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X-ray powder diffraction evidence for 
the incorporation of W and Mo into M23Ce 
extracted from high-temperature alloys 
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X-ray powder diffraction patterns of M230 6 where M=(Cr, Mo) and M=(Cr, W) have 
been recorded accurately using a focusing Guinier camera and a diffractometer. The 
improved resolution of the modern focusing diffraction equipment made it possible to 
detect new features in the powder diffraction patterns, showing that M23C 6 carbides 
extracted from W- and Mo-containing alloys differ from pure Cr23C6 and (Cr, Fe)23C 6 
met in more conventional stainless steels. The distinctions concerri the lattice parameters, 
as well as the intensities of specific diffraction maxima. These differences can be 
explained in terms of the theoretical considerations of Goldschmidt who predicted that W 
and Mo, when incorporated in Cr23C6, will preferentially occupy specific positions in 
the unit cell. Diffraction intensity calculations indeed confirm that the introduction of 
W and Mo atoms on these particular positions will modify the diffracted intensities in 
the same way as was observed experimentally. 

1. Introduction 
X-ray powder diffraction measurements on pre- 
cipitates extracted from chromium-containing 
superalloys and austenitic stainless steels fre- 
quently reveal the presence 0fM23C6 type carbides. 
M usually stands for Cr and Fe, but it is known 
that these carbides may also contain larger atoms 
such as W or Mo [ 1]. This will actually be the case 
when small amounts of these solution-hardening 
elements are added to an alloy in order to improve 
its strength [2, 3]. 

The crystal structure of M23C 6 is known in 
detail and a crystallographic study led Gold- 
schmidt [4] to predict that Fe, W or Mo, when 
incorporated into M23C6, will preferentially 
occupy specific positions in the unit cell. The 
literature, however, does not mention the possible 
influence the heavy atoms can have on the X-ray 
powder diffraction pattern and no detailed des- 
criptions of diffractographs of W or Mo containing 
M2aC 6 were found. 

The present paper, therefore, reports on X-ray 
powder diffraction pattern calculations showing 
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that the introduction of W and Mo on particular 
positions in the unit cell of M23C 6 will measurably 
affect the intensities, but that Fe has hardly any 
influence on the intensity pattern. Experimental 
X-ray powder diffraction patterns of Cr23C6, 
(Cr, Fe)2aC6, (Cr, W)23C6 and (Cr, Mo)23C 6 
will be seen to confirm these results. 

2. The crystallography of M23C 6 
The crystal structure of Cr2aC 6 (Fig. 1)has been 
determined by Westgren [1] in 1933. The unit 
cell of the carbide can be subdivided into eight 
cubic octants, the corners of which are alternately 
surrounded by metal atoms in a cubo-octahedral 
(Fig. lb) and in a simple cubic configuration 
(Fig. l c). Following Wyckoff's notation the  
positions of the atoms that build the cubo- 
octahedra and the cubes are called h-positions 
and f-positions, respectively. Additional metal 
atoms occupy the centre of each cubo-octahedra 
(a-positions) (Fig. le) and the more spacious 
centre of each octant (c-positions) (Fig. lf). The 
carbon atoms are located on e-positions (Fig. ld). 
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Figure 1 Stereographic representation of the crystal structure of M2~C ~. (a) The complete cell. (b) Cr-atoms on h- 
positions forming cubo-octahedra. (c) Cr-atoms on f-positions forming simple cubes. (d) Cr-atoms on e-positions. (e) 
Cr-atoms on a-positions at the centres of the cubo-oetahedra. (f) Cr-atoms on c-positions. 

To each of these positions corresponds a 
specific co-ordination of neighbour atoms. As far 
as the metal atoms are concerned, Westgren [1] 
pointed out that the c-positions are the most 
spacious and that the f-positions are the most 
restricted. 

Combining this knowledge with experimental 
evidence and with the fact that Fe atoms have a 
smaller atomic radius than Cr, (Table I), Gold- 
schmidt [4] concluded that starting from pure 
Cr2aC6, iron can reptace chromium quite exten- 
sively in such a way that the Fe-atoms will pref- 
erentially occupy the cubic f-positions. Up to about 
30at.% Cr can thus be substituted by Fe when all 
the available space is occupied. Upon excess sub- 
stitution of Cr by Fe, the octant centres (c) 

TABLE I Atomic number, weight and radius (nm) of 
elements encountered in M~aC 6 [18] 

