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CARFON FIFFRS IN REINFORCFD PLASTICS

Dr. eng. Zbigniew Guzek
Flectrotechnology 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 the composite material.

The most often used reinforcing fibers are glass fibers

of various types, such as E, & »nd D, Technical parameters of
glass fibers, according to Met =s /1/, are shcwn in Table 1,
In addition to glass fibers, which have amorphous structure,
some crystalline fibers are also used as reinforcements. They
can be whiskers, hairy monocrystals, as well as polycrystalline
oxide fibers, metal fibere, and others.,
Owing to their more perfect structure, crystalline materials
permit obtuining  tibers with high mechanical strength, This fact

can be seen in technical parametere of whiskers (Table 2), which

are devoid, to a larre deprec, of structural errors and surface
imperfections /7/. However, the ranpe of applicability of such

hairy fiber: ic limited, becauve of technical difficulties in

their production and al:o on account of the complicated techno-

logy of placing very; :mall whickers (13 x 1078 to 25 x 107" cm)

in ordered manncr in a matcrial to be reinforced,




In Table 2 tpecial attention is drawn by outetanding
strength parameterc of graphite (pPosition %) 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 1 shows specific strength (ratio of the mechanical
strength of material to its density) and epecific 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 called 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 precervation of properties at high temperatures,

2. Production of carbon fibers

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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Table 1, Mechanical strength, modulus of elasticity and plastic
deformation of glass fibers.

4 9 6
Horizontal headings:fConsecutive number;/type of fiber;relongation
etrength x 107 N2/
8 modulus of elasticity x 10

0
elasticity x 106 m;bplastic deformation %

Specific* elongation strength x 105 m;

10 N.m-z;?specific'* modulus of

Vertical headings; 1 =~ Fiber E; 2 - Fiber S; 3 - Fiber D

-——— ot 4 e = e -

*) Specific strength - strength in relation to density @ /d in m
##) Specific modulus of elacticity = E /d inm
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Table 2. Flongation strength, modulus of elasticity and melting

temperature of whiskers from various materials /3/.
9 11
Horizontal headings:sConsecutive number;/temperature oC;/elongation

-2
strength x 109 Nem 2;/épecific elongation strength x IO5 m;
-2 15 .
N.m ;/spec1fic modulus of

14 modulus of elasticity x 1010

elasticity ¥ 106 m
Vertical headings:

1 = Aluminum oxide
- Aluminum nitride
- Reryllium oxide
- Boron carbide
Graphite
- Magnesium oxide
-~ Silicon carbide
- Silicon nitride
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base material through which electric current is passed in a

hydrocarbon atmosphere,

The obtained carbon fibers had good electrical properties’
taking into coneideration 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, lLow=-strength and low-modulus fibers from cellulose

At the beginnings 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 proce:zs of cartonization of cellulose has not been
as yet properly explained /6/. Ffom their infrared studies
Tang and PRacon /7/ establish the following stages of decomposition: |

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

II. Dehydration of cellulose iteself, at 150~240 °c,
I1Y. Thermal rupture of chain and other C-0 bonds, and

formation of C-C bonds through the reaction of free

radicals , occurring at 240-400 oC,

IV, Aromatization above the temuverature 400 oc.




-—

The carbonizine fibers do not lose their original ehape.
Specific propertics can be obtained by carrying out properly
the procees of carbonization. According to U.S, Patent 3 100 1 2
the proper decompocition 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 OC/hour in the temperature range

from 106 to 400 °c,

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

- further heating up to 3000 Oc till graphitization occurs.

Thinner fibers exhibit a considerably higher strength; this
is explained by a relatively easier evolution of volatiles from
the precursor without dieturbing the structure. An increare 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 fiberc obtained by the method described in the
preceding csection (£.1) do not have a high mechanical strength
and etiffness, When compsred with glass fibers, carbon fibers
have varely similar stiffnecs, and their elongation strength
reaches only 202 elongation strength of glass fibers, Structural

studies have shown confideratle imperfection of fibers obtained

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




placed in the fiber parallelly to elongated axis, do not fulfill
this condition and «how large deviations and faulte. In addition,
studies using 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
cunclusion 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

