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THE -REGULARITIES OF THE HIGH-TEMPERATURE
REACTIOIN OF GRAPHITE DURING DIFFUSION OF A-..
THE SOLID PHASE

Ye. S. Golovina, L. L. Kotova

(Power Institute im. G. M. Krzhizhanovskogo)

ExperImenta1 investigation of the interaction of graphite i
with gases until recently was conducted at temperatures not
higher than 1800-20000C. Only in recent time the temperature
range of itivestigation was expanded. As a rule the conditions
of experiment in this case correspond to the interaction of

graphite with gases in the diffusion area of reaction. Hence
it is considered that the entire process is developed at the
gas-solid body boundary, only the behavior of the gas phase
i-s considered, and the solid phase remains constant in volume.

However, the expansion of the temperature range of investi- [

gations up to 33000K made it possible to reveal some features of
the interaction of graphite with gases and forces us to change

our point of view somewhat. Thus during the interaction of
carbon with carbonic acid and oxygen [1-3] in the temperature
ranges above 20000C (when the conditions of the developed dif-
fusion mode of reaction will be realized and the possibility of
the penetration of the gas phase inside the reacting specimen
is eliminated) a change is observed in the density of the solid

FTr-VT-21-1r)',3- 71
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body with the preservation or comparatively small change in
the dimension of the sample. Qualitatively the established
picture is analogous to that Which has to be observed for a re-

action in the range of the lowest temperatures, when there is

the diffusion penetation of gas Into the volume of sample and

its reaction in bulx C4]. However, in this case the process-

as a whole is found in its maximrnu diffusion state, but at the
samne time ""'he expenditure of solid phase from the internal parts

of body occuzrs.

The discovered phenomonon ol the decrease in density in

the bulk of the reacting solid body characterizes the unique-

new high-temperatUre mode of rinternal reacting."

For tChe Purpose of studying tit- basic ruaritieso vi

phenomenon and' elai-ltication of its nature a cycle of exper-

ments was conducted in which primarily the density distribution

of carbon in the volume or the reacting object was determined

wizl a varation of various parameters, primarily tie and ten-

perature.

The work-was conducted with spherical carbon particles with

a diameter or 15 m made Crom graphitized VTM-4] a (STO-4) carbon

at, the Kudinovsk plant. The carbon particle was heated in theIinductor of a high-frequency Generator. The interaction rate was
determined by the method of suspension. Furthermore the change

in the diameter of the sample with time was photographically
fixed. The particle was photographed in two aspects - frontal
and lateral. The treatment of the film and the measurement of
the dimensions of particles before and after the experiment were
conducted with the [IT] a (- T) instrument microscope which allows
the measuring of diameter with an accuracy of 10.005 mm.

The temperature was measured with a photoelectric pyrometer.
The depth of disintegration of carbon and the density distribu-

tion %concentracion) of carbon alonG the radius of the sample

?TD-MT-2'4-1633-71



were evaluated by means of the s;eries removal from the sample A
of layers -of carbon 0.2-0 .25 nwn thick and the determination of

e desit ofthe removed! layer. For this purpose the spherical -

partcleswere passed' in series through ametallic diaphrag-ms, the

diiameters of which differed by 0.5 cum. Tht- layers were removed
until tChe nuclear density of the particle was equal to initial.
Basic data were obt~ainLed in the example of thre iteraction Of

cbon w~ith cabndoie h eaiv ocnrto _,er
bof dixdwaa0swt !-letnirgn h elct r ra
were conducted with oxyg~en. Fo, the ccmparat.Ive evaluation '1j
-the nalture of' change in density it; was more convenient tcfu

n~t imebit-he degree of removal or ca"bon ta~~ai~

~ ~eSamPle.

77 e Ceneral picture which chat.acterizes t". .

