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THE REGULARITIES OF THE HIGH-TEMPERAYURE
REACTIGR OF GRAPHITE DURING DIFFUSIOW OF Tee e
THE SGLID PHASE

Ve. S. Golovina, L. L. notova

(Power Institute im. G. . Hrzhizhanovskogo)

Experimental investigation of the interaction of graphite
with gases until recently was conducted at temperatures not

r than 1800-20006°C. Oaly in recent time the Lemperature
range of investigation was expandec. As a rule the conéitions
of experiment in this case correspond to t
grapnite with gases in the diffusion area of reaction. Hence

& S 5o

the entire process is dceveloped at the

cr

it is considerec tha
gas-solid bocdy boundary, only tho behavior of the gas phase
I~

he solid phase remains constant in volume.

(24

& considersad, and

P

However, the expansion of the temperature range of investi-~
gations up to 3300°X made it possible to reveal some features of

the interaction of graahite with gases z2nd [orces us to change
our point of view somewhat. Thus during the interzction of
carbon with carbonic zcid and oxygen [1-31 in the temperatursa

ranges abocve 2000°C (when the conditions of the developed &
fusion mode of reactien will be realized and the possibil
the penetration of the gas phase inside the reacting specime:

n
is eliminated) 2 change is observed in the density of the solid

'
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body with the preservation or comparatively small change in
the dimension of the sampie. 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 penetration of gas into the volume of sample and
its reaction in bulx [4]. However, in this case the process
as a whole is found in its maximusr diffusion state, but at the

same¢ time the expenditure of solid phase from the internal parts
of body oceurs.

The discovered puznomgnon of the decrease in density in
ulk of tpe reacting solid body characterizes the unigue
iigh~-temperatucre inode cf “internal reacting.”
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For the purpose of studying tiim basic regularitiss of
pnencmenon and clavtfication of its naturz g
ments was conducted in which primarily the density

¥
of cardon in the volume of the reacting object was deters

#ith a variation of variocus parameters, primarily fime ané ten-
perzture. -

The work was conducted with spherical carbecn particles with
a diameter of 15 mn made from graphitized {(VTM-4] = (BTr-E) carbon
at the XKuGinovsk plant. The carbon particle was heateé in the

in
inductor of 2 high-freguency generater. The interaction rate was
determined by the method of suspension. Furthermore the change
iameter of the sample with time was photographically
he particle was photcgraphed in two aspects — frontal
and lateral. The treatmen

-y
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bd
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¢
.
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t of the [ilm and the measurement of
the dimensions of particles tefore and after the experiment were
conducted with the [IT] = (KT) instrument microscope which allows

tnhe measuring ol diameter with an accuracy of :0.005 ==m.

The temperature was measurad with 2 photoclectric pyrometer.

The depth of disintegration of carbon and the density &istridu-
tion {concentration) of carbon along the radius of the sample
FTD-HMT~24-1633-71 2
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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 tempercture and tvime of removal.

in

Fig. 22 — for temperatures of 2280-2970°K (the degree of removal

removal (from 18 to 29%), which answers to the t
) S. Analogous expesrimentzal materizl has been obt
degrees of removal of carbon at various temperat
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and 3070-3270°K (the degree of removal — 10%); in Fig.
20 ~ for one temperazture (2770°K), but different degrees of
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The change of this value frum the degree of removal in the
example of a reaction at 2770°K is shown in Fig. U4, 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 reiative %
surface density YS/YO is presented for a wide range of tempera- J
ture and degrees of removal of 15-30%. It is also cluse to a :
value of 0.5. At highest temperature (3000°K), where the obtain- ;
ing of laboratory findings for long times and respectively greater 3
degrees of removal is'complex, results have been obtained for a
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
l the relative surface density reaches a2 value of 0.5, character-
istic for tae steady state process.
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Fig. 3. The dependence of relative magnitude of surface
density on temperature for the degrees of removal 15-30%.

Fig. 4. The dependence of relative magnitude of surface
density on the degree of removal of carvon for T = 2770°K.
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Keeping in mind the experimental fact that the depth of dis-
: integration as compared with the radius of the particle is small
o and the fact that the nature of the density distribution in
zamples for various temperatures and times of removal (under the
condition when the dimensions of particles remain practically
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constant) is identical with the known distribution of concentra-

tion in the case of nonstationary diffusion from a semi-bounded
space, We can for the analysis of expéerimental material include
this problem under the following boundary condition$:

Por tE0 and = e <0 Y &= 7o = const;
for ai:r t>0anu =0 Y =% = T0/2,

where *S — density at the phase boundary.

For such cenditions the solution of Fick's second equation
for one-dimensional ncuistationary diffusion

RARTILA
At *gct !

wnen the diffusion constant Joes not depend on concentration and

is expreised throush the known error function of Gauss [6], i.e.

=3+ () )
where
e
| ()= | @
\ c ¢ 0

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

'3

are given in various manuals [6, 7].

