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CAIO'NO, FIFFRIr IN PFINFORCFD PLASTICS

Dr. eng. Zbigniew Guzek

Electrotechnology Institute, Wroclaw

1. Introduction

An elongated fibrous shape of a reinforcing agent in composite

materials is one of the most desirable forms, since it permits

imparting directional properties to Lhe composite material.

The most often used reinforcing fibers are glass fibers

of various types, such as E, F -nd P. Technical parameters of

glass fibers, according to Met ,.s /1/, are shown in Table 1.

In addition to glass fibers, wl;Lch have amorphous structure,

some crystalline fibers are also used as reinforcements. They

can be whiskers, hairy monocrystals, as well as polycrystalline

oxide fibers, metal fibLrE, and others.

Owing to their more perfect structure, crystalline materials

jM2uifLit obtaiiLir iiber:. with high mechanical strength. This fact

can be seen in tcchrnic l parameters of whiskers (Table 2), which

are devoid, to a ]D*ir-e, der'ree, of structural errors and surface

imperfectionz- /2/. However, thc range of applicability of such

hairy fiber. j, irjit ed, buc, u-' of technical difficulties in

their production and 11. u on nccount of the complicated techlio-

logy of placing ver:- mall whis kers (13 x 10-6 to 25 x 10 - 1 cm)

in ordered manner in a matcrial to be reinforced.



In Table 2 upecial attention is drawn by outstanding

strength parameters of graphite (position 5) and its low density

and great resistance to high temperatures. Carbon, both in the

form of whiskers and also polycrystalline fibers, has large

potential of applications in reinforcement technology for composite

materials.

Figure I shows specific strength (ratio of the mechanical

strength of material to its density) and specific modulus of

elasticity (ratio of the modulus E to the density) for various

reinforcing fibers, including carbon fibers, according to

Taprogge /4/. Similar values are reported by Gill. /5/.

The more graphitized carbon fibers obtainable at elevated

temperatures are callud graphite fibers by some authors. Carbon

fibers and graphite fibers distinguish themselves favorably

among conventional reinforcing materials not only by their

tenacity, but also by low density, resistance to the action of

environment, and preservation of properties at high temperatures.

2. Production of carbon fibers tLi

Beginnings of the production of carbon fibers are connected

with the name Fdison. He carbonized materials containing cellulose

and in appropriate chambers was obtaining carbon filaments

of shape given to the carbonized initial material. Other methods

of obtaining carbon in the form of fibers at the beginning of

20-th century consisted of spraying cellulose dissolved in zinc

chloride into a hardening bath, or placing carbon on a fibrous
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Figure 1. Specific tenacity (1/Land specific modulus of

elasticity E/I of various reinforcing materials:

A - graphite whiskers
B - ceramic whiskers

C - glass fibers

D - metal whiskers

F - metal fibers

F - carbon fibers

G - coatedi metal fibers
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Table 1. Mechanical strength, modulus of elasticity and plastic

deformation of glass fibers.
14 56

Horizontal headings:iConsecutive number;/type of fiber;relongation
ete hx19 -2 7 5
etenthxN.m , specific* elongation strength x10m

0 modulus of elasticity x 101 N.m2 ;/specific* modulus of

elacticity x 106 m;11 plac-tic deformation %

Vertical headings: 1 - Fiber 'F; 2 - Fiber S; 35 - Fiber D

*) Specific strength - strength in relation to density d!/Ain m

*) Specific wodulus of elafticity - E /cL in m
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Table 2. Elongation strength, modulus of elasticity and melting

temperature of whiskers from various materials /3/.
9 11 12

Horizontal headings:tConsecutive number;0temperature C;/elongation
9 -2 13strength x 10 N.m ;/,specific elonzation strength x 1 m;10 210 5

14 modulus of elasticity x 10 N.m- 2 ;/specific modulus of
elasticity x 10 6 m

Vertical headings:

I - Aluminum oxide

2 - Aluminum nitride

3 - peryllium oxide

4 - Boron carbide

5 - Graphite

6 - Magnesium oxide

7 - Silicon carbide

8 - Silicon nitride



base material through which electric current is passed in a

hydrocarbon atmosphere.

The obtained carbon fiberu had good electrical properties

taking into consideration applications for which they were

intended. However, they could not become reinforcing materials

because of their brittle nature. In the course of work to improve

properties of these carbon fibers much has been learned about

single parameters of production process, such as the quality of

initial material (precursor), temperatures of the consecutive

stages of decomposition, rates of processes, atmosphere,

catalytic agents, etc.

