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The position of the carbon atoms in the crystal latrice of cementite FegC (space group D%%/anm)
has been determined by the reutron diffraction methed, It has been found that the so-called ¢
moedel is realized with the carbon parameters A = 0.46 and y = — 0.146, according to which each
carbon atom is surrounded by six iron atoms, forming a trigonal prism with the following Fe—C

distances: 2,16; 2,16; 1.,90;

Introduction

The literature does not yet contain complete data
on the structure of cementite (Fe4C}, one of the princi-
pal component phases of iron-carbon alloys. Existing
data on the position of the carbon atoms in Fe4C are far
from reliable, in view of the fact that the x-ray method,
by means of which these data were obtained, has low
sensitivity in the determination of the coordinates of
light atoms.

The unit cell of cementite was determined by West-
gren and Phragmen as long ago as 1922 [1] Hendricks
[2] used these data to find the space group and the posi-
tion of the iron atoms. It was found that FesC has an
orthorhombic lattice, described by the space group
D3 /Ppnm- The unit cell of FeyC contains 12 iron atoms
and 4 carbon atoms, the former having the following co-
ordinates:
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As regards the position of the carbon atoms, both
Hendricks and later Westgren {3] merely indicated their
possible positicns. Lipson and Petch [4] in their calcula-
tions used the values they had found for the reflection
intensities. The authors give the following values for
the parameters of the iron atoms:
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From geometrical considerations, three models of
the arrangement of the carbon atoms in FeyC are possible:
a — (000); (0,0, %5 (Mo, 1o, U); {1y, Vo )
b -—_ (],"2, 0. O), (1/21 Og 11!’2); (07 ]/2’ O); (Ur 1*":3‘ ]"‘12);

¢ (A,P, ]-‘:4); (?\'7; !-;1 3,"’4); (],""2 - ?“! 1/2 —i— ps 1[“4);
(1/2 ‘I" ?\-a 1/2‘_ W, 3’:4).

In calculating the electron density in the planes:
= 0 and z = ¥,, Lipson and Petch came to the conclusion
that the arrangement of the carbon atoms correspondsic
model ¢. They give the following parameters for the
carbon atoms:

A=04T; p=-—0.14,

From the electron density diagrams given in [4],
however, it is difficult to give the preference to either
of the two models a or c. The inference made is uncon-
vincing, since the mean difference between the caleu-
lated and observed structure amplitudes is 1.13, and the
value of the mean carbon contribution to the structure
amplitude of Fe4C is 1.24. Thus, the carbon contribu-
tion to the structure amplitude lies within the limits of
error of measuring the reflection intensities.

In the case of the diffraction of neutrons, the scat-
tering amplitudes for iron and carbon are already com-
parable ¢0.96 - 107% and 0.66 - 1072 ¢m, respectively),
and consequently the carben contribution 1o the strue-
ture amplitude of FegC is substantially greater than the
error in the determination of refilection intensity.
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. FeqC Specimen Rucne = Fucwa + fo {{—1)"
mentite powder was obtained from carben
The cementite p r e ()t (1) (1))
stee] U-12, water-quenched from 1000°C and tempered
at 800°C for one hin an argon atmosphere. The tempered Flucier = Ellfﬁzhkz + 2f,{cos 2m (hA - kn + Y/,0)
steel_was subjected to anodic solution in a 5‘?,70 aqueO}ls 4 (— 1)+ cos 2 (— A + kp - Y, D).
solution of HCl. The powder was collected in colloid
bags. The precipitate was carefully washed and dried. The theoretical article [6] gives the calculated val-
[ The x-ray photograph of the powder (exposure was in Cr Fol? e
| radiation in 57.3 mm diameter camera) showed the pres-  ues of 1) (20 < 46°, A = 1 A)for case ¢ and for
- ence of the same 15 primary reflections with the same some reflections for cases a and b, We have calculated
intensities as in [4]. In contrast to [4], the (022) and | £y |2
(103) reflections were resolved. In addition, the inten- the values of for these two cases and have cor-
sities of the 14 succeeding reﬂecti?sns, corresponding to rected the erroneous values given in [6] for case ¢. The
te extinction law for the group Dap/ Pyppy. to which data obtained are given in the table, from which it will
cementite belongs, were determined. be seen that the carbon atoms make a considerable con-
The specimen for neutron structural analysis was a tribution to the total nuclear structure amplitude in the
gylindrical duralumin container having a wall thickness case of neutron diffraction.
of 0.1-0.2 mm, diameter 9 mm and height 55 mm, in It is known that cementite is a weak fetromagnetic
which the cementite was placed. Plotting of the neutron material. In this case, with scattering of nonpolarized
diffraction curves was carried out by means of apparatus neutrons, the seructure amplitude has the form
UNSA [5].
F2 - F?. . 2/31-"2 ,
¢ Method of Calculating the Fe,C ror  nuc magn
Neutron Diffraction Patterns where Fp,o and Fpyygp are the structure amplitudes for

