or they may be branches in the
chain. Sometimes degradation is initiated by copolymerised impurities,
very small quantities often having a very considerable effect.

The presence of oxygen has an additionally deleterious effect on
the stability of linear polymers (although it can have a favourable
effect on the stability of any resultant char), Heat treatment in the
presence of oxygen induces degradation at lower temperatures and
accelerstes the rate of chain scission.

ORMATION OF A CHROMOPHORE IN POLYACRYLONITRILIE.

3.1 CHE T

The pyrolysis of polyacrylonitrile is accompanied by a

deterioration in mechanical properties, in common with the behaviour

;
of other linear polymersoég This is probably due, in part, to the

chain degradation of the polymer. Concurrently an increasing
colouration of the polymer is observed. This is shown in figure 3.1(a)
for a polyacrylonitrile copolymer fibre - Courtelle, which has a

polvacrylonitrile content of 91%. The fibre has been heated at a rate of
poLyacryLlor :

15 OC/minute, while under restraint in a dynamic atmosphere of pure
12

argon. Lhe maximum temperature achieved by each sample was as follows.







0
= 20°C

=4
!

- - .
, B = 172°%, ¢ = 200%, D = 230%, E = 2626,

315°C,

=
I

With increasing degrees of heat treatment the fibre changes from
white to bright yellow, to orange and finally to dark brown. For heat
treatments above LOOOC the fibre is completely black. Pure
polyacrylonitriles undergo the same colour changes, except that the
rate and temperature dependence is different.

The development of a chromophore is not unique to polyacrylonitrile.
The thermal dehydrochlorination reaction in polyvinylchloride leads to
the development of colour, which is due to the formation of sequences
of unsaturation in the polymer chain.éz An analogous process in
polyacrylonitrile might be the dehydrocyanation reaction, but this

A~

does not occur until the major part of the colouration process is

[}
. O
complete. Houtz == proposed that the chromophore was due to the

formation of a cyclised structure. This, he suggests, is a consequence
of the polymerisation of the nitrile groups and the partial
dehydrogenation of the chain.

This structure is shown below:-

~—— CH cH cH CH_ ~——
2 AN 2
\C/ j:’/ \C/
"’ >, : ™~ o = C\\\\ NH
1N 2

The degree of colouration with heat treatment is much greater
under oxidising conditions, although the initial appearance of colour
occurs at a higher temperature. This is shown by comparing
figure 3.1(b) with %.1(a). The samples in figure %.1(b) have received
similar heat treatments to their correspondingly lettered samples in
3,1(a), except that the treatment was carried out under a constant air
Plow. Sample B of the oxidised series is lighter than its pyrolysed

comparitor. lowever, after further heat treatment, the oxidised

__33~




samples are darker than the equivalent pyrélysed’fibres and remain so

until complete blackening of the fibre occurs,

The chromophore following pyrolysis has been attributed by

59, 69, &1

Grassie and co-workers to the nitrile polymerisation

reaction alone, which produces a hydrogenated naphthiridine structure:-

— CH, P cH, y CH,, CH,,
S 5
™ CH ~ o o ——
—C N N g —
= N/ TS N -

Other authors have attributed the chromophore to the formation

62, 63, 64, 6
of a polyene structure =’ 83, Sl L2 T-

CH CH CH

——CH __ c

\\/H\/

These latter workers conducted all their heat treatments in circulating

Py

62 . _
air, though only one paper — attributes the structure to the effects of

oxidation.

LG ] ‘
Schurz et al 66, &1 have suggested the formation of azomethine

cross-links:~-

— CH
2~ —CH
CH— 2N oy
)
C -
Ny C = MH
—_— 5 — CH
- 2~
2
CH —
G X
Xy

Various studies of model compounds have shown that this last reaction

_34_




68, 69

is unlikely to be the origin of the chromdpﬁoﬁé§wﬁ~ =

Grassie proposes that the initiation of the nitrile polymerisation

reaction might be either through copolymerised acid impurities
(reaction A below) or self initiation via the formation of an

s s e .
initiation ring (reaction B, below).

