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Determination of the Debye temperature of thes-phase Fe-Cr alloys
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57Fe Mössbauer spectra were recorded on thes-phase samples of Fe54Cr46, Fe52Cr48, and
(Fe54Cr46)-0.3 at % Ti alloys in the temperature range of 40 K<T<330 K. From the temperature depen-
dence of the average isomer shift the Debye temperatureQD was evaluated as equal to 437~7! K, 460~12! K,
and 471~22! K for the three samples, respectively.
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I. INTRODUCTION

The s phase was discovered in 1923 in an Fe-Cr allo1

and its crystal structure was identified only in 1954 also
the Fe-Cr system.2 Nowadays, 42 examples of binary-allo
systems are known in which it exists.3 Particular interest in
thes-Fe-Cr system stems not only from the fact it represe
the archetype of the phase, but mainly because the syste
of particular interest both for scientific and technological re
sons. Thes phase itself is of interest due to its comple
close-packed tetragonal~tcp! structure with 30 atoms distrib
uted over five nonequivalent sites in a unit cell. The sp
group is D4h

142P42 /mnm. Its physical properties are sub
stantially different from those characteristic of thea phase
~bcc!, from which it precipitates either as a result of isoth
mal annealing of quasiequiatomic alloys in the temperat
interval4 of ;800 K<T<;1100 K or by mechanica
alloying.5 Its most striking feature is brittleness and har
ness, the latter by a factor of 4–5 larger than that of thea
phase. Thes-Fe-Cr is weakly ferromagnetic, i.e., its Cur
temperature and the magnetic moment per Fe atom are
order of magnitude smaller than those ofa-Fe-Cr of the
same chemical composition.6

In view of these and other differences in the physi
properties betweena ands, it seems interesting to know th
Debye temperature of the latter, all the more so, it is, to
best knowledge, unknown so far.

One of the experimental methods that can be used for
purpose is the Mo¨ssbauer spectroscopy. The Debye tempe
tureQD can be determined by means of this method from
temperature dependence of the isomer shift IS

IS~T!5IS0~T!1ISSODS~T! ~1!

where IS0 is a term representing the dependence of IS on
charge density at the probe nucleus and has only a w
temperature dependence.7 The second term in Eq.~1!,
ISSODS, is the so-called second-order Doppler shift. Assu
ing the whole dependence of IS onT originates from the
second term, and using the Debye model for the pho
spectrum one can write the following formula
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where m is the mass of the57Fe nucleus,k is the Boltz-
mann’s constant,c is the velocity of light andt5QD /T.

II. EXPERIMENT

Samples of Fe54Cr46, Fe52Cr48, and
(Fe54Cr46)-0.3 at % Ti alloys were prepared by melting a
propriate amounts of Fe~99.95% purity!, Cr ~99.5% purity!,
and Ti ~99.9% purity! in a vacuum induction furnace. Th
ingots received were cut into cubes of 5 mm size, wh
were next solution treated in vacuum of the order
1023 Pa for 24 h at 1473 K followed by water quenchin
The chemical composition was determined on the hom
enized samples by an electron probe microanalysis.
samples were next rolled down to a final thickness
;30 mm and then vacuum annealed at 1173 K for 1 h to
remove strain. Their transformation into thes phase was
made by an isothermal annealing at 973 K. The verificat
of the transformation process was done both by recording
Mössbauer spectra as well as the x-ray diffractograms.8

57Fe Mössbauer spectra were recorded in transmission
ometry using a standard spectrometer and a57Co/Rh source
for the 14.4-keVg rays at temperatures between 40 and 3
K. The temperature of the samples, which were placed i
continuous-flow cryostat, was constant within 0.1 K duri
the 1-day run needed to record a spectrum of a good st
tical quality.