InP the '"en area Of ccnrtel i~c sape rat !.ng in~4O-
a ~acialane ofal de00re300' -i thepres.th 4,1 'Ftei. 1 Tli
'icuof dtepi're ztcele swulaew-cinei te ep-h - -

gratnicn r e sampei2- ind dimte r. zatrve upto in the i

=-.csIn r f ains costhran njhaeil su d fo ti thnne ZIMOO the ONet

It ~ O peith pw~ic coanspnd to diperon th deree o eoflsf,'"

I ne. te ofreao ctin.*rzIeyo,.;

a Traule n rsit l dre ese in.ic"te dept q0.. "s;tionary st

oepthe ractain ccn at -xlra subs ofs 41;a hrne t her-

ortraction zone ntat oi- 1603-2000H.the 4- Cith

ac-~t-i 33i ;Ooo3cthi o"IP.01terdu ~*
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- -s - - -- - -'hneI edp~h fnn''a no Ithre

acio ard elie change n the ept of t'he sampole.* -

depond-InG on terperature: 0, - 5.' -20 it - 20-30%.

taoin. the -.iensionz or the reacting cape The depth of

t~ tneis Z=~ll it comprises 0.2 ~.Actually~ th.z indicat-es

that th react-1on Ollows on the surface, which in tur-n ltstif"es

,to realizati-on at there temperatures of 'the ma-Mm diffusion

zoie oaf the process of the interac tion or car:;on with carbon

dioxide. The ratke o" the Process in thiz case det%.er=-_nes the
magni ude or diffsiN -,& fth as phase %to, the surface.

The further temperature increase leads tCo an increase In the (
death of disintzsrarion with a aimult'%aneous incre*ase '-h~e re-

lative diameter of the particle, which for a tCemperature of more

thin 20,00K becomes practica~ly' constant anid equal to initial1.

?'ur'vther~o&-e it$- turned out that for t > 25000K 'the depth of' dis- ' i
integrat~ion dopend5 atronGly on *%*he 't ire of r'eacting. in tohis
ca.-No as it was shown, the applied Gas flow is expended on the

surface- as' lower temperatures, all the moro according to all

da- t shol beIprddo h ufceaeeae %Imo
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Figure 2 depicts the picture of the density distribution

of carbon-on the radius of a spherical particle and its trans-

formation with a change of temperature and time of removal. in

Fig. 2a - for temperatures of 2280-2970'K (the degree of removal

- 18.5%) and 3070-32700 K (the degree of" removal - 10%); in Fig.

2b - for one temperature (2770'K), but different degrees of

removal (from 18 to 29%), which answers to the time range 150-300

s. Analogous experimental material has been obtained for various

degrees of removal of carbon at various temperatures.

,I " Fig. 2. The density dlstribu- ,tion of carbon on the radius of
a spherical particle for dif-ferent. temeratures and deg'-ee3
of' removal. - emperature

I (°K);-- 220-0; 1- 2770; 0 -
O; 0 - 2970; G -3070?; if-I 32700?-; b - the degree o- remc,'-

g ti -- -
3al Cs) C' 8q;5 2

T-, s i evident £reom the 1.igures, that i.. pro:pc_",_.Jo,-, to the

temnerature increase and increase in the reaction time carbon

will be carried out from increasingly deeper layers of the
sample, i.e., a particularly nonstationary process is present,
Further the nature of the density distribution is analogous to
the distribution of concentration during the diffusion of a S
substance frcm a solid body (5). One should also foc, a t en-
tion on the fact that the value of relative surface density for

a wide range of teoperature and degrees of removal (15-29)
proves to be not so different and fluctuates around a val; i '
close to 0.5.

