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Hardness, oxidation and constitution in 
chromium-iron alloys 

H. E. N. STONE 
Blackett Laboratory, Imperial College, London, UK 

Data on the room-temperature hardness and high-temperature oxidation of chromium- 
containing alloys with up to 50 at % iron are presented, and the relation of these to the 
electronic constitution briefly discussed. 

1. I n t r o d u c t i o n  
Much work has been carried out in recent years 
with the object of  elucidating the magnetic struc- 
ture of chromium-rich chromium-iron alloys. The 
situation is intriguing. It is well known that the 
body-centred solid solutions based on alpha iron 
are ferromagnetic to quite low concentrations of 
iron, also that pure chromium is antiferromagnetic. 
To the question as to what happens in more detail 
over the critical intermediate concentration range, 
it would appear [1] that the Curie point of  iron- 
rich solid solutions decreases to zero Kelvin at 
approximately 19% iron in chromium, whilst the 
N6el temperature of chromium is depressed mono- 
tonically until the antiferromagnetism disappears 
at liquid helium temperatures at about 16% iron, 
so that we have a concentration range of width 
3% in which at the lowest temperatures alloys are 
always paramagnetic. These changes are indicated 
in the phase diagram (Fig. 1). Since the system has 
been referred to as magnetically inhomogeneous 
[1], that is "two phase" with separate regions of 
the order of 100A across, we may perhaps des- 
scribe it as an electronic eutectic, with the eutectic 
horizontal, extrapolated from the falling critical 
temperatures for the magnetic states, being a 
virtual one, lying below zero Kelvin (E, Fig. 1). 

Concurrent with the above work, which was 
carried out by neutron techniques, a more 
metallurgical-type investigation was in progress, 
which had the object of establishing if other 
changes took place at or near critical compositions 
for the magnetic states. This consisted, in outline, 
of preparing a set of samples with compositions in 
the range 0 to 50% iron, subsequently conducting 
(a) room-temperature hardness and (b) high- 
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Figure 1 The chromium-iron phase diagram [8]. The 
dotted and dashed line shows the variation of the Curie 
point, and the dashed line the variation of the N~el 
temperature with composition [1 ]. The abscissa is drawn 
at 0 K. The a + 3" phase field is narrow and has therefore 
been omitted for clarity. The sigma equilibria are omitted 
also. The lower left-hand portion represents a small 
extension into the adjoining V-Cr system, with vanadium 
content increasing to the left. 

temperature oxidation tests on each sample. Whilst 
the principal motivation for the work was cor- 
relation with the low-temperature physical proper- 
ties, one may remark that it becomes evident 
from this and previous work [2, 3] that the alloys 
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have useful engineering properties, and it is hoped 
that this account will inter alia serve to stimulate 
renewed interest in them. 

2. Experimental details 
Compositions are nominal and in atomic per 
cent unless otherwise indicated, and a few points 
outside the range 21 to 50% iron inclusive are 
repeated from previous work [3, 4]. 

The appropriate weights of the basis materials 
(Johnson Matthey "Specpure" chromium and 
iron) were melted together in an argon-arc furnace 
and were cast [5, 6] into sticks about 30 mm long 
of section approximately 1�89 mm and weight 1 g. 
These were sealed in evacuated quartz capsules 
(5 x 10 -s mmHg),  heated for 2~ days at 1050 ~ C, 
followed by cooling the capsule in water and sub- 
sequent cold extraction of the relative!y brittle 
sample. The homogenized sticks were spark cut 
and a metallographic specimen from a standard- 
ized position in the upper part was mounted, 
ground, polished and tested at 50 g load using a 
Vickers microhardness attachment. Five im- 
pressions were made on each specimen and the 
average plotted; the scatter per specimen was of 
the order + 10 points. 