. . . .  , H , , , ,  

Cr Fe Mo W 

Atomic number 24 26 42 74 
Atomic weight 52.0 55.8 95,9 183.9 
Atom radius 0.128 0.127 0.140 0.141 

would become too spacious to continue taking 
chromium only and a larger atom W or Mo is 
required to fill them, in order to enable the 
carbide to dissolve more Fe. Concerning the X- 
ray powder diffraction of Cr23C6, most of the 
literature data [5-8] have been collected in the 
Powder Diffraction File (PDF) of the JCPDS- 
International Centre for Diffraction Data [9]. It 
is noticed that these data primarily refer to pure 
Cr23'C6. The values for the intensities on the 
relevant PDF cards have been obtained as visual 
estimates from photographic recordings. A common 
feature of the different patterns is the absence of 
{111}, {200}, {220}, {444}, {642} and {842} 
reflections. Specific data on W and Mo containing 
M23C6 are scarce and no detailed descriptions of 
corresponding patterns were found. Neither does 
the literature give any indication that a particular 
difference with respect to Cr23C 6 might exist. 

3. Experimental details 
3.1. Intensity calculations 
Computed X-ray powder diffraction patterns 
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were obtained with an unpublished computer 
program called CRYDIF. This program was 
written in Fortran IV for a PDP 11 under RSX- 
l lM. It can be used to calculate interplanar 
spacings, structure factors and diffracted inten- 
sities for purposes of  X-ray and electron dif- 
fraction. Basically the program requires the input 
of the type of radiation, the crystal system, the 
lattice parameters and individual Miller indices 
or an indication for their maximum values. The 
computation of structure factors and intensities 
requires additional input of the unit cell contents 
in the form of a table containing the atomic 
number, the occupation factor and the co-ordinates 
for each of the individual atomic positions. The 
diffracted X-ray intensity calculations are based 
on scattering factors published by Cromer and 
Mann [10]. The routines are able to identify 
forbidden reflections and take account of the 
multiplicity of  the powder lines. Finally the 
calculated X-ray intensities are corrected for 
Lorentz-polarization factors and converted to 
relative values attributing 100 to the most intense 
line. The output of the program consists of a 
tabular listing of  hkl, d-spacings, 20 values, 
structure factors and intensities. An option is 
provided to plot X-ray intensities against degrees 
20, but no provisions are made yet to correct 
for temperature and absorption effects. 

3.2. Materials 
Cr2aC 6 was obtained from MRC company (no. 
39 062010 71) as a 99.9% pure 325 mesh powder. 
The other M23C 6 carbides used in this study were 
electrolytically extracted from commercial high- 
temperature alloys in a 10% HCl-methanol solution 
to which 2% tartaric acid was added in order to 
prevent the precipitation of tungsten and niobium 
in the form of oxides [11]. Table II lists the 
nominal composition of the alloys from which the 
carbides were extracted. Semiquantitative indi- 
cations on the composition of the extracted 
precipitates were obtained from energy-dispersive 
X-ray spectroscopy on individual carbide particles 
on Be-grids in a Philips EM 300 transmission elec- 
tron microscope. Fluorescence and absorption 
effects were estimated to be negligible considering 
the small thickness of  the samples [12]. 

3.3. X-ray diffraction 
Accurate asymmetric transmission and back- 
reflection X-ray powder diffractographs were 

recorded at room temperature with a Guinier 
camera of the Seemann-Bohlin focusing type 
using monochromatic CrKal radiation, a-Quartz 
was added to the powders as an internal standard. 
The positions of all maxima were measured with a 
precision corresponding to 0.02~ The scale of  
the film-measuring device was subsequently 
converted into a precise angular scale through a 
linear least-squares minimization of the difference 
between the measured and the theoretical quartz 
line positions. Upon averaging the lattice spacings 
obtained from each of the individual M23C6 lines, 
the standard deviation was smaller than 0.2pro. 
Intensity measurements were performed by 
densitometry of the Guinier diffractographs using 
a Zeiss Jena micro-densitometer. The results were 
verified by visual comparison with the diffracted 
intensities of the calibration substance and by 
examination of CrK~ diffractometer recordings. 

4. Results and discussion 
4.1. Calculations 
4.1.1. Computation of diffraction patterns 
The influence of the unit cell occupation on 
diffracted X-ray intensities was established by 
means of the computer program CRYDIF. For 
reference and in order to verify the procedure, 
the first pattern to be computed was that of pure 
Cr23C 6. The positions of the atoms in the cell 
used as a basis for the calculations were taken 
from Pearson [13]. The resulting diffractograph 
is juxtaposed to the literature data in Fig. 2. The 
main characteristics of the computed pattern can 
clearly be recognized in most of the PDF patterns 
(Fig. 2a-d).  For many lines, however, the PDF 
intensities are an order of magnitude higher than 
calculated. These deviations are ascribed to an 
overestimation of the intensities in the PDF 
patterns. In this respect it is recalled that the 
intensities under discussion are merely visual 
estimates from photographic recordings. It is 
thought that these values may have been influenced 
by the conditions of film exposure and develop- 
ment. Consistently, a PDF pattern of an analogous 
substance [14] recorded with a diffractometer 
corresponds much more closely to the calculated 
one. This observation furthermore confirms that 
the unit cell data are sufficiently accurate for the 
computer program to reproduce the diffracto- 
graph in full detail. The unit cell data for CRYDIF 
were subsequently modified so as to represent 
situations in which more heavily scattering atoms 
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Figure 2 CrKa diffractographs of Cra3C ~. Diffractographs 
PDF 9-122, (e) calculations (not corrected for absorption). 