2.1. Low-strength and low-modulus fibers from cellulose

At the bepinnins of production of carbon fibers the most

often used initial materials were cellulose and artificial silk.

They allowed to obtain about 15% carbon in the process of pyrolysis.

The proceLs of carbonikation of cellulose has not been

as yet properly explained /6/. From their infrared vtudies

rang and B acon /7/ establish the following stages of decomposition:

I. Desorption of water, occurring at temperatures 25-150 0CO

II. Dehydration of cellulose itself, at 150-240 0 C,

III. Thermal rupture of chain and other C-O bonds, and

formation of C-C bonds through the reaction of free

radicals , occurrinr at 240-400 0 C,

IV. Aromatization above the temperature 400 °C.



The carbonizinr, fiber,. do not lose their original shape.

Specific Fprouptits c:in be obtained by carrying out properly

the process of carbonization. According to U.S. Patent 3 100 12

the proper decomposition in the process of production of graphite

fibers is assured by: a protective atmosphere and the defined

rise of temperature /8/:

- at the rate of 10-50 °C/hour in the temperature range

from 100 to 400 0C,

- at the rate of 100 0 C/h in the range 400 to 900 0 C,

- further heating up to 3000 0C till graphitization occurs.

Thinner fibers exhibit a considerably higher strength; this

is explained by a relatively easier evolution of volatiles from

the precursor without dis~turbing the structure. An increase of

strength of the produced carbon fibers is obtainable by means

of increasing the yield of carbon in the process of carbonization

by introducing catalysts into the protective atmosphere. Such

catalysts may be in the form of oxygen-free acids, e.g. HC1 /9/.

2.2. High-modulus fibers from cellulose

Carbon fibers obtaineA by the method described in the

preceding oection (1.1) do not have a high mechanical strength

and stiffness. When compared with glass fibers, carbon fibers

have barely similar stiffnss, and their elongation strength

reaches only 20f!' elongation strength of glass fibers. Structural

studies have shown conusiderable imperfection of fibers obtained

in this way. It is found that graphite layers, which should be



placed in the fi~er parallelly to elongated axis, do not fulfill

this conditiun zhnd ,:how large deviations and faults. In addition,

studies usinr an electron microscope have revealed a considerable

number of porec of large dimensions, above 100 X. Hence, the

fundamental condition for improving strength parameters of

carbon fibers is an improvement of their structure. This

cvnclusion was confirmed by introducing the step of stretching

(drawing) in the process of production of carbon fibers, the

step which provides conditions for obtaining a more perfect

structure. When the fiber was extended 7%, the modulus of

elasticity increased from 1.8 x 1010 N.m- 2 to 5.5 x 1010 N.m-2

and at the extension of 16% it rose to 57.1 x 1010 N.m- 2

It is obvious that orientation of the layers of graphite crystals

has the decisive effect upon the modulus of elasticity of fibers.

There are several ways in which the process of graphitization

with cimultaneous drawing (stretching') of carbon fibers can be

accomplilied at a t erperature near 3000 0C /10/. The fiber can

be ua,'sed throp'1h f r(-fractory graphite pipe, or it can be

heated directI.j b:, parinp electrical current through it.

A variable cort~roll4 drowint- of fibers is achieved by application

of diffi:rint vclocities of unwinding and winding, coupled

with pullin( actior. of uu-'pended weights.

The arplication of ttn:Jon to the fiber at high temperatures

reioult; in slidint of the formed graphite crystals along each

other, increasitng t)hus: the t;ut-ree of their orderly placement.

The higher i s this extension, the more regular is the structure,



the lower is th ,orosit,, auj the higher izs the modulus of

elal- ictv. .rtificial silk prpears to be thu beet cellulosic

precursor.

Among other materials used successfully as precursors

in the technology of making carbon fibers the leading position

is taken by polyacrylonitrile (PAN).

2.3. Carbon fibers from PAN

During the course of the search for a suitable raw material

for carbon fiber's of high mechanical strength it was found

that a copolymer containing at least 30%/ polyacrylonitrile (PAN),

heated to the tumperature about 150 0C in oxidizing atmosphere

and then to 800 0C or hit-her, yields a carbon or graphite product

with the shape of initial material /11/.

Shindo has shown in his studies /12/ that starting with

PAN one can obtain carbon fibers with modulus of elasticity

10 -?
F 16.9 x 10 "I.m , and at the same time the yield of carbon

is 50% and not 115° a 2 it occurs in the case of use of a cellulosic

precursor. Thece results can be obtained without the application

of tenuion (dra'inr).