Attention was given to the possibility that 
sigma phase may have been present, but no indi- 
cations were found by conventional etching or 
from electromechanical polishing/etching [7] ; also 
no treatments which may be expected to initiate 
sigma formation were required or employed in 
processing. The microstructure" consisted of 
essentially uniform largely equi-axed grains. It is 
therefore thought that the present results refer to 
the sigma-free metastable system. The 40 and 50% 
iron specimens were magnetic at room tempera- 
ture as-cast and after homogenization, the re- 
mainder not so, as would be expected from the 
published data [8]. The oxygen content of the 
chromium base was about 11%, estimated by 
making a separate set of small alloy buttons con- 
taining controlled small additions of aluminium, 
determining the aluminium content of the chro- 
mium matrix With the microprobe, and extra- 
polating backwards on a plot of actual versus 
nominal content. However, metallurgical evidence 
and the literature [2] indicate that oxygen in 
chromium occurs as discrete insoluble (and there- 
fore probably inert) particles after melting. Prob- 
ably oxygen content is also responsible for the 
manner in which chromium and chromium-iron 

2788 

alloys (those with less than about 15% iron) rise 
in "volcano" fashion as they solidify, since the 
rising is killed by aluminium or carbon additions; 
:a critical addition of the latter gives buttons 
with the smoothest free surfaces [9]. The hard- 
ness samples for the 13 and 15% compositions 
were subjected to microprobe analysis for iron 
content, and these showed that the nominal 
13 was estimated at 14.4% and the 15 at 17.9%. 
The estimated iron contents are therefore higher 
by approximately 2% than the nominal, prob- 
ably due to preferential volatilization of chromium 
in preparation. 

The cast and homogenized sticks were tested 
for 4 h at each of the temperatures 640, 780,940, 
1040 and 1100 ~ C with the object of  interpolating 
or extrapolating the temperature (called Tp) [10] 
corresponding to a weight gain of  1 mg cm -2/4 h. 
The choice of these particular temperatures is 
not significant, although the grouping of the 
higher figures was deliberate. Although the gener- 
ality of the Tp results are above l l00~ (con- 
firming [4]), the principal finding from the 
oxidation tests is not affected by the use of 
extrapolation, as will become evident. The tem- 
perature/weight gain curves were similar in form, 
so that Tp gives an accurate indication of merit, 
although there may have been a tendency to a 
"chromium curve" variant [10] around 15% iron. 
Green oxide flare on the alumina substrate was 
markedly reduced for contents greater than about 
16% iron. 

3. Results 
The room temperature hardness results are plotted 
in Fig. 2b. The general shape of the hardness/ 
composition variation shows a maximum at 20% 
iron with fallaway on either side, in conformity 
with earlier results [3]. However, there is a sharp 
though shallow minimum near 15% iron, which, 
when allowance is made for the drift from nominal 
to analysed content, may be equated with the 16 
to 19% range in the magnetic properties. Perhaps 
a mixture of ordered and disordered parts in the 
microstructure (the magnetically inhomogeneous 
conditions with either less than 17% or more than 
18% iron) produces an increased resistance to the 
hardness indenter. Data for the V - F e  system [3] 
are also consistent with an inference of two 
maxima, with an intervening minimum likewise 
at an average Group number [11] of 6.25 to 6.30. 

The high-temperature oxidation data are given 
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Figure 2 The variation of (a) the oxidation 
parameter Tp and (b) the microhardness 
with composition. Data on the hot hardness 
of pure iron from [15] are reproduced at 
(c); the logarithmic ordinate scale on the 
right applies for this, and the particular 
method of scaling on the abscissa is described 
in the text. 

in Fig. 2a. All compositions showed a high level 
of oxidation resistance, the parameter Tp nowhere 
falling below 1000 ~ C. The previous cursory sur- 
vey [4] indicated Tp values at 25, 50 and 75 wt % 
iron of approximately 1150 ~ C, and most of the 
points in Fig. 2a are in keeping with this. The 
interesting departure which is shown in the present 
results is the minimum at the 14% nominal iron 
composition, which, making allowance again for 
composition drift, coincides with the paramagnetic 
regime, so that the latter is slightly inferior in 
oxidation resistance (cf. magnetism and oxi- 
dation relationships in [12]). 