10 2 t0 5.5 x 10'° N.m'2,

10 N.m-2

elasticity increased from 1.8 x 10~ N.m~

and at the extension of 169 it roee to 57.1 x 10 .
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 graphnitization
with simultaneous drawing (stretching) of carbon fibers can be
accomplicshed at a temperature near 3000 ®°¢ /10/. The fiber can
be parsed through a rcfractory graphite plpe, or it can be
heated directly by paccing eclectrical current through it.
A variable conbtrolled drawing of fibers is achieved by application
of differcnt velocilies of unwinding and winding, coupled
with pulling actior of cuopended welghts,
The arnplication of tencion to the fiber at high Lemperaturer
recsulto in sliding of the tormed graphite crystals along each
other, increacing thus the degree of their orderly placement,

The higher iz this extension, the more regular is the structure,

M-—--~ o L e AN Ak n et |




the lower isc the porocity, aund the higher is the modulus of
elasticity. aArtificial s£ilk arpears to be the bect cellulosic
Precursor.,

Among other materials used successfully as precursors
in the technology of making carbon fibere the leading position

is taken by polyacrylonitrile (PAN).
2.3. Carbon fibers from PAN

pDuring the course of the search for a suitable raw material
for carbon fibers of high mechanical strength it was found
that a copolymer containing at least 30% polyacrylonitrile (PAN),
heated to the tcemperature about 350 °¢c in oxidizing atmosphere
and then to 800 °¢ or higher, 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 fibvers with modulus of elasticity
F=16.9 x IO]O W,m_g, and at the same time the yield of carbon
is 50% and not 1% a. it occurs in the case of use of a cellulosic
precursor. Thece receults can be obtained without the application
of teneion (drawinre),.

Introduction of a preliminary heating in N2 atmosphere
and introduction of a clow rate of temperature rise enabled
to reduce losces of carbon and to preserve longer chains., In this
way, starting with homopolymer and heating fibers to 1000 °c

3

one can obtain elongation strength 0.7% x lOg N.m-a. This

strength ic 0.99 x 109 N.m-a when copolymer is initially used,




Additional steps, such ag heating PAN 1in air atmosephere
for 24 hours at the temperature 290 oC, heating in oxygen-free
atmosphere up to 1000 oc, and subsequently graphitization at the
temperature 2500 OC, enable to obtain continuous fibers with
tensile strength 1.75 x 109 N.m-a /13/.

As is known, graphite monocrystals assume closely packed

structure in hexagonal system, and hav%?gensity 2.25 g/cmB.

The distance between basic planes is 3.354 %. The carbon obtained
in the process of carlonization carried out at high temperatures
is packed less dencely, and Lhe distances between planes are
irregular and higher than 3,354 3. This irregular structure
(turbostratic) of carbon undergoes improvement in the process
of graphitization at the temperature 2000-3000 °c.

Carbon fibere arising from PAN precursor are round and
are not twicted., The density is of the order of 1,32 up to 1.96,
hence approaches the theorelical value /14/. On the basis of the
above discussion il can be assumed that the basic changees in the
process of formation of carbon fibers from PAN occur under the
influence of tempcrature in the irnitial and final stages of

carbonization.
2.3.1., Chanfes occurring during decompositicn of PAN

PAN fiber: are made of material congisting of a chain of
repeated element:s: with active CN groups and triple bonds. On
heating, PAN [orms a ladder polymer. The intragroup  crosslinking

caugsec that thc rolymer is more stable and does not melt




easily /1%/.

Heating above 200 % triggers the occurrence of a number
of reactions involving the evolution of HCH, NH3 and other
volatile compoundc,. At about 220 °C oxygen becomes built into
the structure, and its entrance is connected with crosslinking. 32?>
mhe amount of entering oxygen is 8-=10%. puring the oxidation
water volatilizes causing that the percent content of carbon
increases from 30 to L5%.

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 fibver axis, so that
even after removal of clongating 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 remains the oxygen-crosslinking,

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 strength and cstiffnees.

values of these parameters may undergo further changes
under the actiou of high temperatures, These processes consict
primarily of rravhitization and recrystallization, leading to

an increase of rtiftness of fibers, For it was found that further

heating of carbonized fibere with already developed and oriented

- ‘ﬁaﬂi
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Figure 3. Oxygen=-crogclinking and carbonization of PAN fibers

structure leads to an increace in the modulus of elasticity.