~B0 

according to (a) [5], (b) PDF.14-407, (c) PDF 11-545, (d) 

replaced the Cr at various positions. The case 
where, contrary to Goldschmidts predictions, 
no preference for particular positions should 
exist, was simulated by randomly replacing Cr by 
W. This affected the intensities of all the reflections 
evenly, resulting in a pattern identical to that of 
pure Cr23C6. 

Diffractographs calculated for Cr23C6 in which 
t0,  50 and 100% of the Cr-atoms on c-positions 
were randomly replaced by W are shown in Fig. 3. 
One notices that {400} and {840} gradually 
disappear and {200}, {220}, {420}, {422}, 
{620}, {622}, {642}, {820}, {622} and {842} 
become more intense. Only reflections with even 
indices are affected, which is in agreement with 

the specific point symmetry of the c-positions 
involved [15]. 

Fig. 3 further shows that the effect of less 
heavy atoms like Mo is similar, but smaller than 
that of W in the sense that the intensity distribution 
obtained on full substition by Mo corresponds to 
the one obtained on about 50% substitution by W. 

Theoretical X-ray powder diffractographs of 
M23C6 with W occupying other particular positions 
than those predicted by Goldschmidt showed 
characteristic intensity changes which were quite 
different from those in Fig. 3. 

When the described procedure was finally 
applied to investigate the effect of Fe and Ni, it 
indicated that t he  substitution of Cr by,Fe or Ni 
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Figure 3 CrKa dfffractographs computed for W and Mo containing M~3C ~. (a) 10%, (b) 50%, (c) All the Cr-atoms on 
c-positions replaced by W. (d) All the Cr-atoms on c-positions replaced by Mo, (f) experimental observation. 

does not give rise to any intensity change suscep- 
tible to detection by powder diffraction tech- 
niques. This absence of readily measurable 
changes is due to the fact that the scattering 
factors of Fe and Ni are virtually equal to those 
of Cr. 

4. 1.2.  E s t i m a t e  o f  l a t t i c e  c o n s t a n t s  

The incorporation of Fe, W or Mo into the lattice 
of Cr23C 6 may not only affect the diffracted 
intensities, it will also modify the carbide's lattice 
constant. The sign and the magnitude of the 
changes depend mainly on the difference in 
atomic radius between chromium and the above 
metal atoms and on the number of lattice positions 
these atoms occupy. The interval within which the 
lattice parameters of the (Cr, Fe, W, Mo)2aC 6 
carbides subject of the present study may fall, 
can roughly be estimated as follows. 

W and Mo atoms are 10% larger than Cr (Table 
I) and may replace 8 out of 92, or 9%, of the metal 

atoms in the unit cell. If all the positions are 
occupied so as to form Cr21(W, Mo)2C6, an 
increase of the lattice parameter to about 1.066 x 
(1 + 0.1 x 0 .09)= 1.075 nm should result. This 
value agrees well with the findings of Westgren 
who measured a =  1.075nm for CrzlW2C 6 [1]. 

Fe atoms, on the other hand, are 1% smaller 
than Cr (Table I) and the unit cell may theoretically 
accommodate 32 of them, i.e. 35% of the total 
number of metal atoms, which will reduce the 
lattice constant to approximately 1.066 x ( 1 -  
0.01 x 0 .35)= 1.062nm. The measurements of 
Westgren et al. in fact revealed a more pronounced 
reduction to 1.059 nm for a carbide of the formula 
CrlsFesC 6 [16]. 

4.2. Experimental observations 
4.2.1. Compos i t i on  and lat t ice spacings 
Except for pure Cr23C6, all the carbides described 
under this heading were extracted from the com- 
mercial high-temperature alloys mentioned in 
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TABLE III Relation between the composition of an alloy (in at.%) and the intensities in energy dispersive X-ray 
spectra of extracted M2a carbides, vs = 100, m = 25, w = 10, �9 = 5 

Alloy MzaC 6 extract 

Ni Cr Fe W Mo Ni Cr Fe W Mo alvl2aC #(nm) 

IN 519 22.5 25 48 - - vs w - - 1.0628 
Incoloy 807 40 22 23 1.6 - w vs w - 1.0683 
IN 643 49.5 28 3 3 0.3 vs - m 1.0699 
Waspaloy 56 21 2 - 2.5 vs - - w 1.0696 

Table II. The carbide constituents were identified 
by means of energy-dispersive X-ray spectroscopy. 
but the applied procedure did not allow a full 
quantitative analysis of the compositions to be 
made. Table III, therefore, gives only a semi- 
quantitative relationship between the carbide 
ingredients and the composition of the alloys 
in which the carbides formed. 

