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Local thermal expansions and lattice strains in Elinvar and stainless steel alloys
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Local thermal expansions and lattice strains in the Elinvar alloy Feyg ¢6Nig2.38Crs.49Tiz47 (Ni Span C) and
the stainless steel SUS304 Fe;; 9sNig 7Cri5.00Mng g6 (AISI304) were investigated by the temperature-dependent
Cr, Fe, and Ni K-edge extended x-ray absorption fine-structure (EXAFS) measurements, combined with the
path-integral effective classical potential Monte Carlo (PIECP MC) theoretical simulations. From the EXAFS
analysis of the Elinvar alloy, the local thermal expansion around Fe is found to be considerably smaller than the
ones around Ni and Cr. This observation can be understood simply because Fe in the Elinvar alloy exhibit an
incomplete Invar-like effect. Moreover, in both the Elinvar and SUS304 alloys, the local thermal expansions and
the lattice strains around Cr are found to be larger than those around Fe and Ni. From the PIECP MC simulations
of both the alloys, the first-nearest neighbor Cr-Fe pair shows extraordinarily large thermal expansion, while the
Cr-Cr pair exhibits quite small or even negative thermal expansion. These findings consequently indicate that the
lattice strains in both the Elinvar and SUS304 alloys are concentrated predominantly on the Cr atoms. Although
the role of Cr in stainless steel has been known to inhibit corrosion by the formation of surface chromium oxide, the
present investigation may interestingly suggest that the Cr atoms in the bulk play a hidden new role of absorbing

inevitable lattice strains in the alloys.
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I. INTRODUCTION

It is well known that local structures in mixed crystals are
often different from lattice structures that are expected crystal-
lographically [1-4]. Even when the crystal shows clear x-ray
diffraction patterns, there should exist strains in the crystal that
cannot be solved by the x-ray diffraction analysis. In metallic
alloys as well, our previous extended x-ray absorption fine
structure (EXAFS) studies on the Invar alloy FegsNise [5] and
the martensite alloy MnggNij, [6], the local structures, are
meaningfully different between the different metal atoms in
these binary alloys, although both the alloys exhibit quite nor-
mal x-ray diffraction patterns of fcc lattices and both the metal
atoms should crystallographically be identical. Moreover, the
local thermal expansions were found not to be identical; in
the Invar alloy, the local structure around Fe shows almost no
local thermal expansion due to the so-called Invar effect [7,8],
while the Ni K-edge EXAFS provides small but meaningful
thermal expansion around Ni. It is thus important to determine
local structures as well as periodic structures directly for the
detailed understanding of lattice strains in the crystal.

The Elinvar alloy is a unique material that shows tem-
perature invariance of the Young modulus or other elastic
constants for a wide temperature range and has been applied to
various practical precision mechanical equipments. Figures 1
and 2 depict temperature dependence of the Young moduli
[9] and the lattice constant (divided by V2) [10] of the
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Elinvar alloy, together with the Invar alloy, Ni, Cu, stainless
steel SUS304 (AISI304), etc. The Young moduli of normal
materials such as Ni, Cu, and SUS304 in Fig. 1 gradually
decrease with the temperature rise because of vibrational
anharmonicity. On the contrary, the Invar alloy exhibits an
increase in the Young modulus with the temperature. As shown
in Fig. 2, the Invar alloy provides almost no thermal expansion
for a wide temperature range from 0 to 400 K, which is
the so-called Invar effect. The Invar effect can simply be
understood in the following manner. In the Invar alloy, there
exist at least two types of Fe atoms; one is an energetically
unstable antiferromagnetic (AFM) Fe with a smaller atomic
radius and the other is a stable ferromagnetic (FM) Fe with
a larger atomic radius. Thermodynamically, the composition
ratio of FM Fe decreases with the temperature rise, leading
to the thermal contraction of the interatomic distance. This
contraction can compensate for the normal thermal expansion
due to vibrational anharmonicity, resulting in invariance of
the interatomic distance in the Invar alloy. Since the AFM Fe
atom interacts more strongly with neighboring atoms than the
FM one, the Young modulus is resultantly enhanced at higher
temperature. As shown in Figs. 1 and 2, the Elinvar alloy gives
intermediate properties concerning both the Young modulus
and the thermal expansion due to an incomplete Invar-like
effect. As a result, the Young modulus of the Elinvar alloy
exhibits almost no temperature dependence above ~100 K.
In Figs. 1 and 2 the Young modulus and the thermal expan-
sion of stainless steel SUS304 (AISI304) are also depicted.
Stainless steel is one of the most practically useful metals
in our daily lives. Here chromium is the key element that
inhibits corrosion of stainless steel by the formation of rigid
surface chromium oxide layers. For solid-state properties of
austenite stainless steel with fcc structure as SUS304, Cr plays
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FIG. 1. Temperature dependence of the Young modulus of the
Elinvar alloy (Ni Span C), together with those of the Invar alloy,
SUS304, Ni, and Cu.