On the other hand, the procers of graphitization above 1600 ¢

is diradvontageons to mechanical strength, This strength suffers
degradation usn to the Lemperatures of the order of 2400-2600 oC
where it undergov: a certain ctabilization., The dependence of
mechanical strength on temperature in the region of graphitization

(1200-2000 oC) i :hown in Fipure 4 according to Gill /15/.
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The cource of curves oR=f=(T) and E=f(T) indicates that
one can control prorerties of fibers to quite a great extent by

choosing appropriate conditions of the procese of heating.

5. Phyeical and_chemical_properties of carbon fibers

3.1, Phyeical propertice

Technical data concerning the properties of carbon fibers
are rather eccant and often controversial,.Thie is understandable
in view of a rather chort history of fibers as reinforcing
material and of the fact that the development work on these fibers
is still going on.

Table 3 shows properties of various carbon fibers, For
comparison, this Table contains also relevant data concerning

other reinforcing materials.
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Table 3,

Phyrical jropertiee of carton fibere and other

reinforcing materiale
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Table 5 (contd)
| 22
Horizontal hca'1nt~ /Ponsecutive number; /Reinforcing material;
S3 Pensity p.cm ,/llongatlon btrenyfh b 4 107 N.m 2;
24 Modulue of (1&t1011y b4 lO N.m ,[specific elongation

ctrength ¥ 10 ,{Specific modulus of elasticity x 106 m

Vertical headine:;

1 -« Carbon fiber VYR-125
- Carbon fiber GRAFIL HM
Carbon fiber GRAFIL HT
- Carbon fiter GRAFIL A
- Carbon fiber SIGRAFIL HM
- Carbon fibcer THORNFI 16
Carbon fiber THORNFI, 25
- Carbon tiber THORNFL 40
carbon tiber THORNFI, 50
carboun fiber THORNFI. 75
carbon fiber MODMOR 1
12 = Carbon fiber MODMOR 11
12 -~ Carbon fiber RFFIL KBW=13
14 ~ Glass fiber 1
15 ~« glass fiber

-

EBAN Y
)

o ~3 O\
]

| BN R |

] 16 = Aluminum wire
17 = Peryllium wire
1¢ = Tungoten wire
19 - nteel wire
U

compucite wire

Leryltium on tunpgeten




Figure ¢ (lert), Curlon fibere ZFFII, KBW=13 in the picture of
secondary clectronc; marnification 240X F |

Flrure € (right). Carbon fibers ZFFIL KBW=1? in the picture of

secondary electrons; magnification 960X

Figuree & and 6 chow fibere ZFRFII, KBW~-13 under magnificatione
240X and 960X. They were obtained by means of an X~ray micro-
analyzer [XA=5A I'tom Jeol, company. Pictures of secondary electrons
show clearly various protruberances, bubbles and uneven forms
on surfacec of fibers, These imperfectionc are reflected in low
mechanical projeritier of these fibere (Table 3, position 13),

comparivon v phoeical features of reinforcing materials,
precerted inoval b, enabler one to conclude that:

= the ;i of carbon fitere i cceveral timese lower than
o of reinforeioe wiress 34 10 aleo about 4064 lower than the
denmc it of ol fibere; k\\’l/f

- Lhe ¢lovration ctreneth of carbon fibers ie about half -

of tnal of ylace fibers; il i, however, comparable to that of
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metallic ribere;

- trecific clongation ctrength of carbon fibere i within
the range of the cpecific elonration etrength of glavs fibers
typve F. This strength is several times higher than the specific
strength of metal wires;

- the stiffness of carbon fibers is outstandingly large.
The elasticity modulus ¥ 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
even more when comparing recpective valugs of the specific
modulus of elasticity;

- carton (fraphite) fibveres distinguish themselves very
favorably in their resictance to the action of high temperatures

- see Table 4.
2,2, Chemical recictance

An inmportant feature of carbon and carbon fibers is their
chemical incrtnese, 1Jp to the temperature 350 oC they are
chemically revictant, with exception of strongly oxidizing
agents, An important condilion is to prevent contact of fibere
with air.

Comparative ctudlee of the effect of various chemical
arents on carbon fibers, carried out by 1,¢,W, Judd /18/, confirm
the larre recistance of fibers, Mechanical parameterc of fiberc

expoced to the long action of environment have not deteriorated

to any large degree.