4.  D i s c u s s i o n  
Let us consider the dispositions and extents of 
the various phase fields in the Cr-Fe  phase dia- 
gram (Fig. 1). Starting from the low-temperature 
100% iron corner (lower right) we have a large 
ferromagnetic field, which extends upwards to 
768~ on the temperature ordinate and to the 
left to the point Cr-Fe  19%. Beyond these limits 
we have a large and continuous paramagnetic 
zone, narrow at its extremities (between 768 and 
910~ and 19 and 16% iron respectively), and 
further away again, two separate antiferromagnetic 
[13] phase fields. The extent of these two fields is 
approximately equal - 14% of chromium in iron 
and 16% of iron in chromium, respectively. A 

particular kind of symmetry is, therefore, evident 
in the diagram, and, to emphasize this, the 
customary designations for the all�9 change 
points in iron (A2, A3, A4) have been repeated 
going leftwards along the abscissa in Fig. 1. Note 
that a few per cent of vanadium suppresses the 
antiferromagnetism of chromium [14], and this 
fixes the position of the analogue of the A4 point. 
There is good scaling of the (A2 - A 3 )  and (A3 - A 4 )  
distances along ordinate and abscissa. 

In view of the symmetry and scaling of the 
phase changes, it was natural to consider if changes 
in hardness of the room-temperature alloys had 
counterparts in the hot hardness of iron. It so 
happens that the latter has been studied by Geach 
[15] and Petty and O'Neill [16]. The curve of the 
former is reproduced (Fig. 2c) in a special way, so 
that an analogy with hardness/composition is 
brought out; it is scaled so that the A2 and A3 
change points are equated with the compositions 
at which ferromagnetism is lost and antiferromag- 
netism acquired, at 0 K, with increasing chromium 
content, that is, the abscissa distance 3% (the 
difference between 16 and 19%) is made equivalent 
to 142 ~ (the difference between 910 and 768 ~ C). 
(It is regretted that the method of plotting reduces 
the work of these authors to such modest pro- 
portions.) In the hot hardness tests, only a slight 
disturbance [16] in the smooth fall of the curve at 
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Figure 3 Band-box diagrams for two allotropes of iron. 

the magnetic transition (A2 in Fig. 2c) was 
reported, but there was a marked increase at the 
Aa a lpha-gamma transformation at 910 ~ C; in the 
alloy (room-temperature) case the intensity of  the 
maxima are in reverse order. However, if allowance 
is made for the fact that for the alloy effect it is 
necessary first to subtract an estimated hardness 
for a simple dome-shaped curve, whereas for rising 
temperature one must subtract a basis curve for a 
steeply falling nil-transformation function, a 
parallel between the temperature effect and the 
alloy effect becomes credible. 

Finally, it is of  some interest to speculate on 
the changes in electronic structure that must occur 
as we move from one side of  the phase diagram to 
the other, although it would be inappropriate to 
do so here at length, and the reader is referred to 
previous work [17, 18] for fuller background. 
Such a description starts conveniently with that of  
alpha iron. This is indicated in Fig. 3 in a mixed 
"band/spin box"  type of  representation. Here 
from left to right we have rectangular blocks 
representing respectively the d majority spin, d 
minority spin and s occupations. It is accepted 
that the presence of  the small hole in the majority 
spin shell is an essential condition for ferromag- 
netism; we also assume that s - d  resonance [17] 
occurs and that the occupation values may be 
systematized in terms of  phi-related [18] quantities 
(where phi is the golden ratio, approximately 
1.62). The beta form of  iron (non-magnetic b c c) 
differs from alpha in that the majority half shell is 
filled up, and, also, integral electron occupancies 
replace phi-related probabilities. The delta iron 
electronic structure will perhaps be similar to beta, 
but with increased but integral s occupation. The 
gamma form will contain phi-related occupations 
but without the hole in a d shell characteristic of  
ferromagnetism, and this will also be true of  the 
counterpart antiferromagnetic phase field based on 
chromium at the other side of  the diagram. 
(Perhaps slightly less than half a half-shell is typical 
of  antiferromagnetism.) A complete interpretation 
of  the structures, more especially at the chromium- 

rich end, would need to take into account the 

magnetic moments of  the components there, but 
this task may be simplified since present indications 
[1, 19] are that these quantities tend to be either 
integral or phi-related. 
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