PRL 96, 117210 (2006)

PHYSICAL REVIEW LETTERS

week ending
24 MARCH 2006

Evidence of Large Magnetostructural Effects in Austenitic Stainless Steels
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The surprisingly low magnetic transition temperatures in austenitic stainless steels indicate that in these
Fe-based alloys magnetic disorder might be present at room temperature. Using a first-principles
approach, we have obtained a theoretical description of the stacking fault energy in Fe;yy_._,Cr.Ni,
alloys as a function of composition and temperature. Comparison of our results with experimental
databases provides a strong evidence for large magnetic fluctuations in these materials. We demonstrate
that the effects of alloying additions on the structural properties of steels contain a dominant magnetic
contribution, which stabilizes the most common austenitic steels at normal service conditions.
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Fully austenitic stainless steels are composed mainly of
Fe, Cr, and Ni, and have the face centered cubic (fcc)
crystallographic structure of y-Fe. At low temperatures,
these alloys exhibit a rich variety of magnetic structures as
a function of chemical composition, ranging from ferro-
magnetic phase to spin-glass and antiferromagnetic align-
ments [1,2]. At ambient conditions the austenitic steels
have very low magnetic permeability and are generally
regarded as nonmagnetic. Besides the applications where
excellent mechanical properties and high corrosion resist-
ance are required, these steels represent the primary choice
also for nonmagnetic engineering materials.

It is well known that the local magnetic moments in Fe,
Cr, and Ni survive in their high-temperature paramagnetic
states [3—10]. The persisting moments give rise to sizable
contributions to the specific heat and entropy. These effects
were used for tracing the high-temperature spin fluctua-
tions in magnetic transition metals [4,5,11,12]. The mag-
netic transition temperatures in Fe-rich Fe-Cr-Ni solid
solutions are unexpectedly low (=100 K) [1]. This sug-
gests that in these alloys disordered local magnetic mo-
ments might be present at ambient conditions. The picture
of nonvanishing magnetic moments in paramagnetic aus-
tenitic steels is in line with the high-field magnetization
measurements on Feyqy_,._,Cr.Ni, (14 <n <2l and
¢ = 20) alloys [2]. These experiments reported Curie-
Weiss type susceptibility in the pure paramagnetic regime
above ~130 K. Having in mind the strong crystal field
dependence of Fe magnetic moments [6,13,14], we can
anticipate a large impact of the magnetic disorder on the
cohesive properties of steels. Based on first-principles
alloy theories, here we present a direct verification of the
spin fluctuations in Fe-Cr-Ni alloys, and reveal the impor-
tance of magnetism on the phase stability and mechanical
properties of these important materials.

The outstanding mechanical performance of austenitic
steels emerges from the intrinsic properties of austenite.
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The stacking fault energy (SFE) is a key microscopic
parameter of this phase. It is used for modeling a vast
number of phenomena, e.g., plastic deformation, phase
transformations, shape memory effects. Using various
techniques, the SFE of austenitic steels has been measured
as a function of composition [15—-20] and temperature [21—
23], and today commonly accepted databases exist.
Numerous empirical models focused on the understanding
of the principal factors governing the SFE [15,24,25].
According to the pioneering work by Ishida [24], the
SFE, to a good approximation, is proportional to the
Gibbs energy difference between the hexagonal close-
packed (hcp) and fcc phases. The magnetic free energy
vanishes in the hcp Fe (e-Fe) [6] indicating that the local
moments disappear in this phase. Therefore, the SFE ap-
pears to be a perfect candidate for detecting the footprint of
room-temperature spin fluctuations on the cohesive prop-
erties of austenitic steels.

We used the exact muffin-tin orbitals (EMTQO) method
[26] to compute the SFE of Fe;q—.—,Cr.Ni, alloys. This
method, in combination with the coherent potential ap-
proximation (CPA) [27], is suitable for describing the
simultaneous presence of the chemical and magnetic dis-
order in Fe-based random alloys [28-30]. In the present
study the paramagnetic phase of the Feqy_.—,Cr.Ni, alloy
was modeled by the quasiternary (FeTl /zFell /2)100,5,,1 X
(CrT1 /2Cr11 /2)C(Ni71 /zNill /2),, alloy with randomly distributed
magnetic moments oriented up (1) and down (|). This
approximation accurately describes the effect of loss of
the net magnetic moment above the transition temperature
[7-9].