A -~ Acid Initiation

P

1. Initiation.

CH CH CH/—/—
2 2 2
~ ¢//
CH o
o _C
4 \ -
: o |
|
"
2. Propagation.
—— CH CH CH ——

C C
0 = 0 TS | -~ MH
B - Self Initiation
1., Initistion.
?N
///CH
CH CH
o |2 2
CH, ‘ CH2
/ Z ~— \ / ~
(1) | \ e |
CN H. O CN
~
~N




2. Propagation.

(1) (IJN
CH
CH CcH
/cnzci\‘g | 2 /CHQ\
— CH N ca” CH—
LN
N
s —  NH
N
( CI H
(11) ///KHZ\\\ ///C 25 h2\\\
!n lH ClH CH —
\\\TT/// \\\ . //// \\\ N’///

The sclf initiation reaction was proposed as an explanation of the
ability of polyacrylonitrile to form a chromophore, even when it is
completely pure. (Polymethacrylonitrile does not have this ability.)
Pegbles et al 20 Ll suggest that the pure polymer can contain a defect
in addition to the acid impurity. This defect, the f-ketonitrile, has
the 2bility to initizste the nitrile polymerisation reaction. These
workers have shown that part of the free radical polymerisation of
polyacrylonitrile can take place by addition to the nitrile group.

This forms an enamine group which in slightly acidic aqueous

conditions can hydrclise to form the B-ketonitrile group:-
J O b

- 36 -



The initiation reaction is shown in section 3.5.

3.2 THE APPHARANCE OF INSOLUBILITY ¥ITH HEAT TREATMENT.

The early appearance of insolubility with heat treatment in the

normal solvents for polyacrylonitrile has led to the suggestion of

66
cross-linking reactions, such as that of Schurz = mentioned above,

. . Y
and the propagation cross-link proposed by Grassie,= below:-

1.
— CH CH CH CH -—
2 Nl e 2
\\\jH 3H' CH///
R C- CN
NS NN
™~ N'// N NH
cw cw
CH CH~——
CH///
—
H2 2
2
— cn, H, CH_ cH
N e N e 2
CH CH CH
| | |
— C CN
N o
i NR\\\ /// N\\\
C = C——
| |
CH
/// \\\CH‘// .
——CHz CH2~—
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The propagation cross-link is formed when the nitrile polymerisation
propagates between neighbouring chains.
If insolubilisation is due to a cross-linking reaction involving

the nitrile group, then it will be the type of secondary bond which

will determine whether the reaction proceeds according to the mechanism

of Schurz, or that of Grassie. Some authors have suggested that

s . 2 . .
polyacrylonitrile is hydrogen bonded,z“ with the a~hydrogens associate

d

with neighbouring nitrile groups. As insolubilisation occurs below any

(
. 61 “ .
observed melting temperature for the polymer,—— the Schurz azomethine

cross-link could form via such a hydrogen bond. Current evidence,

however, favours the view that the secondary bonding in polyacrylonitrile

is due to dipolar exchange forces, acting between neighbouring nitrile
Tf this is the case, the propagation of the nitrile polymerisation
reaction between chains is quite feasible and propagation cross-links
would be formed.

It is quite possible, however, that insolubility at some stages
of the heat *treatment is due to the developing incompatibility of the
molecule to the usual solvents. It has been reported that poly-
acrylonitrile exhibits increasing solubility in formic acid, as 1t

k

develops insolubility in dimethylsulphoxide — .

3,3  THE REACTION EXOTH-RM UNDIR INERT CONDITIONS.

The colouration reaction in polyacrylonitrile is accompanied by
the evolution of heat, which has been described as an explosive
> P
75 76 ,
reaction.®= Thompson — has demonstrated that the temperature
dependence and form of the exotherm, as measured by differential
thermal asnalysis, can be strongly moleculer weight dependent. Ie

finds as a result thet the exotherm peak temperature bears a constant

relstionship to the glass transition temperature.

