J. PHYS. IV FRANCE 7 (1997)
Colloque CS, SupplCment au Journal de Physique I11 de novembre 1997

Lattice Dynamics of Martensitic Transformations Examined by Atomistic
Simulations
R. Meyer and P. Entel
Theoretische Tiefiemperaturphysik, Gerhard-Mercator-Universitat,Gesamthochschule Duisburg
Lotharstrasse 1, 47048 Duisburg, Germany

Abstract: We have performed molecular dynamics simulations of FeS0Nizoalloys using
an inter-atomic potential of the EAM-type which allows the simulation of the martensiteaustenite transition. We present results, showing the development of an inhomogeneous
shear system on a nanoscale during the thermally induced austenitic transformation. In
addition to this we obtained the phonon dispersion relations of the martensite phase by
calculating the dynamical structure factor from our simulation results. On approaching the
transition temperature the phonon dispersion shows anomalies which might be connected
with the formation of the microstructure during the austenitic transition.

1. INTRODUCTION
Relationships between atomistic processes and the forma.tion of the microstructure during ma.rtensitic
transformations a,re not well understood today. In order to get more insight into this we have
performed molecular dynamics simulations of Fe,Nil-, alloys. Within the range 0.66 < X < 1.0,
these alloys show experimentally a rnartensitic transformation from a fcc high-temperature phase t o
a low-temperature bcc phase (see for example [l]and references therein).
Most investigations in the context of martensitic transformations concentrate on the austenite t o
martensite transition. This is reasonable since the formation of microstructure during the martensitic
transformation influences the properties of the low-temperature phase t o a high degree and makes
it rather difficult t o investigate the features of the homogeneous martensitic phase. Nevertheless
it is desirable t o study the homogeneous phase, in order t o be able to distinguish between genuine
features of the rnartensitic phase and those ca,used by the microstructure. Therefore, we have done
simulations in the low-temperature bcc phase, looking for the processes leading to the austenitic
transition which also lead to the formation of a microstructure in the high-temperature phase.
We present results of two distinct simulation sequences. We begin with a study of the formation
of a microstructure on a nanometer lengthscale. These simulations required the consideration of a
large number of atoms. In order to do this we employed a semi-empirical potential which is based
on the embedded-a.tom method (EAM) introduced by Daw and Baslres [2, 31. This enabled us t o
simulate systems with characteristic linear dimension la,rger than 5 nm. Despite of the fact that
this is, physically spoken, still a small system, we find the formation of a microstructure with an
inhomogeneous shear system.
In a second investigation we calculated the phonon dispersion curves of FesoNizo in the bcc
phase. Our results show that the austenitic transition of FesoNizois accompa,nied by similar phonon
a.nomalies as those observed in many martensitic transforma.tions [4]. We find two anomalies which
we believe t o be related to the structural transition and the specific form of the microstructure.
Though pure iron also exhibits the ma.rtensitic transformation, we demonstrate how the addition of
Ni destabilizes the bcc structure.
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2. C O M P U T A T I O N A L M E T H O D S