a role of making the alloy antiferromagnetic. Although the
Young modulus of SUS304 in Fig. 1 shows a rather normal
behavior, the thermal expansion in Fig. 2 should be noted
to be pretty large compared with elemental Fe and Cr that
configure SUS304. This is because fcc SUS304 has weaker
metallic bonding due to a larger coordination number than bec
Fe and Cr.

In the present study we have investigated temperature
dependence of the local structures of the Elinvar and SUS304
alloys by the combined techniques of Cr, Fe, and Ni K-
edge EXAFS analysis and the theoretical simulations based
on the path-integral effective classical potential Monte Carlo
(PIECP MC) method [5,6,11,12] that approximately includes
the vibrational quantum effect indispensable for the description
of thermal and structural properties of solids at low temperature
without huge computational loads. The first purpose of the
present investigation is to clarify whether the local thermal
expansion is identical to the lattice thermal expansion. In
the previous binary Invar [5] and MnNi [6] alloys, the local
thermal expansions differ significantly from the lattice expan-
sion, because one metal element (Fe in FegNizs and Mn in
MnggNij;) exhibit the transformation of the electronic states
depending on temperature. In the present ternary alloys, the
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FIG. 2. Temperature dependence of the first-nearest neighbor
interatomic distance (lattice constant divided by V/2) of the Elinvar
alloy (Ni Span C), together with those of the Invar alloy, SUS304, Cr,
Fe, Ni, and Cu.

local thermal expansion around Fe in the Elinvar alloy may be
different from the lattice one as in the case of Fe in the Invar
alloy. Here we will focus our attention on the local thermal
expansions not only for Fe in the Elinvar alloy but also for the
other elements in both the alloys. The second purpose is to
elucidate the lattice strains in the Elinvar and SUS304 alloys.
In the present EXAFS analysis, we find that the local structure
around Cr is significantly different from the other ones in both
the alloys and that the lattice strain is concentrated dominantly
around Cr. Although EXAFS reveals the difference in the local
structures around the x-ray absorbing atoms, information on
the surrounding atoms should be limited; only the average
can be obtained in the present cases because it is difficult to
distinguish the surrounding scattering atoms of Fe, Ni, or Cr
with similar atomic numbers. We will clarify by the PIECP
MC theoretical simulations the behaviors of all the atom pairs
in both the Elinvar and SUS304 alloys.

The present article is organized as follows. In Sec. II experi-
mental and theoretical methods are described in detail. Section
IIT deals with the results and discussion, in which the local
thermal expansions and strains around Fe, Ni, and Cr atoms
are described separately, mainly based on the temperature-
dependent EXAFS analysis. As the PIECP MC simulations are
found to be in good agreement with the experimental EXAFS
results, further details concerning the local thermal expansions
and strains for each atom pairs are consequently discussed. In
Sec. IV, concluding remarks and the summary of the present
investigation are consequently presented.