L2

Hay - has attributed the exotherm to the ammonia forming reaction
which takes place within the same temperature interval and has the same



activation energy. The exotherm activation energy was calculated
from the isothermal induction period. Hay postulated two reactions
which could lead to the formation of ammonia; the aromatisation of

the cyclised molecule (l. below) or the termination of two oppositely

sropagating imine sequences (2. below).
P 3 1 4 )

CH CH
2
—~cz~z/ SN — wc/ \c
= 0
[ \ —— \ I
\N/ N s "
2 /CHZ\ CH, CH,
— ¢H CH/ o oy —
L C (l (j;% '
N Ny
CH CH CH
2 o AN
--CH/ ™~ c/ ™~ c/ CH—
’ ]L H l + 1\!1—13
PR C al ——
\N/ \N/ 7
l
H

he sharp autocatalytic character of the exotherm is more

racteristic of a chain reaction, such as the polymerisation of the
nitriles, than of the random elimination of ammonia. Furthermore,

Turner and Johnson == show that the evolution of ammonia in Courtelle

£ib

Lp]

e commences after the beginning of the recaction exotherm and the
decay in the number of nitrile groups coincildes exactly with the

decay in the peak height of the exotherm.
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3., THE THERMAL DEGRADATION OF POLYACRYLONITRILE.

In addition to the colouration and insolubilisation of the:
polymer with heat treatment, there exists the possibility that the
polymer undergoes chain scission degradation reactions. The
insolubility of the pyrolysed or oxidised material in suitable
solvents makes the accurate determination of molecular weights
impossible. There is, however, some published evidence for this
opinion, though none of it is really conclusive,

The mechanical property changes accompanying pyrolysis indicate

-
: L 56
that chain scission occurs <= (these are the author's own results).

-
} 5 - . . .
Kennedy and Fontana —= found that following the exothermic reaction the
polymer was soluble in formic acid and the intrinsic viscosity was very
low for the solution., This suggested that the residue had a very low
- : - 81 . : .
molecular weight. Beevers = has described how a crystalline solid
, . . . o
can be produced by the extended heating of polyscrylonitrile at 540 °C.
The crystal structure was characteristic of the presence of several
low molecular weight compounds., Chain scission is also supported by
several observations of the cvolution of low molecular weight tars
y wie [91
. .78, 79, 0 | -
during pyrolysis — —=" - The proportion of tars can be very large
if the heat treatment is in vacuo.

Chain scission reactions are likely to be in those parts of the
chain where polymerisation of the nitriles hasn't occurred. It is well
established that not all the nitrile groups participate in the
formation of the chromophore. Some nitrogen is lost as smmonia and

o

hydrogen cysnide. The fragmentstion of the partial ladder molecule

1

could take place when these gases are evolved and the tars might result

from the volatilisation of the naphthiridine itself.
The high thermal stability of pyrolysed polyacrylonitrile is of'ten
attributed to the cclouration reaction and its assoclation with the

O
. Gl . . . of . .
of & ladder polymer.—= A welght yield of L45% is quite

)
o)
s
F ]
e
£
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typical for polyacrylonitrile heated to 1;00000 iﬁ inert conditions;
which compared to other vinyl polymers is very high indeed. The
degraded products of pyrolysis must therefore undergo rearrangement

and condensation sufficiently early in the carbonisation. to avoid

complete volatilisation, The author has observed, however, that the
polymer undergoes some disorganisation before this occurs.

3,5 THE CXIDATTON OF POLYACRYLONITRILE.

The oxidation of polymers is generally due to the formation end
breakdown of hydroperoxides. The manner of the initiation and
propagation of these rcactions in different polymers will depend upon
their molecular structure and for detailed accounts of this the reader

, . 8 .
should consult a book by Scott.~t A generalised scheme for the

oxidstion of hydrocarbons is shown below:-

™

Tnitiation:- Reaction to produce a radical Re

\
~—

-

Propagation:~ R®& + 02 - ROOe

n00e + RH - ROOH + Re

N
DN

(%) Dranching chain reactions:-
ROOH - ROe + e0H
2RCOH  » RO® -« H20 + ROOe
ROOH + RH -~ RO® 4+ HZO + Re

(&) Termination:-
ROCe + ROCe - TInactive products

nere R 1s a hydrocarbon chain.