Table 4, Velting temperatures of various reinforcing materials

NO. Material Melting (% softening) temp., OC
1 Glase type F gue”
2 Glass type S 970"
3 Glass type D nt
L Aluminum 660
5 Beryllium 1350
6 Tungsten . 3410
7 Austenic stcel 1539
8 Molybdenum 2625
9 Copper 1083

10 Graphite 3592

g L IO U S Y — e = — o —— e - ——

cimilar reeult: were aleo obtained in studies of resistance
of Fnglien carbtor titers GRAFII. HM, GRAFIL HT and GRAFIL A
to agegreesive environment by G.1,, Hart and G, Pritchard /19/.

Other propertiee of fibers are shown in Table 5,
2,3, Poscible improvements of parameters of carbon fibers

The modulus of clasticity of commercially produced carbon

2

1 -
fibers reaches the valuec 40=-50 x 10 0 N.m “. On laboratory scale

10

o
(=

values of the modulu. come up to 70 x 10~ N.m <, The modulus

of elasticity of ,raphite monocrystal in the direction of axis (a)
amountes to 100 x lO]U Mom ©, Hence, the margin of increasing

values of the Youny modulue is actually not so large,
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Table S, Other properties of carbon fibers from PAN

Carbon fiber
No. Property ———— e e —————n
High-modulus High-strength

1 Flongation (%) 0.5 1.0
2 Specific electrical reeistance

at 25°C (ufkcm) 775 1500
3 coefficient of thermal

expansionf 0-5OOC

(108, oc!y 1.62 0.78

(negative) (negative)

——— = e e e f e e— e - ~ ——— — - . — e ———

Theoretically, mechanical strength in bending should be
F/10. In practice one obtains only F/200 or ®/100 for high-strength
fibere, An improvemcnt of technical parametere of fibers should,
therefore, be attempted in this direction. This work requires
a better knowledge of the sources of defects in fibers, and also

positive results in attempts to improve their surface,

L. Applicationg of carbon fibere. Conclusions

Main advantages of carbon fibers are; resistance to high
temperatures, resictance to chemical action, high stiffness and
low dencity., On the other hand, the shortcoming is their
actual high price. One has to note, however, that a continuous

although slow rcduction in the price of carbon fiberes is observed.




This gradual lowerine of price iv veen as a result of improve-

mente in nroduction met hode as well as broadening of the
cpectrun of applications and increase in market demand.

Iv the initial period, carbon fibers were used exclusively
in olructures in which properties of compocite 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 resictant to the action of high temperature, and they
considerably reduced the mass of structure, Carbon elements
reinforced with carton fibers were used in cosmic vessels
(spaceships) also to utilize the phenomenon of ablation

in the use of vehicle parts exposed to particularly high
temperatures,

The next domain, in which carbon fibers were used to
reinforce plastics, wars aviation., The use of fibers was influenced
by the recescity to increace the degree of flight safety.

Lirhtnere combined with high strength paved the way for
applicalion of comporite materiale with carbon fibers in
installations and machines for competitive sports.

Posuibililies of application of composite materials with
carbon fibers exisct aleo in other areas, for instance in
chemicvtry and clecirotechnical industry. In chemistry, for

instancc, they could ltie ueed in construction of mixers and

tanke, mechanically ctrong and resistant to corrosion,
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In ¢lectrot:canolor vy 1t appears thul carbon fibers couald
be woed priwarily oo reinforcing material for metals, such as
copper and aluminme, for aerial cablec of high mechanical
gstrength, for traciior cabler of fast electrical trains, and
for facterotatir:- parts of machines. In other applications,
compGrites with carbon fibers may find applications in the

construction of shielding and grounded protective covers,

St et e v ARt ma AR

bruchee, fast moving elements of computers, etc.

The present high prices of carbon fibers have restrictive
effect on the vroadening of fiber applications. It appears that :
a condition for considerable growth of interest in carbon fibers \
is at least tenfold recuction in their price,

This discussion on carbon fibers should be supplemented
vith the statement that, because of their specific character,
these fibers do not vresent competition for the currently used
fitrour reinforcin;: materials., Rut they are a valuable supplement

for Lnig erroun of materiale, broadening the possibilities of

erecatine comporite materiale with new properties,
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