II. EXPERIMENT AND THEORY

A. EXAFS

An Elinvar alloy F649_66Ni42_38Cl‘5.49Ti2_47 (Nl Span
C) with 15.0 pm thickness and a SUS304 alloy
Fe71,98Ni9_07Cr18_09Mn0_86 (AISI304 stainless steel) with
10.5 pum thickness were purchased from Sugiyama Metals
Co., Ltd. in Osaka, Japan. The Cr, Fe, and Ni K-edge
EXAFS spectra of the alloys were recorded at Beamline
9C of Photon Factory (the electron storage ring energy of
2.5 GeV and the ring current of 450-250 mA) in High
Energy Accelerator Research Organization (KEK-PF) [13]
with the transmission mode using a Si(111) double crystal
monochromator. Ionization chambers filled with 30% N,
in He and 100% N, were used to measure the incident and
transmitted x-ray intensities, respectively. The samples were
cooled down using a He gas-circulating refrigerator and the
measurement temperature range was 20-300 K. For the Cr and
Fe K-edge measurements, the monochromator crystals were
detuned by 30% to eliminate the third-order harmonics, while
for the Ni K-edge measurements the detuning process was
not conducted. The Cr K-edge EXAFS measurements were
terminated at the Mn K edge because of the presence of small
amounts of Mn in both the alloys, while the Fe and Ni K -edge
EXAFS were successfully recorded over sufficiently wide
energy ranges due to the absence of Co and Cu impurities.

The EXAFS oscillation functions &3 x (k) (k the photoelec-
tron wave number) were obtained based on the standard proce-
dures as the pre-edge baseline and the post-edge background
subtractions and the subsequent normalization with atomic ab-
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FIG. 3. Cr, Fe, and Ni K -edge EXAFS functions &*x (k) and their Fourier transforms of the Elinvar alloy at 20-300 K.

Fourier transformed, Fourier filtered for the peaks of interest,

and were finally curve fitted in k space. In the present study,
only the first nearest neighbor (NN) shells were quantitatively

xth) = 2=

analyzed. The k and R spaces employed are summarized in
Table I, and the k> x (k) functions and their Fourier transforms

of the Elinvar and SUS304 alloys are depicted in Figs. 3 and

4, respectively.

S3NF (k) .

The single-shell EXAFS formula employed is given as

4
xp[—2C2k?] sin [ZkR + ¢(k)—§C3k3:|,

ey

where N is the coordination number, R is the inter-

atomic distance, C, is the mean square relative displacement
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FIG. 4. Cr, Fe, and Ni K -edge EXAFS functions k*x (k) and their Fourier transforms of the SUS304 alloy at 20-300 K.
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TABLE I. k£ and R ranges employed in the present EXAFS
analysis. Akpr denotes the k range in the Fourier transform, A Rg,
is the R range in the Fourier filtering, and Akg, is the curve-fitting k
range.

Sample Edge Akpr (A7 ARy (A) Ak (A7

Elinvar Cr 33-11.4 1.7-2.7 4.0-11.0
Fe 3.3-16.6 1.7-2.6 4.0-16.5
Ni 3.3-16.7 1.7-2.6 4.0-16.5

SUS304 Cr 33-11.4 1.7-2.7 4.0-11.0
Fe 3.2-16.7 1.7-2.6 4.0-16.5
Ni 3.3-16.7 1.7-2.6 4.0-16.5

[C> = ((r — R)?)], C; is the mean cubic relative displacement
[C5 = ((r — R)*)], S is the intrinsic reduction factor due to
the many-electron effect, F (k) is the backscattering amplitude
including the inelastic scattering loss factor, and ¢(k) is the
total phase shift between the x-ray absorbing and photoelectron
scattering atoms.

For the curve-fitting analysis to obtain the structural pa-
rameters, theoretical standards were at first calculated using
FEFF8.4 [14]. Here we assumed randomly distributed clusters
with the fcc lattice constant of 3.57129 A (the number of the
fcc unit lattices of 4 and the total number of atoms of 4 x 43 =
256), where the composition ratios of the Elinvar and SUS304
alloys were assumed to be Fes; ;Nigp 4Crs 4 (Ti neglected) and
Fe7,NigCri9 (Mn neglected), respectively. Ten random alloy
clusters were evaluated and the average EXAFS spectra were
obtained as consequent theoretical standards. Although static
lattice strains are actually expected in these alloys, the FEFF
simulations were conducted with the assumption that all the
atoms are distributed at ideal lattice positions. Note here that
the neighboring atoms around the x-ray absorbing atom cannot
be distinguished because of only small differences of the
backscattering amplitudes among Fe, Ni, and Cr, and therefore
the resultant values obtained experimentally are regarded as the
average one for each x-ray absorbing atom.