@

L prest variety of oxygen containing groups can be detected in
polymers following thermal oxidation. Groups such as carbonyl,
carhoxylic acld and epoxides are quite common, In

. , . . . L .
polyvinylchloride == polyvinyl alcohol e and polyacrylonitrile £2 ,

I

olefin bonds are found, sometimes in long sequences., The rate of

=

fornmation of tnese groups 1s dependent upon the rate of formatiom of

the relevant

In addition to the oxygenated products,

—



the decomposition of hydroperoxides usuglly produces a great-deal of
chain scission and there is a small probability of cross-linking
through radical-radical interactions.

Vosborough == first described the oxidation of polyacrylonitrile
fibre (Orlon) to produce a thermally stable, fireproof product. He
attributed these properties to the formation of a ladder polymer having

5
the structure originally proposed by Houtz ==, He did not, however,
provide an account of the chemistry of the process.

The nitrile group will have a very important influence on the
mechanism of oxidative attack on polyacrylonitrile. Many authors
propose that the initiation reaction is by attack at the a-position in

62, 7k, 86, 87

the chain ~— as follows.

CH,, oH,
_\ <
CH/ Sen— N
U | + 9
Cx CN
NS
@
0
('_
J
—-—CH CH
2. 2
c/ CH—
—C
N
N
87

This scheme — also proposes that the a-hydrogen is responsible
for forming an initiating imino group for the nitrile polymerisation

reaction. The reason given for attack at the g-position is that the

nitrile group is electron attracting which renders the a~carbon proton

releasing. This argument is made by analogy with the behaviour of
o J O

tertiary hydrogens in hydrocarbon polymers, but this cannot strictly

. . . Bl ;
apply in s nitrile polymer. As discussed by Scott — (pp.76) the



alkyl peroxy radical is electrophilic, whioh renders the f position
i.e. the methylene hydrogens, most susceptible to attack in initiating
and propagating reactions. Peebles et al §2 take this same viewpoint,
and demonstrate quite convincingly that this is indeed the case. They
found that three times the amount of oxidation takes place through
attack on the methylene bridge than at the g-carbon, Other authors
have since supported this interpretation 88, 22, 22.

The complete rcaction scheme proposed by Peebles et al is shown

below.