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 é

of self-diffusion for théunonstationary conditions of our problem E

‘ 1s permissible when after a Sufficient time from thé beginning { &
“ of the process a routine mode is established [5]. A distinctive .
feature of the roéoutiné mode is the linear dependence between the ; @
logarithm of conéentration and time [8]. From the laboratory ; %
findings presented in Fig. 5 it follows that such z routine mode v >§

for. a temperature of 2770°K is established ‘when removal exceeds §

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

ning of the process. At such times a constancy of Yg and équality i

of Ys/y0 = 0.5 are attained. %

. 3
. “3 ST — =, Fig. 5. The density change of carbon from %
) {1 the time of the interaction of carbon with E

oyl . N . gas.for T = 2770°K7 Y

N Designation: cex = s. §

carh AN 1

50 00 150 200 250,cex ;

il

For higher temperatures, when the process flows more intensely, . i
the routine mode will be established more rapidly, which is tes-
tified to in particular by the fact that YS/YO = 0.5 for these
temperatures already at 8-10% of removal.
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The values calculated from correlation (1) for the coefficient e,
of self-diffusion of carbon D _ are presented in the following

Fig. 6 and in Table 1.
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3 Table 1. 3 é
B %
. . — e e T
5 . 7.5k | Do0vémteex| 1 og | DG -10% cutrern ¥
li . - ) ,ﬂ
o 7} 2770 0,70 3070 1,19 ; 3
- 2770 0,62 3070 4,54 : E
¥ 2780 2,00 [ 3200 6,78 4 3
=4 2890° 2,24 3280 | 8,00 > E
3 2970 4,28 3 2
£ Designation: cex = s. 1 :
3 Between 1lg [Dc-lo ] and 1/T+10° a linear dependence is es- i z
g - i . . .. g 3
é‘ tablished, and this witnesses to the fact that the coefficient of . g
4 self-diffusion of carbon is connected with temperature by the b S
B correlation -
% g 4
3 E
= F:
. ¥ .k { ;
ﬁ? ¢ Di=-Deoe H°. § %
. v In this case E = 55,000 calories per mole, and DCO = 0.5. , :
2N TN s . 3
: g The exponéntial dependence of DC on temperature and the great ,; i
'Qgé significance of activation energy are characteristic for dif=- - >
2 . . sy -
e fusion processes in a solid body. ;
% :
A The correlation obtained for the coefficient of self-dif- 3
3 . . 3 < _‘1
41 fusion apparently gives a value for DC which is suitable for : %
L R estimated calculations. Further works in this direction make 3
- e 'y . . b 3
';% it possible to refine this value. f 3
R :
.\_5 j
ER Figure 7 depicts the laboratory findings for the relative : 5 £
}fﬁ density of y/zo depending or: the criterion 2 = R — r/2/DCt. The ,g
g . . 3
?,i experimental points which correspond toc various temperatures, -3
{' \;t‘ s . . ! =
B2 radii, and to the times of the exXperiments are grouped around : E
“ :'s.« . ¥
gl% . one curve. From this it is evident that for t > 2700°K, when { %
b ; 3
¥ g the process of the diffusion of carbonic atoms occurs quite % 3
“1 ‘-v e > . : E‘
M intensely and initial dimensicns are hardly changed, the distri- § 3
O . . - . - & ;
i bution of the concentration of solid phase Ls adsquately described R %
‘41’ by the problem of nonstationary diffusion of a solid phase from i
}
:
¥
x|
, ;
2 . ; :
h PP - - AT ::




ye e Fig. 7. Dependénce of Y/¥q on

- n———-— vy

10 - =~ )
: *le o _NTe the criterion f=r ., Tempera-
Lo | Vo
* ture (°K): @ = 2770; 0 = 2780
a5 S e e @ - 2890; © ~ 2970; ® — 3070;
.‘ o « @ — 3200; 4 — 3280.
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£
i semi-bounded space. %
Thus the physical picture of the phenomenon discovered is . - ;

represented in thé following manner.

L W Gl g L

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.

w
e AN Bl 20 A

5‘ In the surface layer of a solid body due to the reaction .-
@; of carbon atoms with structural imperfections, point vacancies 32
3 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 diffusion -of atoms. X

5 .
AR b el 4 5

2

.-
o

: 3
i\ An ideal crystal does nct possess a correct structure, and | S
E carbon as a polycrystalline body - all the more. In such a é
; crystal lattice due to breakdowns the movements of ztoms, their g
p diffusion, can arise. The atoms will strive to occupy the freed E
;’ places (vacancies) in lattice at the surface, and vacancies %
:1' themselves will move in their place and will determine the de- ‘3
x crezse in density in its volume. E
Furtherinore the endothermic reaction on the surface of the E
: sample and the cold incident flow of the active gas will deter-
; mine the existence of the temperature gradient on radius of a
¥
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particle. Therefore the flow of carbon atoms I'rom the volume
of body to 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 2100-2600°K. The laboratory findings obtained by
him did not make it possible to evaluate directly the activa-
tion energy of the self-diffusion of carbon. Only by including
the theorctical results of Dienes [11], M. N. Feldman obtained
a value of activation energy equal to 75,000 calories/per mole.

s w Y L WL b el W S SV et e AR gL, st

' It follows from the given point of view that the density
change of carben 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.

o

.

In corzlusion 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
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 hy the existence of defects, forces us to reexamine
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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 oné must take into account the behavior not only

of the gas phase, but also the substance of the solid body. For

CENL L A ep b

k7 s
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many oroblems. précisely the behavior of the most reacting solid 3

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

it be possible to obtain information about the change in the - :

borosity or apparent specific weight of a sample. . é

T
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