The curve-fitting analysis of the experimental EXAFS
spectra at 20 K was subsequently performed using the FEFF
standards obtained above. Here the parameters fitted were Sg,
R, AE, (edge energy shift), and C, (fixed at N = 12 and
C3 = 0). The fitting results are summarized in Table II. Finally,
the curve-fitting analysis of all the EXAFS spectra were carried
out using the results of 20 K as empirical standards, with the
assumption that S2. N, and AE, are identical to the ones at
20 K, while R, C;, and Cj are fitting variables.

B. PIECP MC simulations

PIECP MC simulations within the low coupling approxima-
tion [11] were performed under constant number of particles,
pressure, and temperature (N PT) condition. Although the
PIECP theory can treat only periodic lattices [11] and is strictly
not applicable to the present random alloy systems, the Elinvar
and SUS304 alloys exhibit clear fcc structure and the atomic
weights of Cr, Fe, and Ni are not very different, allowing us to
adopt the theory to the present simulations of alloy systems.
This assumption was found to work well in our previous studies
[5,6]. The potentials of Fe, Ni, and Cr are based on the empirical
embedded-atom method (EAM) [15,16]. In the EAM, the total
energy E of the system is given as

1
E=D Fileni)+5 2D i(Rip, @
i i j
where the electron density of the surrounding atoms pj; is
expressed as

pri =Y p(R;j). 3)
J#

The first and second terms in Eq. (1) correspond to the
metallic bondings with valence electrons and the repulsion
between ion cores, respectively. The numerical parameters of
AFM Fe, Ni, and Cr employed were referred to the literature
[17]. In Fe, the energy difference between the FM and AFM
states were evaluated by referring to the literature [18], where
the difference fid (p}‘f’ ;) between the FM and AFM states is
given as a function of the d-electron density pj ; of all the
surrounding atoms at each Fe site: ,

Fop ) = FMoni) — FMMon.0)- )

The potential parameters are tabulated in the Supplemental
Material [19]. For comparison, the MC simulations based on
the classical thermodynamics were also carried out.

The total number of atoms was 500 (5% fcc cubic unit cells),
and the distributions of Fe, Ni, and Cr were chosen randomly.
In a similar manner to the FEFF evaluations, ten types of the
superlattices were simulated and the results were averaged to
provide consequent physical quantities. The MC simulations
were performed based on the conventional Metropolis method,
where 100 000 MC steps were calculated with 500 time trials
of the atom movement and one trial of the lattice constant
variation in each MC step. In the calculations of structural
quantities, the results before the system reaches sufficient
equilibrium (~10 000 MC steps at high temperature and

TABLE II. Results of the EXAFS analysis for the first-NN shells in Elinvar alloy and SUS304 determined by the Cr, Fe, and Ni K -edge

EXAFS at 20 K.

Sample Edge 2 R (A) AE, (eV) C, (10247) R factor x>

Elinvar Cr 0.707(9) 2.5072(8) 0.08(16) 0.333(9) 0.009 3.1
Fe 0.774(8) 2.5300(5) —0.28(14) 0.369(5) 0.012 3.5
Ni 0.779(7) 2.5304(5) —0.15(14) 0.341(5) 0.009 1.5

SUS304 Cr 0.632(9) 2.5114(8) —0.24(17) 0.321(10) 0.014 5.8
Fe 0.779(8) 2.5261(5) —0.06(14) 0.350(5) 0.035 38.4
Ni 0.706(6) 2.5302(4) 0.24(12) 0.207(3) 0.060 31.4
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FIG. 5. FM Fe ratios in Invar, Elinvar, and SUS304 alloys as
a function of temperature, estimated by the present PIECP MC
simulations.

~50 000 MC steps at low temperature) were excluded. The
temperatures considered in the present simulations were in the
range of 10—400 K.