— CH, CH
N N Uy
CH ?H———~ _—
CH CN
COH
i
_——CHZ\\ CH HZO
CH CH—
| l
CN N
— CII2 Y y .
~ oH g CH —
|
CH N
CH
2
RC/// CH——
!f ! Initiation
~~~~~ ~CH C. €= -
~ — \ - - -
g o-” M
l i N
i q



n l Propagation

The oxygen attacks at the methylene bridge, to produce a

hydroperoxide. This breaks down to yield water and a @ -ketonitrile.

These authors have demonstrated that;g—ketonitriles can be formed during

the free radical polymerisation of acrylonitrile also, and that they
can initiate the polymerisation ot the nitriles. The nitrile
polymerisation scheme, above, can be due to initiation through either
@ ~ketonitrile defect and the sywbol R in the scheme represents polymer
chain or a single nitrile proup.

The formation of a polyimine, rather than a polyene had been

demonstrated in a previous publication by Peebles §2, for similar
heating conditions. Following this, nitrone formation i1s postulated
vy the additicn of oxygen to the polyimine. This would increase the
strength of the chromophore and iz offered as the reason for the

deeper colouration of' oxidised material. It alsc explains the

apsorption of oxygen without any loss of hydrogen. However, the



evidence for nitrone formation is very slight/and is.only convincingly
exhibited by one fraction of the products formed by the oxidation of
isobutyronitrile. If present in polyacrylonitrile, it may represent
only a small fraction of the oxidised product. As Brandup 21 himself
points out, as little as 1% of the nitrone completely blackens the
product,

The azdditional chromophore might be due to the formation of
polyene in addition to the polyimine structure. The disagreement

C

between Peebles &2 and Grassie él (the naphthiridine structure) and
Fester é&, éé and Berlin éé'(‘che polyene structure) over the source of
the chromophore is probably mistaken. Both structures are quite
possible and it will be demonstrated experimentally that heat treatment
in oxygen can delay the polymerisation of the nitriles, while producing
colouration through dehydrogenation of the chain. Both schools of
thought can legitimately claim to have observed the structures they
describe, due to their different methods of sample preparation. A
further possible explination of the increased colouration is simply
that a greater degree of nitrile polymerisation takes place under
oxidising conditions 225 gé-, though this will be shown later to be
rather doubtful.

in elternative structure for oxidised polyacrylonitrile,to that
eebles et al, is that of Standage and HMatkowsky 2k . They propose

thet polyacrylonitrile fibre oxidised to an arbitrary extent has a

structure intermediste to (1) and (2) below.

Fﬁ///’ O\\\\FF' CH////’O\\\\ CH
p pj’// “~\\\ ///<)i\\\ ,//// ~o ~ -
(+) —CH CH CH r C‘H _
— G C é C o



None of the studies reviewed above describes mechanisms which can

fully explain all the phenomena associated with the carbonisation of
polvacrylonitrile. The research to be described in following chapters
is an attempt 1o isolate those mechanisms which are important. The
work is basically physical in nature, so it will not be possible to
offer a chemical phenomenology of the process of carbon fibre
preparation from polyacrylonitrile. lowever, a description of the
structural changes accompanylng heat treatment has been attempted, and
it is hoped thot an increase in the understanding of the preparation

of carbon fibre with good properties has been achieved.



THE PYROLYSIS AND OXIDATION OF ACRYLIC FIBRES

STUDIED BY VISCOMETRY AND THERMAL ANALYSTS.

4.1 THE EXPERIMENTAL MATERIALS.

Most of the acrylic based carbon fibre available at present is
prepared from Courtelle. This is because it is a good precursor for
carbon fibre, as it is easy to process and produces excellent mechanical
properties. Much of the research reported in this thesis is directed
towards understanding why this particular acrylic is exceptional, in
addition to understanding why polyacrylonitrile generally produces
oriented carbon fibre of high strength and modulus.

Courtelle is produced by Courtaulds Ltd of Coventry, U.K.. It is
a copolymer, consisting of approximately 91% polyacrylonitrile, 8%
methylacrylate and a small fraction of itaconic acid.

Two pure polyacrylonitrile fibres have been studied; these are
Dralon T, 2.2 denier fibre, produced by Farben Fabriken Bayer of
Dusseldorf, West Germany, and Orlon 81 (approximately 2 denier) fibre,
produced by the Dupont Company of Wilmington, U.S.A.. In addition to
Courtelle, three other polyacrylonitrile copolymers have been studied:
Dralon N (3 denier) fibre, which is produced by Bayer; Cashmilon,

60 denier mono-filament fibre, which is produced by the Asahi Company
of Japan and Rhodiaceta acrylic fibre, produced by the Rhodiaceta
Company of France. All these copolymers contain approximately 90%

by weight of polyacrylonitrile, copolymerised with methylacrylate 22

0f these acrylics, Courtelle and the Cashmilon mono-filament