The table shows that all the W and Mo contain- 
ing alloys under examination grew typical (Cr, 
W/Mo)2aC 6 carbides, Fe was encountered when- 
ever the alloys contained more than 25 at. % iron 
and, according to the high nickel content of all 
the alloys, Ni was found all over. 

Accurate values for the lattice spacings of these 
carbides were obtained from CrKa, diffracto- 
graphs. Pure Cr2aC 6 gave a value of 1.0658 + 
0.0001 nm which is in agreement with recent 
literature [17]. 

For the Cr, W, Mo carbides, the magnitude of 
the lattice constants tied up with the elemental 
composition of the parent alloys, following the 
trend set forward in Section 4.1.2. This is inferred 
from Table II which indicates how the parameters 
of the (Cr, W/Mo)23C6-type carbides increased 
with the number of W and/or Mo atoms per Cr 
atom in the host alloy. The saturation limit of 
1.075 nm was not reached within the present set 
of alloys and the results suggest that a W, Mo/Cr 
atom ratio higher than about 0.25 would be 
required to do so. This extrapolation is supported 
by the findings of  Donachie and Kriege who 
detected an M23C6 with a spacing of 1,075 nm in 
Ren6 41 containing 0.28 Mo atoms per atom of 
Cr [111. 

A different behaviour is encountered in (Cr, 
Fe)23C6-forming alloys. Extending from the values 
of  1.0658 nm for pure Cr23C 6 and 1.064nm for 
carbides in the 20Cr/5Fe alloy Nimonic 75 (Table 
II), one would expect 20Cr/4OFe austenitic stain- 
less steels to grow fully substituted CrlsFesC6 
carbides with a lattice spacing < 1.062 nm (Section 
4.1.2). The experiments, however, show that the 

spacing levels off at 1.063nm pointing at an 
anomaly which will be given attention during 
further research. 

4.2.2. Intensities in powder diffraction 
Experimental data on the intensities and the 
positions of the diffraction maxima of pure 
Cr23C6 are compared to the literature data in 
Fig. 2. The present observations confirm that 
{200}, {444} and {642} are below the detection 
level of the powder diffraction method. {111}, 
{220}, {331}, {731}, {733}, {662} and {842}, 
on ~ the contrary, could positively be identified, 
be it mostly as lines of low intensity. 

Fig. 4 and Table IV show that the incorporation 
of Fe (and Ni) atoms into Cr23C 6 does not notice- 
ably affect the intensity distribution over the 
individual diffraction maxima. This absence of 
changes in the powder diffraction pattern is in 
accordance with theory, but unfortunately impedes 
further verification of Goldschmidt's predictions 
on the position of Fe atoms in M23C6, unless more 
sophisticated methods for intensity measurement 
and structure factor determination are involved. 

Experiments on (Or, W/Mo)23C6 finally prove 
that the introduction of W or Mo indeed modifies 
the diffracted intensity distribution of Cr23C6 
(Fig. 4, Table IV). The lines {400} and {840} 
almost disappear whereas {200} and {642} 
appear and {220}, {42O}, {422}, {620}, {82O} and 
{ 822 } see their intensities considerably increased. 
It is clear that only reflections with even indices 
h, k and l are affected and a comparison with Fig. 
3 shows that the sign as well as the magnitude of 
the intensity changes correspond exactly to those 
computed for W and/or Mo on c-positions. No 
other unit cell configurations fit these observations. 
The experimental evidence thus fully supports 
Goldschmidt's predictions on the position of W 
and Mo in the lattice of M23C 6. 

5. Conclusions 
(1) X-ray powder diffractographs of Cr23C6 
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(b) (Cr, Fe)23C 6 and (c) (Cr, Fe, W, Mo)23C 6. 

recorded with CrKal radiation in a modern 
focusing Guinier camera reveal more maxima 
than are actually mentioned in literature. The 

pattern comprises weak lines corresponding to 

{1 11}, {220} and {842}. 
(2) The introduction of Fe into the lattice 

of Cr23C6 reduces the lattice constant but does 
not measurably affect the intensity distribution 

in the diffraction pattern. 
(3) The incorporation of W or Mo increases 

the lattice constant of M23C 6 and changes the 
diffracted intensities. All but the lines with uneven 
Miller indices see their intensities affected. 

(4) This behaviour is explained by the fact that 
the heavy atoms occupy c-positions in the unit cell. 
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