The intensity of the reflections Iyp; is written in

nuclear and magnetic scattering, respectively. The
tae form

square of the structure amplitude for magnetic scattering,
M H by analogy with nuclear scattering, may be written

Fz - [2 2.—.i(hxj +ky_,; +lzj ) :|2
magn™ L& pe )

Pl
sin ¢ sin 24

Iy =R 4

where K is a coefficient of proportionality denoting other
generally accepted quantities. For the case of diffrac-
tion of neutrons by the cementite specimen, the factors
4 and e M may be omitted, and the formula assumes

where xjyjz; are the coordinates of the magnetic iron
ions, which are basic, and p is the amplitude of magnetic
scattering, equal to -

the form o2y
fhk;:Kth“ [* H. pﬁ(ﬁ?)‘g/’
(9 o2
where f(8) = sin 9 sin 29. where e =2.818 - 107% cm, the radius of an electron,
The structure amplitudes of Fe4C for the case of y = 1.91, up is the magnetic moment of a neutron, S,
 nuclear scattering of neutrons for the three possible car- the spin quantumn number, f, the magnetic form factor
) bon positions have the form of the atom. Assuming thar in Fe4C, the iron is in the

divalent state, for S = 2 we get

Rucrnr= 2fre {cos 21 (hz + ky + I2)

p=1.075-f. 1072 em.
+ (—1)" cos 2% (hz + hy — 1z)

Data regarding the magnetic form factor for Fe*t have

(=) cos 2 (— ha + ky -+ I2) been taken from [7]. As will be seen below, the chemi-
' " cal and magnetic lattices of cementite coincide, The
+ (—1) "4+ gos 20 (— ha + ky — I2) recurrence factors for magnetic reflections are therefore
| the same as for nuclear reflections. The combined in-
~+ cos 2m (hu + ke + T l) tegral intensity for nuclear and magnetic scattering has
* the form
(=) cos 2 (— hu 4 kv + ',’41)} gt o= Kanchi“ s Fpagn 1%
; F (%) ’
+ fo {1+ (—1)f + (—1)h+k 4 (_1)h+k+l} and in the case of superimposed reflections
<
Hhei + s Bhagn
= Buens -+ fo{f 4 (—1) 4 (=)™ 4 (—gyfriety, Tni : () *
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020 | 2 1.84 1.84 11,69 2.31 4,15 4.15| 14.0 | 16 74 4 13

2

é211 2 } 69.67 | 322,25 | 22.68]38.01| 107.68]/360.26 | 60.69| 57 89 532 6.5
200 | 2

190 | 4 57.94 57.94 | 49,51(22.631 80.57) 80.57 | 72.14| 69 16.8 16.8 4.8
113 | 8

202 | 4 ] 205.4 205.4 1 348.28(21.42 | 226.82|226.82 [364.7 | 348 | 34.8 34.8 4.8
122 | 8

212 | 8 50,12 50,12 75.27] 3.71| 53.83] 53.83 | 78.98] 85 36,7 36.7 7.1
004 | 2

023 | 4 l 89,64 89.64 | 116,2 | 2.41| 92,05 92.05 |118.61| 110 14 14 10.8
220 | 4

2921 | 8 17.08 17.08 79.79] 0,84 | 17.92{ 17.92 | 80.63| 72 75 75 12
4

i:g 8 } 115.92 16.58 | 104,82 2.39|118.32| 18,97 |107.21| 104 | 13.8 81.8 3.1
222 | 8

114 | 8 197.89 128.19 | 59,08 1,591199,48| 129.78! 60.67| 72 171 80.2 | 15.1
310 | 4
311 | 8

152 | 8 118.11 91,96 | 62.88| 0.74 |118.85| 92.7 | 63.62| 60 98 54,6 6
024 | 4
312 | 8

031 | 8 193,02 27.80 | 144,03 | 0.96 | 193.98| 28.76 {145 161 | 20.5 82.1 | 10

Reliability factor 59 98.4 8.5
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Fig. 1. Neutron diffraction curve of FegC (A = 1,07 A).
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Fig. 2. Crystal lattice of Fe,C accord -
ing to model a. O)Fe atoms; @) C atoms.

3.