were wet spun and the remainder were dry spun. A polyacrylonitrile
powder was also studied. This was a pure homopolymer prepared by a

persulphate-bisulphite initiated polymerisation and was supplied by

I.C.I. Limited.

- L7 -



4.2 THE MOLECULAR WEIGHTS OF COURTELLE/AND THE DRALON ACRYLICS,

BEFORE AND AFTER HEAT TREATMENT.

Solution viscometry was used to determine the intrinsic viscosities
of these three acrylic precursors and a few examples of their heat
treated products. The technique is well established in polymer science
and the reader can obtain details of the methods used from standard
texts on the subject 2§5 These determinations were made using an
Ubbelohde dilution viscometer. The measurements were made with the
viscometer controlled at 25 + 0.100, in a temperature controlled water
bath. A 60% solution of nitric acid was used for the solvent. This
was chosen because the fibres rapidly developed insolubility with
colouration, in the usual organic solvents used for polyacrylonitrile.
Although formic acid dissolves pyrolysed polyacrylonitrile L 12, it
was found that the oxidised polymer was insoluble. Sulphuric and nitric
acid were found to dissolve the largest proportion of the heat treated
samples and as nitric acid fully dissolved the thres precursors, it was
considered the most suitable choice.

The molecular weight of a polymer is given by the formula

where n is the intrinsic viscosity, M is the molecular weight and

K and n are the Mark, Houwink, Sakurada constants.

The values for n and K were taken from the work of Fujisaki and

Kobayashi 27 who also worked with a 60% nitric acid solution. These
are

n = 0.75

K = 3.0x 10"

The plots of reduced viscosity versus concentration produced very

good straight lines for the unheat-treated acrylics and accurate

values of n; were obtained by extrapolation to zero concentration. The



calculated molecular weights are recorded below,

4
L

Courtelle 7.4 (3) x 10
Dralon T 7.2 (0) x 10
Dralon N 3.0 (8) x 10

The heat treated materials generally produced very poor reduced

viscosity plots, whether the heat treatment was conducted under inert

or oxidising conditions. The reduced viscosities were low in all cases,

which indicated low molecular weights. In addition, a large number of
the samples were only partially soluble, so the intrinsic viscosity was
not completely characteristic of the material. (The variation of the
degree of solubility with heat treatment has proved to be a useful
parameter, however, and the results will be discussed again in

chapter 5.) Accurate best fit straight lines were obtained for two
heat treated Courtelle samples, by extrapolating from high values of
solution concentration. Both samples were chosen because they were
completely soluble and because they had been taken right through the
colouration and exothermic reactions. The one sample had been
pyrolysed at a rate of %g °C/minute to 260°C in pure argon and had an
intrinsic viscosity of 0.09 d¢/gram. The other had been oxidised to
29000 at 1OC/minute in circulating air and had an intrinsic viscosity
of 0.10 df/gram. Using the Mark, Houwink, Sakurada constants for
polyacrylonitrile, the pyrolysed Courtelle molecular weight was 2,100
and the oxidised fibre's was 3,500. As the products of these
treatments will have a completely altered molecular structure, the
constants do not strictly apply. However, the evidence is quite
conclusive that heat treatment reduces the molecular weight of
polyacrylonitrile, whether conducted under inert conditions or in the
presence of oxygen, because the decline in intrinsic viscosity is very

great.

The similarity in molecular weight of Courtelle and Dralon T is
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very useful, because the latter-is a pure polyacrylonitrile fibre;

which behaves quite differently from acrylic copolymer fibres.
Molecular weight differences can now be ruled out as a major factor
in the different behaviour of these two precursors.

4.3 THE GLASS TRANSITION TEMPERATURES IN ACRYLIC FIBRES.

Polyacrylonitrile exhibits two transition temperatures 12, 13
either of which could be described as a glass transition temperature.
They are both very similar to second order thermodynamic phase change:
and can be observed as a discontinuity in the rate of change of
specific heat with temperature. These glass transitions have been
measured for 1.5 denier Courtelle, the two Dralon acrylics, Orlon 81
and the pure polyacrylonitrile powder, with the differential scanning

calorimeter. The results have been recorded in table 4.3, below.

Table 4.3

Polyacrylonitrile | First glass transition | Second glass transition

sample. temperature Tg 1. temperature Tg 2.

1.5 denier

Courtelle 9,.°¢c 15,.°¢
3 denier Dralon N | 99°C 162°¢

Dralon T pure
homopolymer 111 176°¢

Orlon 81 pure

homopolymer 110°C 17800
Pure poly-
acrylonitrile 8500 14200

powder, I1.C.I.

The determinations were carried out with the samples in a