5
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The change of this value frv.m the degree of removal in the

example or a reaction at 27700 K is shown in Fig. 4, from which

it follows that the constant value of surface concentration is
established for the degree of removal more than 15%, which answers

to a time of more than 150 s. In Fig. 3 the value of relative 4
surface density yS/y0 is presented for a wide range of tempera-

ture and degrees of removal of 15-30%. It is also close to a

value of 0.5. At highest temperature (3000 0K), where the obtain-

ing of laboratory findings for long times and respectively greater

degrees of removal is complex, results have been obtained for a j
degree of removal of 8-10%. However, because of the high degree

of intensity of the process of the interaction and transfer of

carbon the process comes to an established state for a degree of

,removal of 8-10%, which is testified to especially by the fact that

the relative surface density reaches a value of 0.5, character-

istic for tae steady state process.

The I
Fig. 3. Fig. 4.

Fig. 3. The dependence of relative magnitude of surface
density on temperature forthe-degrees of removal 15-30%.

Fig. 4. The dependence of relative magnitude of surface
density on the degree of removal of carbon for T = 27700 K.

Keeping in mind the experimental fact that the depth of dis-

integration as compared with the radius of the particle is small

-and the fact that the nature of the density distribution in -

.amples for various temperatures and times of removal (under the

condition when the dimensions of particles remain practically

6
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constant) is identical with the known distribution of concentra- II -~
tion in the case of nonstat-ionary diffusion from a semi-bounded

space, .we can for the analysis of experimental material include

this problem under the following boundary conditions;

for 0 and -o<<O =TTconst; I
for a.± t-'>Oan x= 0 T x= ,O To/2,

Where detn:ity at the phase boundary. j

For such conditio.. the solu'i4on of Fick's second equation N
for one-dimensional nonstationary diffusion

th -ion constant not depend on concentration and

, h!

is expia..-sed throu;h the -known error function of Gauss [6], i.e. I
Lot +_ 0 (!() !

where (1

e-Vdt, (2) 1
01

and x in our case R - r.

The integral for the distribution function of Gauss errors

is calculated simply according to the mathematical tables which

are given in various manuals [6, 7]. 1

Using correlation (1) based on the values y/yO obtained
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from the experiment it is easy to calculate the coefficient of
self-diffusion of carbon. The evaluation of the coefficient

of self-diffusion for the nonstationary conditions of 'our problem

is permissible when after a sufficient time from the beginning-

of the process a routine mode is established [5]. A distinctive

-feature of the r6utine mode is the linear dependence between the

logarithm of concentration and time [8]. From the laboratory

findings presented in Fig. 5 it follows that such a routine mode

fora temperature of 27700 K is established when removal exceeds

15%, which answers to a time of more than 150 s from the begin-

ning of the process. At such times a constancy of yS and equality

of Y = 0.5 are attained.

L1 - Fig. 5. The density change of carbon from
0- the time of the interaction of carbon With

-.- gas for T = 2770 0 K.
Designation: ceR = s.

so W M 200 ISO t, ce

For higher temperatures, when the process flows more intensely,

the routine mode will be established more rapidly, which is tes-

tified to inparticular by the fact that y/Y0= 0.5 for these'

temperatures already at 8-10% of removal.

The values calculated from correlation (1) for the coefficient

of self-diffusion of carbon D are presented in the following
C

Fig. 6 and in Table 1.

4 'AkD-1) Fig. 6. Change of lg (D .105) from

,30 43 ? - 34 I(//T.3

'1
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Table 1.

T.'oK DOc 0 AI/cI T. OK DC AIO'cM'f

A I j

,2770 0,70 3070 1,19
2770 0,62 3070 4,54
2780 2,00 3200 6,78
2890' 2,24 3280 8,00
2970 ,4,23

Designation: ceb = s. -

Between lg [Dc.105] and l/T.10 3 a linear dependence is es-tablished,, and this witnesses to the fact that the coefficient -of
self-diffusion of carbon is connected with temperature by the

correlation

D= -Dco c .

In this case E,- 55,000 calories per mole, and DCO = 0.5.

The exponential dependence of DC on temperature and the great I
significance of activation energy are characteristic for dif-

fusion processes in a solid body.