Results and Their Discussion

Figure 1 shows the neutron diffraction curve of

¢ Fe,C for radiation A = 1,07 A, with a static counting er-
ror ~ 4% in the maxima and ~7 for the background.
The positions of all the reflections coincide with the

- calculated positions. For comparison with the caleu-

- lated intensities, 11 reflections marked on the diagram
ave been selected, most of which are not resolved or

. are enly partly resolved,

In the table, the experimental values of the intensi-
- ties (cotrected for the diffraction contribution by the
duratumin container) are compared with the theoretical
_values for nuclear (Inyc) and total (Itot) scattering for
‘the 11 reflections. The table shows that the eXperimen-
tal values of the intensities are in good agreement with
the values calculated for case L. Calculation of the de-
viations (Teyp, ~Tyoe)/ Texp and the reliability factorsshow
quite clearly that the carbon atoms are in the ¢ position,
The data of Lipson and Petch on the carben paramerers
“§. were refined on the basis of the intensitiesof single (020),
1.3 (212) and (221) reflections (the first reflection was
{-"‘;;"measured with special care).

5 A number of authors, not relying on the results of
?:-x-ray diffraction determinations of the position of the

£ carbon atoms in the Fe 3C lattice, have hitherto made
e of purely theoretical notions. Thus, the textbook of

¢ Gulyaev [8] gives a model &, according to whichthe car-
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Fig. 3. Projection of lattice on the plane z = 0
according to model ¢. O} Projections of Fe
atomns; @) projections of C atoms,

Fig. 4. Structural element of the
Fe4C crystal lattice,

bon atoms are situated at the center of an octahedron
formed by six numbered iron atoms (Fig. 2).

By making use of the coordinates of the basic iron
and carbon atoms (the latter according o the data of the
present work), the projection on the plane z = 0 shown
in Fig. 3 may be obtained. The positions (1, 3) and
{2, 4) in Fig. 3 correspond to the iron atoms 1, 2, 3, 4
in Fig. 2. The octahedron situated at the center of the
cell in Fig. 2 gives the projection 9, 5, 10, 2,11, 1 on
the plane z = 0 (Fig. 3). The carbon atoms Cn G Gy
and Cy in Fig. 3, according to the data obtained, cor-
respond to the positions of the basic carbon atoms, It
can be seen that the carbon is situated in an environ-
ment of iron atoms 1, 3, 2, 4, 7, 8, forming a trigonal
prism, which Lipson and Petch consider to be the struc-
tural element of the cementite latrice. The coordinates
of the iron atoms 1, 2, 3, 4, 7, 8 and the carbon atom
Cs. composing this structural element, are the following:

Fe, (s — 23 Yy + 45y — 2); Fey (ry s 2):
Fey (243 %y — 2)5 Fe, (u — Yy Yy 4 4 DAY
Fey (o — 2 Y, 4 1 z); Feg (u; v; AR

Cy — (Mg — A Yy 4 JTHEEA N

where u=—0.167, v = 0,040 [4] and X = 0.46, p=—10.148
(refined values).
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The spatial arrangement of the iron atoms in the LITERATURE CITED
prism is shown in Fig. 4. The Fe—Fe and Fe~C dis-

1. A. Westgren and P, Phragmen, J. Iron and Steel.
tances are as follows:

Inst. 1, 241 (1922),

o e } 249 A; Fe, — Fe, 2. 8. Hendricks, Z. Kristallogr., 74, 534 (1930),
Fe, — Fe, ' " Fey — Fe, 2.65 A; 3. A. Westgren, Jernkontorets Ann., 87, 457 (1932),
Fe, — Fe, 4. H. Lipson and N. J. Petch, J. Iron and Steel Inst., 5.
Fe, — C Fe, — C 95, 106, 142 (1940},
Fe. — C } 216 A; Fe. — C } 1.905 A; 5. V. 1. Goman'kov, D. F. Litvin, A, A. Loshmanoy,
N : : and B. G. Lyashchenko, Fiz. metallov i metalloved,
Fe, — Fe 14, 1 (1962).
Fes — Fe, |, 68 A 6. D. Meinhardt, Arch. Eisenhiittenwesen, 30, 1, 151
Fe, — Fe, B (1959).
Fe, — Fe, 7. G. Bacon, Diffraction of Neutrons [Russian transla-
Fe, — C — 1.93 A; rion], Izd. in. lit., Moscow (1957).
Fe, — C — 1.85 a. 8. A. P. Gulyaev, Metallography [in Russian], Moscow,

Oborongizizdar (1952), p. 99.
The mean value of the Fe —C distance is 1.985 A.

The minimum Fe~C distance, 1.85 A, is much greater
than the sum of the radii of the divalent iron ion (0,824),

according to Goldschmidr, and the carbon atom (0.774). All abbreviations of periodicals in the above bibliography

Thus, the cavity inside the trigonal prism is quite suffi- are letter-by-letter transliterations of the abbreviations as
cient to accommodate a carbon atom, given in the original Russian journal. Some or all of this

The authors are grateful to V. 1. Goman'kov, D. F. periodical literature may well be available in English transla-
Litvin and A, A. Loshmanov for assistance in the work tion. A complete list of the cover-to-cover English translationy
and discussions, appears at the back of this issue.