dynamic atmosphere of dry nitrogen, at a temperature scanning rate of
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16OC/minute. The results are all higher/than the published figures

for relatively unoriented polyscrylonitrile powders and fibres, except
for the I.C.I. powder. Andrews and Kimmel L quote values of 87°C ané
1400C. The pure polyacrylonitrile fibres have very similar glass
transition temperatures, which are significantly above the values for
the two copolymers. This could be because of the diluent effect of tk
copolymerised methylacrylate, which has a relatively low glass transit
temperature, at 9OC 2§.

The transition temperatures for the fibres are probably higher tt
the unoriented polymer, because of their high preferred orientation.
Experience with other fibre forming polymers has shown that the glass
transition temperature can increase with increasing amounts of

99

crystallinity and preferred orientation ==,

L.y FIBRE RELAXATION WITH HEAT TREATMENT.

Bundles of 1.5 denier Courtelle and Dralon T fibre were laid flat
and straight in a large diameter porcelain dish and their lengths
measured very carefully with a travelling microscope. They were then
heated slowly (1OQ/minute) to a series of increasing temperatures and
held at each temperature for 24 hours. The heat treatments were
carried out in an air circulating oven with a constant supply of air
provided by a pump. For this slow rate of heating the fibres remained
straight and slight wrinkling only appeared at above BOOOC. The
degree of contraction was determined at each temperature stage, once
the fibres had cooled. The results are plotted in figure 4.4(a) for
both the acrylics,and straight lines have been drawn through the data
points.

The two interesting observations made with this simple experimeni
are that the length and colour of the fibres change in step with each
other and with the glass transition temperatures measured using the

D.5.C. 1B. The colours developed during relaxation are indicated on
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the figure. Dralon T developed the different colours at

systematically higher temperatures than Courtelle, but each colour was
achieved at approximately the same point of contraction. Contraction
was first observed at the first glass transition temperature for each
fibre i.e. 94 C for Courtelle and 110°C for Dralon T. No further
contraction took place until the temperature reached the second of the
glass transitions i.e. 15400 for Courtelle and 17600 for Dralon T.

The fibre first coloured to a pale yellow with the first 5% contraction
and remained at this colour until relaxation was resumed at the second
of the transitions. The change in slope of the rate of contraction
with temperature once the fibres have completely blackened corresponds
to the completion of the exothermic reaction. Beyond this point, the
fibres continue to contract to values of 50% and more, indicating that
they still have the characteristic ability to relax which is typical
of oriented polymers 199. The rate of relaxation is now much slower
than when the polymer was predominantly unmodified polyacrylonitrile,
which indicates that the chain molecules are either more rigid or more
firmly bound than previously.

The apparent correspondence between the physical changes in the
polymer and the chemical reactions taking place with temperature is
most interesting and suggests that the chain relaxation processes
control the rates of the chemical reaction(s). A further interesting
illustration of relaxation in Courtelle fibres is shown in figure 4.4(L
The four curves in the figure have been obtained from four loops of
Courtelle fibre, each consisting of 10,000 filaments which have been
suspended in a glass fronted oven, with the indicated weights hung
from them. The oven has been carefully controlled at each of the
three temperatures shown in the figure and the length of each loop
measured with a travelling telescope. For each incresse in temperature

there is a decrease in the length of the loop, if the weight does not
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exceed the plastic limit of the fibre; if it does, the fibre stretche:
but only to the extent that the retractive relaxation forces will
allow. Any number of temperature steps could have been shown in the
figure, as each increase in temperature produces a corresponding
increase in the retractive force. The greater the load on the fibre
the greater is the amount of work performed by the fibre in lifting
the load. As the relaxation force is constant and dependent only on
temperature, the loops with the heaviest weights contract the least

(a plot of percentage contraction versus load is in fact a straight
line).

The important observation here is that there is a relaxation time
for each temperature, during which the retractive forces equilibriate
and after which no reorganisation (i.e. disorientation) of the fibre