Classical molecu1a.r dynamics simula.tions ha.ve been performed, using a. semi-empirical potentia.1
based on the EAM which has been constructed recently for the study of ma,rtensitic transformations
in Fe,Nil-, alloys [5, 61. In contrast to simple pair-potentials, potentials based on the EAM a.re a.ble
to describe the elastic beha.viour of a meta.1 correctly, while rema.ining computa.tionally efficient.
Standa.rd techniques of molecula.r dyna.mics simula.tioils [7] like periodic boundary conditions and
the Verlet algorithm for the integrations of the equa.tions of inotion with a. time step tit = 1.5 X 10-15s
ha.ve been employed. Both simula.tion sequences sta.rted with configura.tions of atoms on an idea.1 bcc
lattice with a. ra.ndom distribution of Fe a.nd Ni atoms.
The first simula.tion sequence was done with a. configuration of 16000 atoms (20 X 20 X 20 cubic
bcc elementary cells) having a.n iron concentration s = 80.01 %. This system was hea.ted from a.
temperature of T = 600 I< t o 700 I< in steps of 50 K. Afterwa.rds the tempera.ture was increased in
steps of 20 K until the austenitic transformation occurred a.t T = 860 1;. At each temperature 1000
simula.tion steps were done in order t o reach therma.1 equilibrium a.nd a.nother 10000 steps (15 ps) for
measurement purposes. These simula.tions were ca.rried out within the isothermal-isoba,ric ensemble
generated by the NosC-Hoover thermostat [S, 91 and the Pa.rrinello-R.a.li1na.nscheme [10, 111 with a.
fluctuating simulation box.
The second set of simulations used a. smaller configuration of 12 X 12 X 12 cubic elementa.ry
cells (3456 a.toms) with the sa.me iron concentra.tion n: = 80.01%. This systeni wa.s simula.ted a.t
temgeratures T = 300, 500 a.nd 700 I< with a, fixed simula.tion box a.nd within the microcanonica.l
ensemble. From a previous investiga.tion the equilibrium la.ttice para.meters were known. After the
equilibration phase 40000 simula.tion steps (60 ps) were done, writing t,he at,omic positions to a file
after every 10th sirnula.tion step. From this file the dynamic structure factor [l21
1
S(q,w) = -

dt
E e-'q(R-R')J GeUt(exp[iq
. u(R1, 0)] exp[-iq.

u ( R , t)])

R,R1

has been ca.lcula.ted ( N is the number of atoms and u(R,t) represent,^ the displacement of the a.tom
from the ideal lattice position R a.t time t ) . The phonon dispersion curves were obtained by eva.lua.ting
the positions of the pea.lts of S(q, w ) a.t different wave-vectors q.
3. R E S U L T S
3.1 M i c r o s t r u c t u r e f o r m a t i o n

The simula.tions done with 16000 a.toms revea.led the sanie general chara.cteristics of the ma.rt,ensitic
phase and the austenitic tra.nsition as similar ca.leula.tions of smaller systems did[5, 61. In pa.rticu1a.r
identica;l structura.1 and orientational relationships were observed. One of the (llO)b,, plane set.s
cha.nged to a set of close pa.cked planes, remaining the [001] direction pa.ra.lle1to this pla.nes unrotated.
However, more interesting is the structure of the resulting a.ustenite phase. Figure 1shows two a.ton1ic
layers of the resulting struct,ure viewed a.long the unrota.ted [001] direction. The sta.clting sequence of
the close paclted planes turns out t,o be ABCABCACABABCABCBCAC(from left to right). Keeping
in mind the periodic boundary conditions, it can be seen from the sta.cking sequence and Fig. 1 that.
the whole system consists of two big fcc plates (6 and 8 layers thick) which a.re sepa.ra.ted by thin 3
layer pla.tes. The slip faults which separate these ba.sic blocks lead tto a.n inhomogeneous shea.r a.ngle
of 2.5". The atomic movements that generated the structure of the system in Fig. 1 a.re elucida.ted by
Fig. 2, which displays the deviations of the atoms drawn iri Fig. 1 frorn idea.1 body-centered 1a.ttice
positions. Comparing Fig. 1 and Fig. 2 one can see that t,he a.reas with a. reg11la.rsta.clting sequence
are formed by a. homogenous sheaz of the (llO)bcc pla.nes a.long the [lIO]b, direction. At t,hc slip
boundaries between the homogenous regions the displacement field reverts its direction which leads
to abrupt jumps.

Figure 1: Two atonlic [001] li~.yersof rllo sin~illatedFexoNizocrystal after the a.llstenitic tra.nsforn1ation. The diagonal
lines indica.te stacking fi1.111tsof the (111) planes.