Figure 5 shows the ratios of FM Fe as a function of
temperature estimated in the present PIECP MC simulations.
In the Invar alloy reported previously [5], the FM Fe ratio
decreases with the temperature rise, which results in the Invar
effect. In the Elinvar alloy, the ratio is found to be rather
small even at low temperature and be reduced a little at higher
temperature, while in SUS304 the ratio is quite small for all
the temperature range, implying that almost all the Fe atoms
in SUS304 are in the AFM state. In the present simulations,
the stabilities of FM and AFM Fe are dependent on the
d-electron densities of the surrounding atoms at the central
Fe site; the AFM state is more stable if the d-electron density
is larger. Although the number of d electrons increases with
the atomic number (Cr < Fe < Ni), the d-electron density of
the surrounding atoms depends more strongly on the radial
distribution of the atomic wave function and the resultant
sequence is Ni < Fe < Cr, implying that the Fe atom with
more surrounding Ni atoms favors FM, while that with more
surrounding Cr is likely to exhibit AFM.

III. RESULTS AND DISCUSSION

Figure 6 shows temperature dependence of the first-NN
interatomic distances determined by the present EXAFS analy-
sis, together with the estimated values from the lattice constant
given by the x-ray diffraction (Fig. 2) and the present PIECP
MC simulations. The local linear thermal expansions are
summarized in Table III, which were evaluated as the gradients
of the curves in Fig. 6 between 80 and 300 K. A clear difference
can be seen in temperature dependence of the interatomic
distances around Fe between Elinvar and SUS304; the local
thermal expansion around Fe in the Elinvar alloy is noticeably
smaller than that in SUS304; those of the Elinvar and SUS304
alloys are 1.33 x 1073 and 2.39 x 1073 (10\/ K), respectively.
Although in Fig. 6 the thermal expansions around Ni or Cr do
not differ so much between the Elinvar and SUS304 alloys, the
local thermal expansions around Ni and Cr in Elinvar are found
to be slightly smaller than the corresponding ones in SUS304,
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FIG. 6. Temperature dependence of the first-NN interatomic dis-
tances in the Elinvar and SUS304 alloys. The results of the Fe, Ni, and
Cr K -edge EXAFS analysis are given, together with the results of the
lattice constant (divided by +/2) determined from the powder x-ray
diffraction (purple solid line) and the calculated results obtained by
the present PIECP (orange solid lines) and the classical (light blue
solid lines) MC simulations.

as seen in Table III. This indicates that in the Elinvar alloy
the Invar effect occurs dominantly around Fe and somewhat
influences the local structures around Ni and Cr as well.

The thermal expansions given as gradients of the curves
in Fig. 6 are found to be in good agreement with the results
of x-ray diffraction and the present PIECP MC simulations,
and the local thermal expansion around Fe in the Elinvar alloy
estimated by the PIECP MC simulations is smaller than the
one in SUS304. On the other hand, the calculated results in
the classical MC simulations exhibit linear thermal expansion,
as is expected in the simple classical thermodynamic theory,
and they are a little too large compared with the experimental
data and the PIECP results. This indicates that the vibrational
quantum effect of the finite zero-point vibrational amplitude is
quite important at low temperature. It is also found that in both

TABLEIII. Linearlocal thermal expansions around Cr, Fe, and Ni
in the Elinvar and SUS304 alloys determined by the EXAFS analysis
(given as the unit of 107> A/K).

Sample Cr Fe Ni
Elinvar 2.32 1.33 2.17
SUS304 2.85 2.39 2.40
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FIG. 7. Temperature dependence of the first-NN interatomic distance for each atom pair in the Elinvar and SUS304 alloys estimated by the
PIECP MC simulations. The variations with respect to the value at 20 K are given. The EXAFS results are also depicted for comparison.

the alloys the interatomic distance around Cr is considerably
shorter than those around Fe and Ni, implying the presence
of large strains of the fcc lattice around Cr. Although both
the alloys show fcc lattices from the average periodic point of
view, the local strains and the difference in the local thermal
expansions are clearly observed in the EXAFS analysis from
the local point of view.