Introduction of i prelimrinry heating in N2 atmosphere

and introduction of a s-low rate of temperature rise enabled

to reduce lose<j of carbon and to preerve longer chains. In this

way, starting with homopolyrner and heating fibers to 1000 °C

-- 2
one can obtain elongation strength 0.75 x 109 N.m 2. This,
strength ic 0.99 x 109 N.mL when copolymer is initially us:ed.
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Additional stepb, such as: heating PAN in air atmo'phere

for 24 hours at the temperature 290 0C, heating in oxygen-free

atmosphere up to 1000 0C, and subsequently graphitization at the

temperature 2500 0C, enable to obtain continuous fibers with

tensile ,trength 1.75 x 109 N.m -2 /13/.

As is known, graphite monocrystals assume closely packed

structure in hexagonal system, and havgaensity 2.25 g/cm3 .

The distance between basic planes is 3.354 1. The carbon obtained

in the process of carlbonization carried out at high temperatures

is packed less denuely, and the distances between planes are
0

irregular and Iii-her than 3.454 A. This irregular structure

(turbostratic) of carbon undergoes improvement in the process

of graphitization at the temperature 2000-3000 0 C.

Carbon fibers arising from PAN precursor are round and

are not twisted. The density is of the order of 1.32 up to 1.96,

hence approaches the theoretical value /14/. On the basis of the

above dis-cuesion it can be assumed that the basic changes in the

process of formation of carbon fibers from PAN occur under the

influence of tempurature in the initial and final stages of

carbonizati on.

,.3.1. Charifes occurrinr durinF decomposition of PAN

PAN fiber. ,re r, ade of material consisting of a chain of

repeated elementr: with ajctive CN groups and triple bonds. On

heating, PA! forms a lidder polymer. The intragroup crosslinking

causes that tho polymer is more s-table and does not melt
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ea -'ily /1 V.

14Catinr a bove 200 0C trigeers the occurrence of a number

of reaction& involving the evolution of HCN, NH3 and other

volatile compound,;. At about 220 °C oxygen becomes built into

the structure, and its entrance is connected with crosslinking. 3'
The amiount of entering oxygen is 8-I0%o. During the oxidation

water volatilizes causing that the percent content of carbon

increases from 30 to 450K.

When the tencion is applied at the stage of oxidation

and oxygen-crosslinking between molecular chains, these chains

are taut and oriented narallelly to the fiber axis, so that

even after removal of elongating tension in later periods of

heating the proper orientation is retained.

Kesatochkin and Grassi /16-17/ show a number of other

reactions occurring in the process. However, the most important

reaction remaini the oxygen-crosvlinking.

In the process of carbonization the fiber attains the

well developed ring structure of carbon, with small crystals

oriented along, the axis of fiber, which provides, as said before,

a large mechanical -trength and vtiffness.

Value: of thee rarameters may undergo further changes

under the action of high temperatures. These processes consi:t

primaril, of' cra ,hitization and recrystallization, leadinu to

an increase of ,tiiffriess of fibers. For it was found that further

heating of carborni zud fibers with already developed and oriented
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Figure 2. Formation of ladder polymer from PAN chain

CN CN CN CN Carbonization
I I I I ,
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Figure 3. Oxygen-croe Iinkinr and carbonization of PAN fibers

ktruLcLure leadu to an increacae in the modulus of elasticity.

On the other hano, the proct-. of graphitization above 1600 0C

is dii advantap-euu to mechanical strength. This strength suffers

degradation u; to V},t Lempcrnpture of the order of 2400-2600 0C

where it under'ou,.- a certain tabilization. The dependence of

mech3nicl ,'trcnr'th on tempcrature in the region of graphitization

(1200-3000 0C) ir. ;:'hown in Fivure 4 according to Gill /15/.



got-~

S I PO W0 ,6' 18 V ., IUOD 2. 8001

Figure 4. Changes in mechanical elongation strength aR and in

modulus of elasticity E of heated carbon fibers from PAN

The couroe of' curves 0R2f~z(I) and E=f(T) indicates that

one can control p)ro!x(:rties- of fibers to quite a great extent by

choos-inp appropriatu cunditions of the process of heating.

3. Ph eical and chemical prop~erties of carbon fibers

31*Phyksical propertieu

Technical data concerning the properties of carbon fibers

are rather scant and often controversial.Thie is understandable

in view of a rather hort history of fibers as reinforcing

material and of the fact that the development work on there fibers

is still pointi on.