III. RESULTS

A. Spectra analysis

The spectra, whose selected examples are shown in Fi
were analyzed in two ways, using a least-squares itera
procedure. As the only spectral parameter relevant to
determination of the Debye temperature is the average
mer shift~the center of gravity of the spectrum! and its value
does not depend on the value of the quadrupole splitting,
latter parameter was neglected. In the first way~I!, the spec-
tra were fitted in terms of the distribution of the isomer sh
©2002 The American Physical Society01-1
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Those obtained for the spectra shown in Fig. 1, are prese
alongside on the right-hand side of the figure. The aver
isomer shift,^IS&, was determined by integrating the distr
bution, i.e., ^IS& I5* ISP(IS)dIS/*P(IS)dIS. For the tem-
perature regime where the samples are paramagnetic,
way of spectra analysis can be regarded as a model-free
In the second way~II !, the spectra were analyzed assumi
they were a superposition of a number of single-line s
spectra, each corresponding to one site occupied by
probe Fe atoms. The number of the sites occupied by
atoms is still an open question. According to experimen
results based on x-ray diffraction measurements, Fe at
reside on all five sites,2,9 while according to recent theoret
cal calculations, only three sites are occupied by
atoms.10–12In view of this unclear situation, our spectra we
fitted assuming they were composed of 3, 4, or 5 single-
subspectra having the same linewidth,G, which was, how-
ever, treated as a fit parameter. It has turned out that
spectra can be well fitted independently of the number of
subspectra. The only difference was the value ofG, which
was equal to 0.34–0.35 mm/s in the case of three subspe
to 0.31–0.32 mm/s in the case of four subspectra, and
0.28–0.30 mm/s in the case of five subspectra. The value
^IS& II , the essential quantity to determineQD , were practi-
cally independent of the number of subspectra, and were
good agreement with the corresponding values obtaine
the first way of spectra analysis,^IS& I . An example of the
data found for the spectra recorded on the sample of Fe54Cr46
is given in Table I.

B. Determination of the Debye temperature

The temperature dependence of the average isomer s
^IS&5(^IS& I1^IS& II)/2, was used to determine the De-

FIG. 1. 57Fe Mössbauer spectra recorded on the sample
Fe54Cr46 alloy at ~a! T580 K, ~b! T5200 K, and~c! T5320 K,
and the corresponding distributions of the isomer shift~right-hand
side!.
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bye temperature. The data presented in Fig. 2 for the th
samples investigated, was fitted using Eq.~2!, yielding the
following values ofQD : 437~7! K for Fe54Cr46, 460~12! K
for Fe52Cr48, and 471~22! K for (Fe54Cr46)-0.3 at % Ti. To
our best knowledge, this is the first determination of the D
bye temperature for thes phase in general, and for th
s-Fe-Cr, in particular. From the data it follows that the D
bye temperature, like other physical properties of thes
phase, depends on its chemical composition. In particu
QD increases with Cr content. Such behavior may be
pected as the Debye temperature of chromium is sign
cantly larger than that of iron. For example,QD
5331(12) K for 57Fe atoms in iron13 against QD
5445(15) K for 57Fe atoms in Cr-rich (a8) Cr-Fe phase.14

The comparison of the Debye temperature should be m
between the values obtained with the same method and
the same temperature range, as it is known that the valu
QD depends on the used method.15 In the light of a lack of
data, one cannot compare the present data with that cha
teristic of a-Fe-Cr with similar composition. If one, how
ever, assumes fora-Fe-Cr thatQD scales linearly with the
composition, than taking into accound the data of Ref.
one getsQD;400 K for a quasiequiatomica-Fe-Cr alloy.

f

TABLE I. Average values of the isomer shift~relative toa-Fe!
as calculated from method I,^IS& I and method II,^IS& II for the
sample of Fe54Cr46.

T580 K T5200 K T5320 K

^IS& I ~mm/s! 20.07 20.13 20.21

^IS& II ~mm/s! 20.08(2) 20.13(2) 20.21(2)

FIG. 2. The average isomer shift^IS& versus temperatureT for
the samples investigated. The lines stand for the bestfits to the
using Eq.~2!.
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This is ;10% less than the value found in a present stu
for thes-Fe-Cr. The;10% enhancement of the Debye tem
perature found for thes phase agrees well with the corr
sponding enhancement of the Lamb-Mo¨ssbauer~recoilless
fraction! factor revealed recently for the investigat
samples.16,17

IV. SUMMARY

The Debye temperature of thes-Fe-Cr alloys has bee
determined from the second-order Doppler shift. The val
idi

n

21230
y

s

of QD found span over the range of 437 K<QD<471 K,
depending on the alloy composition. These values are
;10% larger than the estimated value ofQD for thea-Fe-Cr
alloy of similar composition. Such relationship agrees w
with the corresponding relationship between the recoill
fractions of the two phases.
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