Figure 7 shows the first-NN interatomic distances of each
atom pair estimated from the PIECP MC simulations. Here
the difference from the values at 20 K is plotted, together with

the average distance obtained by the experimental EXAFS
analysis. The EXAFS results are mostly in good agreement
with the average results obtained by the PIECP MC simu-
lations, indicating high reliability of the present PIECP MC
simulations. In the Elinvar alloy, the local thermal expansion
for the Fe-Fe pair is actually quite small, which is a reasonable
consequence in the incomplete Invar-like effect. The local
thermal expansions of the Ni-Cr, Fe-Ni, and Ni-Ni pairs are
also rather small, indicating the influence of the Invar effect
that occurs dominantly around Fe. The most interesting and
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FIG. 8. Temperature dependence of the mean square relative displacements C;, and the mean cubic relative displacements C; for the first-NN
shells in the Elinvar and SUS304 alloys obtained by the EXAFS analysis.
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peculiar findings in Fig. 7 may be that the thermal expansion
in the Cr-Cr pair is negative at low temperature (<150 K) and
shows the Invar-like effect, while that in the Cr-Fe pair seems
extraordinarily large. These findings are in good accordance
with the EXAFS results, where the lattice strains take place
dominantly around the Cr atoms. Also in SUS304, where no
Invar effect should be expected, the local thermal expansions
for the Cr-Cr and Cr-Fe pairs are found to be abnormally small
and quite large, respectively, implying the significant strains
around Cr to maintain the lattice also in the SUS304 alloy.
Although the reason why the strains are concentrated in Cr is
not clear, it can be supposed that the Cr atoms favor bcc lattices
and are the most unstable among the three elements of Cr, Fe,
and Ni that form fcc alloys.

Finally, Fig. 8 shows the mean square relative displacements
C, and the mean cubic relative displacement C3 for the first-NN
shells for the Elinvar and SUS304 alloys obtained by the
EXAFS analysis. As in the previous study on the Invar alloy
[5], we observed sufficiently large C3, implying that the asym-
metric radial distribution due to vibrational anharmonicity is
strictly present even in the system with very small thermal
expansion like the Elinvar alloy. We tried to fit the observed C,
values using the correlated Debye model [20]. The fitness was
however found to be poor, because the observed C, exhibits
gradual increase even at low temperature, while the Debye
model shows a convergence at low temperature to yield the
zero-point vibrational displacement. Although the reason is not
clearly understood and further studies are hopefully performed,
itis supposed that the static disorder in the Elinvar and SUS304
alloys is temperature dependent.

IV. CONCLUSIONS

We have measured temperature dependent Cr, Fe, and Ni
K-edge EXAFS spectra of the Elinvar and SUS304 alloys
combined with the PIECP MC theoretical simulations in order

to investigate local thermal expansions and lattice strains. The
EXAFS analysis clarifies that in the Elinvar alloy the local
thermal expansion around Fe is considerably smaller than the
ones around Ni and Cr. This observation is associated with
the fact that Fe in the Elinvar alloy exhibits the incomplete
Invar-like effect. In both the Elinvar and SUS304 alloys, the
local thermal expansions and the lattice strains around Cr are
found to be significantly larger than the ones around the other
elements. The PIECP MC simulations of both the alloys further
elucidate that the first-NN Cr-Fe pair gives extraordinarily
large thermal expansion, while the Cr-Cr pair provides quite
small or even negative thermal expansion. These findings
consequently indicate that the lattice strains in both the Elinvar
and SUS304 alloys are concentrated dominantly on the Cr atom
sites.

It is well known that the role of Cr in stainless steel is
to inhibit corrosion by the formation of surface chromium
oxide. The present investigation may interestingly suggest
that the Cr atoms in the bulk play a hidden new role of
absorbing inevitable lattice strains in the alloy. The present
study demonstrates that the local thermal expansions and the
lattice strains clearly differ from the ones simply expected
from the average crystallographic lattices and that the local
structure determination using EXAFS is essentially important
to understand the detailed structural nature of alloys and mixed
crystals.
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