Table 3 shows properties of various carbon fibers. For

comparison, this Table contains also relevant data concerning

other reinforcing materials.

IdW -W
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Table~ (contAl)

Horizontatli~ IIjnu.! :q,/Cons~ecutive number;/Peirnfurcing material;

- ;i11tlongation strenefth x-2 ~
~it xe~t 101m x N1m

p'odulut- of c-lktic(t 'Y10 N.m ;specific el~ongation

vtrerigth x 10~ n;fspecific modul~us of el~asticity x io6 m

Vertical headinat;:

I- Carbon f iber V.'YB-1 25

2 - Carbon fiber GPAFIL HM

3 - Carbon fibur (3PAFIL HIT
4 - Carbon fi b er CPAFIJ, A

5- Carbon fiber fIGPAFIL HIM

6- Carbon f ibcr T4ORNIFI. 16

? - Carbon fiber TI4OPNF. 25
8 - Carbon fibe.r THORNrI. 40

9 - Cahrboni I),, r T1HOIhrFT, 50
10 - ('arburi fihur THOR*NH. 75

11 - C-arbon fibt.r PIOOYOP I
I,? - Carbon fiber 1MOPT!0 I I

1 'z - Carbon f i 1(.r TRFIL KPW-I
I - G1.ase fiber

15 -Glase, fibt-:r2

16 -AlwininUr wire
17 -Perylliiim wir-

18 - 'unp'LA(n wirtu

19 -:;Leel. wire

- opo)t'wr
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Figure ', (Oeft). (::ir1ur fibers ZFFII, KBW- 13 in the picture of

secondary Qlectron,"; rri",irnification 240X

Firure 6 (rieht). ('rlo, fibers ZFFIL KBW-1 in the picture of

secondary electronc; ri-pinification 960X

Fig7urut " and 6 Lhow fiberu ZFFIL KBW-13 under magnification,~

211OX and 960X. They were obtained by meanb of an X-ray micro-

analyzer [X<A-OA f .,ii, j',j, com, pany. Pictures of secondary electrons

show clear variou.- protruber.ances, bubbles and uneven forms

on -urfaceL of fiber,. These imperfections are reflected in low

mechanical pro(if'ie: of the::7: fibers (Table 3, position 13).

corwiri,' oc u." tKh uical feaIturer of reinforcing materiaIs,

pr -:'r.t ' ,, -, It l ,, rvItlu." one t.o conclude that.:

- t he 0( .i carlor fbc;rr i- (,veral times lower than

i:,, of r(-itiforti, v, r .; it. i: Y o nbout 0% lower than the

,IeI: it oV IL j i r c ;2"

- 1. t-l u.:it i( :. t.renrt h of carbon fibers is about half '
''

--

of thaL of rIq::L fibert ; It it,, however, comparable to that of

.oo
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- yvcif!c l.;nation ['trunith of carbon fibers is within

the range uf the -pecific elongation strength of glass fibers

type F. This strength is z-everal times higher than the specific

strength of metal wires;

- the stiffness of carbon fibers is outstandingly large.

The elasticity modulus F of carbon fibers is 5-7 times larger

than that of glass fibers, and by about 50% higher than the

modulus of metal wires. This advantageous feature is visible
J

even more when comparing respective values of the specific

modulus of elasticity;

- carton (,ranhite) fibers distinguish themselves very

favorably in their resis-tance to the action of hiEgh temperatures

- see Table 4 .

3.2. Chemicnl ruziLLance

An important fr:nture of carbon and carbon fibers is their

chemical incrtne-s. lip to the temperature 350 0C they are

chemically reL iEtLnt, with excuption of strongly oxidizing

arents. An import:in{, condilion is to prevent contact of fibers

with air.

ComparatIve ,Atdlief of the teffect of various chemical

aents on carbon fiher -, carried out by U*.C.V. Judd /18/, confirm

the larre rei:.istance of fibers. Mechanical parameter- of fiberc

exposed to the long action of environment have not deteriorated

to any large 'egreu.



'F:.blu i. uLt.iri t Lhmfur:it ureve of various reinforciri materials

No. Material Melting (* softening) temp., °C

1 Glabs type F 846

I Glass type S 970

3 Glass type D 771

4 Aluminum 660

5 Beryllium 1350

6 Tungsten 3410

7 Aubtenic steel 1539

8 Molybdenum 2625

9 Copper 1083

10 Gra phi t c 3592

£imilir rLcult.t wure also obtained in studies of resistance

of F:ngli~n c'jrUori fii-ert GPAFII. HM, GRAFIL HT and G:AFIL A

to aggreE-sive environmtnt .y G.1,. Ilart and G. Pritchard /19/.