occurs, unless the temperature is increased again. The usual pre-
oxidation treatment for the fibre (e.g. 7 hrs at 220°C in air) does not

remove this ability of the fibre to relax.

4.5 THE MELTING OF ACRYLIC FIBRES.

The melting of polyacrylonitrile is not usually observed, because
the decomposition of the polymer to form a less tractable solid
intervenes to prevent it. Melting has been observed for the polymer
in dilute solution it} and inflections in the reaction exotherm have
been interpreted as being due to a melting endotherm lgg. The author
has found that rapid scanning in the D.S.C.41.B resolves a melting
endotherm immediately preceding the reaction exotherm. This is shown
for Courtelle and the two Dralon acrylics in figure 4.5, and the effeci
has been observed for a very wide range of acrylics in addition to
these.

The determinations were carried out at a scan rate of 6AOC/minute:
with the samples encapsulated in pressure sealed pans, in an external
atmosphere of pure, dry nitrogen. The endotherm for the copolymers,

Courtelle and Dralon N, are very small, and it is as if they have been
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FIGURE 4 -5

THE MELTING ENDOTHERM IN ACRYLIC FIBRES
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cut-off by the appearance of the vér& b§éad exotherms.,  For Dralon:T,
however, the endotherm and exotherm are very well resolved and there
can be very little doubt that true melting is taking place. Layden 103
has shown similarly well resolved endotherms immediately prior to-the
exotherm, for copolymers of polyacrylonitrile with methylmethacrylate:
these results have been reported since the author made his measurements
Table 4.5, below, lists the melting points for the endotherms in
figure 4.5, and for Orlon 81 and the pure polyacrylonitrile powder.

In addition, the glass transition temperatures from section 4.3 are

repeated in the table for comparison.

Table 4.5

. Tel Tg2 T
Acrylic Sample ; E 5 Om

! C C C
Courtelle Sl 154 281
Dralon N 99 162 291
Dralon T 111 176 ' 333
Orlon 81 : 110 178 335
Pure PAN
powder (I.C.I.) 85 142 310

The melting points for the pure polyacrylonitrile samples are very
similar and in quite good agreement with the values quoted in the
literature. The copolymer melting points are lower, which might be
due to the diluent effect of the methylacrylate, reducing the cohesion
of the fibres. Layden 19 has shown how increasing amounts of
methylmethacrylate copolymer reduces the melting point of acrylic
fibres. The melting points of the fibres are directly proportional
to the glass transition temperatures, which is a general rule for
semicrystalline polymers —.

The thermodynamic changes in polyacrylonitrile appear to provide

_5[‘__



boundary conditions to the occurrence of the colouration/exothermic
reaction(s). (It will be assumed these are identical; evidence for

this is provided in chapter 5.) Colouration does not take place until
the temperatures of the glass transitions are exceeded. The glass
transitions, therefore, provide a lower temperature limit to the
reaction(s). For rapid heat treatment programmes the exotherm follows
immediately upon the melting of the polymer, therefore melting
represents the upper temperature limit to the appearance of the
reaction(s). This suggests that the reaction(s) which produce the
chromophore and exotherm are dependent upon the ability of the chain
molecules to relax or rotate about their axes. Bond rotation in the
chain does not appear until the first glass transition temperature and
once the temperature is increased to the melting point all the molecule
will be free to relax.

4.6 THE EFFECT OF PRE-OXIDATION UPON FIBRE MELTING.

The rapid heating of unpretreated acrylic fibres held under
restraint results in their breakage and fusion, because of the
appearance of the melting endotherm. If the fibres are first given a
moderate inert heat treatment to produce the thermally stable coloured
product and then given a further rapid heat treatment, the melting is
less severe but the fibres nevertheless shrink and fuse at about BAOOC.
Oxidation of the fibres, however, renders them completely infusible.
The standard pre-oxidation of Courtelle, for example, so stabilises
the fibre that it can be carbonised almost instantaneously, without
any fibre adhesion and with very little shrinkage.

The suppression of melting by pre-oxidation is illustrated with
Dralon T in figure 4.6. Thermogram (a) is the 64 /minute D.S.C. scan
of the fibre discussed above, which clearly exhibits the melting
endotherm. Thermogram (b) shows that this endotherm has been almost
completely suppressed by a relatively low degree of pre-oxidation.

This second sample has initially received an oxidation treatment by
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RATE OF EVOLUTION OF HEAT Millicals/sec

THE MELTING ENDOTHERM

{(a) before oxidation

exotherm
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