The most common stacking fault in an fcc crystal, the
so-called intrinsic staking fault, may be viewed as a miss-
ing (111) layer from an otherwise perfect lattice. The
excess free energy AF per unit interface area defines the
fault energy y. Within the axial interaction model [31,32],
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taking into account interactions between layers up to the
third nearest neighbors, AF can be obtained from the free
energies of the hcp, double hcp (dhcp) and fec lattices as
AF = Fyep + 2Fgnep — 3Fc. The temperature (T) depen-
dent magnetic moment u(T), representing the set of local
magnetic moments, was determined from the minimum of
the free energy F(T, u) = E(T, u) — T[S™(u) + SN(T)]
calculated at the theoretical equilibrium volume. The elec-
tronic energy E(T, u) and entropy S¢(T) were obtained
from spin-constrained EMTO-CPA calculations, using the
finite-temperature Fermi distribution. The magnetic en-
tropy was calculated using the mean-field expression
Smag = kplog(u + 1) (kg is the Boltzmann constant) valid
for completely disordered localized moments [4]. The
phonon contribution to AF was neglected, which is esti-
mated to introduce an error < 2 mJ/m? in y [33], and
=<0.3% per atomic percent Fe in the composition depen-
dence of y [36]. The one-electron equations were solved
within the scalar-relativistic and frozen-core approxima-
tions, and the Green function was calculated for 52 com-
plex energy points. In the basis set we included s, p, d, and
f orbitals. In the irreducible wedge of the fcc, hep and dhep
Brillouin zones we used 1000—1500 uniformly distributed
k points. The error associated with the above numerical
approximations was found to be ~0.1 mJ/m? in y. The
exchange-correlation term was treated within the general-
ized gradient approximation [37]. Because of the reduced
diffusion rate at low temperatures, the experimental SFE
are considered to represent nonequilibrium values corre-
sponding to homogeneous distribution of alloying ele-
ments [24]. Accordingly, in our study the Suzuki
segregation effects were omitted.

In Fig. 1(a), we compare the theoretical SFE calculated
at 300 K with room-temperature experimental data [15—
20]. Taking into account the error bars reported in the
measurements and the effect of the trace substitutional
elements (e.g., Mo, Si, Mn) present in the experimental
samples, the agreement between theory and experiment is
very good. The deviations are somewhat larger for alloys
with theoretical y below 10 mJ/m?. These alloys corre-
spond to low-Ni austenite containing small amount of C
and N. These elements occupy interstitial positions, and
are known to enhance the SFE of austenitic steels [19]. The
calculated temperature dependence of the SFE for two
compositions, close to those considered in the experiments
[21-23], is shown in Fig. 1(b). The large y versus tem-
perature slope obtained in the experiments (~10 mJ/m?
per 100 K) is very well reproduced by the present theory.
For all data, 9y/0T slightly decreases with T, showing a
tendency to saturate at high temperatures. The general
good agreement between the theoretical and experimental
data from Fig. 1 illuminates that our model correctly
accounts for the main factors governing the SFE. There-
fore, we feel confident using this model to shed light on the
role of magnetism on the structural and mechanical prop-
erties of austenitic steels.
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FIG. 1 (color). Comparison between the theoretical and ex-
perimental stacking fault energies for austenitic steels. (a) The
room-temperature experimental (Yey,) and theoretical (Ypeo)
SFE for alloys with different chemical compositions. The actual
makeup of the alloys can be found in references listed in legend
[15-20]. The dashed lines indicate that most of the experimental
data are situated within =10 mJ/m? around Ye,. (b) Tem-
perature dependence of the SFE. Lines stand for the theoretical
results for Fe;oCrgNij, (solid line) and Fe;4CrgNig (dashed
line). Symbols are the experimental values for Fe;,CrgNi;, [22],
Fe;Cr gNi;; and FegsCr gNic [21], and the average experimen-
tal values for Fe;5CrgNi; [23] with errors of 20 mJ/m>.

To obtain an insight into the atomic-level mechanism
behind the trends of the SFE, in Fig. 2 we present the
calculated y(c, n, T) maps for 13.5 <¢ <255, 8<n<
20,and T = 0, 150, and 300 K. The chemical effect on the
SFE can be seen on the 0 K map. We find that, at low
temperatures, Cr decreases and Ni increases the SFE.
These composition-induced variations are in good accor-
dance with the theory of the phase stability of transition
metals [38]. According to that theory, decreasing the num-
ber of electrons in a stable paramagnetic fcc system leads
to a fcc-to-hep transition. Because Cr addition produces a
reduction in the effective number of electrons in the Fe-Cr-
Ni alloys, this element stabilizes the hcp structure relative
to the fcc structure, and thus decreases the stacking fault
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FIG. 2 (color). Stacking fault energy maps of Fe-Cr-Ni ran-
dom alloys. The calculated SFE is shown as a function of the
chemical composition and temperature.

energy of the Fe-based alloys. Similarly, a small amount of
Ni removal from the Fe-Cr-Ni alloys diminishes the SFE.