Other prop.rtieF of fibers are shown in Table 5.

3.1. Possible irnprovumcnts of parameters of carbon fibers

The modulus of elaL-ticity of commercially produced carbon
10 -2

fibers reacheE the valijet L0-5)0 x 10 N.m . On laboratory scale

valueo of the mudulij coT:e tip to 70 x i0 1 0 N.m 2 . The modulus

of elasticity of i raq'hite monocryrt.-l in the direction of axis (a)

amounts to 100 x 10
It TI.m-2 . Hence, the margin of increasing

values of the Youngi moduluc is actiially not so large.
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Tble 5. Other properties of c.3rbon fibers, from PAN

Carbon fiber
No. Property . . .

High-modulus High-strength

I Flongation (0.) 0.5 1.0

2 Specific electrical resistance

at 25°C (,Vacm) 775 1500

3 Coefficient of thermal

expansion, 0-50 C

(106. C-) 1.62 0.78
(negative) (negative)

Theoretically, mechanical strength in bending should be

F/10. In practice one obtains only F/200 or F/100 for high-strength

fibers. An improvemont of technical parameters of fibers should,

therefore, be attempted in this direction. This work requiree

a better knowledge of the sources of defects in fibers, and also

positive results in attempts to improve their surface.

4. Applications of carbon fibers. Conclusions

Main advantages of carbon fibers are: resistance to high

temperatures, resistance to chemical action, high stiffness and

low density. On the other hand, the shortcoming is their

actual hiph price. One has to note, however, that a continuous

although slow rt',uction in the price of carbon fibers is observed.

.. ..I..LL _r '" , , . . : - . . ... . . .. . .. '. .... - -'-i - - = : ' - = [ [ " i~ ... : . .. ~ ,



rihi b vr Jiu: I J ] nuti'jo of Pri ce it i:een 'uk a result of improve-

mentr it !,ro,!c L iu met hod, ,: well as broadening of the

L iuctrul. uf :,,I i c'iLioflz anJ increase in marhet demand.

Ir the initinl juriod, carbon fibers were used exclusively

in s:tr'ictu es'i in whichi properties of composite materials were

of paramount importance and the price did not play any role.

We speak here about composite materials in cosmic (space) ships.

Flements from materials with carbon fibers had maximal stiffness,

were more resistant to the action of high temperature, and they

considerably reduced the mass of structure. Carbon elements

reinforced with carbon fibers were used in cosmic vessels

(spaceships) also to utilize the phenomenon of ablation

in the use of vehicle parts exposed to particularly high

tempcratures.

The next domain, in which carbon fibers were used to

reinforce plastics, wa& aviation. The use of fibers was influenced

by the necessity to increase the degree of flight safety.

Lightnes comhined with high strength paved the way for

,A!,plication of composite materials with carbon fibers in

installations :ud riachines for competitive sports.

PossibiliLiev' of application of composite materials with

carbon fiber.-; cxivt also in other areas, for instance in

chemi:stry nn, eloctrotechnical indufstry. In chemistry, for

instance, they coull Le ived in construction of mixers and

tank--, mechaniclly stronp and resistant to corrosion.



I') ec I I'ort 1:0no , it a [preArs t hi . carbon f1 ber.: co: Ld

be .i d tn p :r 1,' :t.- re] tiforcinf- material for metal,, such as

copper aid lur!iit: ii:, for a .(ral cables of high mechanical

rtrenrth, for twtic' ior calle.,- of fast electrical trains, and

for faEiL-rot-1tii, !art2 of machines. In other applications,

compo rit.vc with carbon fiherz may find applications in the

construction of shielding and grounded protective covers,

bru-hes, fast moving elements of computers, etc.

The present high prices of carbon fibers have restrictive

effect on the broadeninv of fiber applications. It appears that

a condition for considerable growth of interest in carbon fibers

is at least tenfold reduction in their price.

This discuss;ion on carbon fibers should be supplemented

with the statement that, because of their spccific character,

thes;e fibers do riot 'sr&L;ent competition for the currently usred

fibrou:7 reinforcin, natterials. put they are a valuable supplemunt

for Iiir crovii of matc.r al, broa)dening the possibilities- of

,'reatin" coirnpo i Lc mjt&rjals cwith ne, properties:.
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