The correlation obtained for the coefficient of self-dif- -

fusion apparently gives a value for D which is suitable forC
estimated calculations. Further works in this direction make

it possible to refine this value. I

Figure 7 deoicts the laboratory findings for the relative

density of y/y0 depending on the criterion Z R - r/2Dct. The

experimental points which correspond to various temperatures, I
radii, and to the times of the experiments are grouped around

one curve. From this it is evident that Cor t > 27000 K, when

the process of tbe diffusion of carbonic atoms occurs quite

intensely and initial dimensions are hardly changed, the distri-

bution of the concentration of solid phase Is adequately described

by the problem of nonztationary diffusion of a solid phase from

9N
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i/i'______Fig. 7. Depenidence of y/yo on

the criterion 2 tiJ . Tempera-

ture (OK): 0 2770; 0 - 2780;
_ __ .- - 2890; 0 - 2970; 8 - 3070;

0 - 3200; A - 3280.

R.r/2 D_,t

semi-bounded space. I
Thus the physical picture of the phenomenon discovered is

represented in the following manner.

Under the conditions of a high-temperature developed dif-

fusion mode of reaction the applied flow, as it was shown, is

expended on the surface.

In the surface layer of a solid body due to the reaction

of carbon atoms with structural imperfections, point vacancies

are formed. High temperatures ensure the significant mobility

of the atoms of carbon in the crystal lattice [9, 10). Only

in an ideal crystal lattice, which under all conditions pre-

serves an ideal order, there cannot be any ditfusion-of atoms.

An ideal crystal does not possess a correct structure, and

carbon as a polycrystalline body - all the more. In such a

crystal lattice due to breakdowns the movements of atoms, their

diffusion, can arise. The atoms will strive to occupy the freed

places -(vacancies) in lattice at the surface, and vacancies

themselves will move in their place and will determine the de-

crease in density in its volume. )
Furthermore the endothermic reaction on the surface of the

sample and the cold incident flow of the active gas will deter-

mine the existence of the temperature gradient on radius of a

FTD-14T-24-1633-71 10
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particle. Therefore the flow of carbon atoms from the volume

of body tp its surface develops. In this case a significant

density change will be observed and simultaneously the small or

complete absence of the change in the dimensions of the sample. '

It is natural in the area of lower temperatures the dif-

fusion of carbon takes place thusly, however, it is relatively

small. Feldman [10], using the method of labelled atoms, ob-

served the self.-diffusion of carbon at comparatively low tem-

* peratures of 2100-26000 K. The laboratory findings obtained by-

him did not make it possible to evaluate directly the activa-

tion energy? of the celf-diffusion of carbon. Only by including

the theoretieal results of Dienes [ll), M. N. Feldman obtained

a value of activation energy equal to 75,000 calories/per mole.

It follows from the given point of view that the density

change of carbon at elevated temperatures should be exhibited

during its reaction with any reagent because any reaction will

create defects in the lattice. The conditions of the experiment

- the velocity of flow, the concentration of gas reagent and its

nature - will determine the surface concentration of vacancies

and the flow value of carbon atoms from the volume in the range

of temperatures where the diffusion of carbon atoms is great

and the characteristics of the transfer of gas reagent and flow

of carbon are commensurable.

in con:lusion it is necessary to note that during the study

of the interaction of graphite with gas up to now the proper

value was not attached to the structural defects of graphite and I
to their influence on the flow of this process. Experimental

material was considered as relating to material which was ideal

in a crystallographic respect.. The presence of an internal

diffusion process of the transfer of the solid substance itself

during its reaction in a chemically active gaseous environment

specified by the existence of defects, forces us to reexamine

FTD-1T-24-1633-7l 11
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the existing point of view on the behavior of the reacting solid

body. In general in the analytical examination of problem about

its reaction one must take into account the behavior not only

of the gas phase, but also the substance of the solid body. For
many problems precisely the behavior of the most reacting solid

substance is of interest, and only in such an examination will

it be possible to obtain information about the change in the

porosity or apparent specific weight of a-sample.
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