Temperature is found to have a remarkable effect on the
SFE maps. With increasing temperature, the y(c, n, T)
surface becomes smoother than that at 0 K (Fig. 2, 150
and 300 K maps). The ~90 mJ/m? difference between
the largest and the smallest SFE at 0 K decreases to
~60 mJ/m? at room temperature. This smoothening is
mainly due to the pronounced SFE increase at the low-Ni
high-Cr corner of the energy map. In the high-Ni low-Cr
corner y(c, n, T) shows a weak temperature dependence.
The SFE enhancing effect of Ni is retained also at room
temperature, with a slightly attenuated 9y /dn slope at high
n. On the other hand, the hcp stabilizing effect of Cr at
room temperature is limited to low-Ni alloys. For high-Ni
alloys (n = 18-20) the dvy/dc slope is negative for
¢ <20 and positive for ¢ > 20. This change is a conse-
quence of the persisting local moments in austenitic steels.

The effect of the Fermi function from the electronic
energy and electronic entropy is relatively insignificant at
room temperature. Hence, the dominant temperature de-
pendence of y comes from the TS™3%(w (T)) term and from
the part of the electronic energy that depends on T through
u(T). This allows us to identify the magnetic fluctuation
contribution to the stacking fault energy (y™*€) with the
temperature dependent part of 7. Theoretical room-
temperature data for y™* are shown in Fig. 3. We find
that the magnetic SFE has the same order of magnitude as
the total SFE, confirming the importance of the disordered
local moments for the stability of steels. For the entire
composition interval considered in the present study, the
paramagnetic fcc alloys have large disordered local mo-
ments. At 0 K these moments are located on Fe atoms, and
have magnitudes per Fe atom ranging from 1.35u, near
Feg;CrysNig, to 1.75ug, near Feq;Cr3Niy. The magnetic

FIG. 3 (color). The magnetic fluctuation contribution to the
stacking fault energy. y™ is plotted for 7 =300 K as a
function of the chemical composition.

moments in the dhcp structure are close to those in the fcc

structure, and, therefore, the —2TS21higp term in y™ is to a

great extent canceled by the 2T S7o* term. The situation is
very different for the hcp structure. At the theoretical
volumes, the low-Ni hcp alloys are calculated to be non-
magnetic with vanishing local magnetic moments.
However, the low y™? values, found for the low-Cr and
high-Ni corner of Fig. 3, indicate that the alloys from this
corner of the map have similar S™¢ in the hcp and fcc
phases. Indeed, we find that upon Ni addition the low-Cr
hcp alloys undergo a transition from a nonmagnetic to a
paramagnetic phase with nonvanishing local moments. At
high-Ni and low-Cr contents the hcp alloys possess disor-
dered magnetic moments of (0.95-1.50ug) per Fe atom.
Our calculations show that in contrast to Ni the Cr addition
always tends to stabilize the zero local moment solution in
the hexagonal phase. For instance, in hep alloys with n =
18-20, the local moments disappear with c increasing from
13.5% to 25.5%. This magnetic transition explains the
obtained change in the 9y/dc slope from Fig. 2 (300 K
map).

Temperature enhances the magnetic moments on Fe
sites and induces small disordered moments on Cr and Ni
sites. In the fcc alloys, the average room-temperature mo-
ments per Fe atom vary from 1.45up to 1.85up, corre-
sponding to Feg,;Cr,sNig and Feq;Cri3Niy, respectively.
These figures are somewhat smaller than (1.97-2.31up)
estimated from the measured Curie-Weiss susceptibility
[2]. The effect of temperature is considerable in the hcp
alloys close to the magnetic instability. In the case of
Feg;Cr7Ni g alloy, for instance, the hcp magnetic mo-
ments on the Fe, Cr, and Ni sites increase by approximately
0.95ug, 0.15ug, and 0.05 up, respectively, as the tempera-
ture rises from 0 to 300 K. Expressed per Fe atom, these
figures correspond to 1.0ug change in the average mag-
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netic moment, compared to 0.1 change obtained for the
fcc phase. The different rate of the thermal fluctuations in
fcc and hcep lattices is responsible for the observed non-
linear behavior of y(T) [Fig. 1(b)].

The most widespread austenitic steel grades encompass
approximately 18% Cr and 8%—12% Ni, and have Néel
temperatures Ty <50 K [1]. We have found that these
alloys have very low or negative SFE at temperatures
from just above Ty to about 200-250 K. Consequently,
at these temperatures the common austenitic steels show
instability against fcc-hcp martensitic transformation. Our
simulations demonstrate that large magnetic fluctuations
are present in these steels. These fluctuations give a sub-
stantial magnetic contribution to the fcc-hcp energy bal-
ance, stabilizing the austenitic phase near room tem-
perature. Furthermore, we have shown that the observed
strong temperature dependence of the SFE for stainless
steels [21-23] originates from their magnetism. We con-
clude that the presence of large disordered magnetic mo-
ments in the paramagnetic state can explain a wide di-
versity of properties that the austenitic stainless steels
exhibit. Our findings have important implications for mod-
ern materials science, as they clearly show that a consistent
approach to materials design must be based on quantum
theory and thermodynamics. This combination offers a
unique possibility for a thorough control of the balance
between competing atomic-level effects.
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