Figure 2: Deviations of the positions of the atoms in Fig. 1 from an ideal body-centered structure. Arrows are
enlarged by a factor of 2.
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Figure 3: Phonon dispersion curves of bcc Fe and Ni with lattice constant
calculated analytically from the EAM-potentials.

a0

= 5 . 4 3 6 9 a ~ .The spectra have been

3.2 Phonon dispersion relations

In order to see the effects of alloying on the phonon dispersion curves, first the phonon spectra of pure
Fe and Ni were calculated analytically from the EAM-potentials by dia.gonalization of the dynamical
matrix. Figure 3 shows the result, obtained for a. bcc structure with lattice constant a. = 5.4369 a~
determined for FesoNinoa t T = 300 K from the simulations. Along the q = [Ill]and [001] directions
both elements show a normal behaviour. Along the other directions considered in Fig. 3 this is only
true for Fe. Around q = [;+l]and along the q = [l101 direction the spectrum of Ni exhibits a strange
behaviour and one of the modes has negative squares of frequencies here. This result itself is not
very exceptional since experimentally Ni shows no stable- bcc phase. But the unstable mode along
the [l101 direction corresponds in the limit q -+ 0 t o a negative elastic constant C' = $(Cl1 - CI2).
This is consistent with ab znrtzo electronic structure calculations which also reveal a negative value
of C' [13].
With respect t o this instability of Ni and the fact that the bcc - fcc transition requires a shear
along [llO]bcc,this direction appears t o be a good candidate for phonon anomalies in those Fe,Nil-,
alloys, which exhibit a martensitic transformation. Figure 4 shows the phonon dispersion curves of
FesoNizo along this direction determined from molecular dynamics simulations by calcula.tion of the
dyna.mic structure factor S(q,w) at T = 300 K (a.), and the temperature dependence of the low
lying TA2 mode (b). The data points in these figures represent the positions of the peaks in S(q,W)
averaged over a.11 crystallographically equivalent [l101 directions. The error bars are derived from the
corresponding standard deviations. If no error bars are drawn, the standard deviations are smaller
than the symbol sizes.
Figure 4(a) demonstrates the dramatic effect of Ni on the phonon dispersion curves. The longitudinal'and the upper transversal modes are shifted to higher frequencies, while the energies of
the low lying transversal branch are reduced by almost a fa.ctor 2. At q = :[l101 a. small dip in the
longitudinal branch occurs. But the values a t this wave vector also have the largest errors. Therefore,
it is difficult t o decide wether this dip together with the errors represent physics or not. In contrast

Figure 4: (a) Phonon dispersion curves of Fe~oNizoin the bcc phase dong [110], as determined from the sim111;~tion
a t 300 K. (b) Temperature dependence of the TA2 mode (polarization dong [IIO]) dong the [l101 direction.

to this in Fig. 4(b) it can be seen. without doubts that the low lying tra.nsversa.1mode develops two
distinct anoma,lies on approaching the transition temperature. At, q + 0 the slope of thc branch
reduces with increasing temperature, leading to a positive curvature of the corresponding dispersion
relation. The second anomaly is located between q = $[l101 and the Brillo~~in-zone
bo11nda.ry. The
dip occurring here in the transversal mode is also accompanied by large errors of t,he dat?apoints.
4. DISCUSSION AND CONCLUSIONS
Results of molecular dyna.mics simulations shown in Fig. 1 and Fig. 2 demonst,rat,e t,he formation of
an inhomogeneous shear system during the a.ustenitic bcc - fcc transition in FeXNil_, alloys. This
shear system is quite similar t o that observed in the austenite martensite - txansitions of these
systems. The microstructure consists of homogeneous fcc plates separated by slip faults. Though t,he
length scale of these simulations is still far too small to give definite answers, it is intoresting to see
that the thicker fcc plates are separated by rather thin plates consisting of only threv iltomic layers.
This could be just a. random result of this particular simulation. But t,his observa.tion is confirmed
by the anomalies of the phonon dispersion curves resulting from the second simul;~t.ionsequence,
since wavelength a.nd direction of the anomaly between q = +[110] a,nd t,he zone I~olindarya.re in
accordance with the microstructure observed in Fig. 1. Therefore we think that tlic: formation of
the microstructure during the transformation can be attributed t o this anoma.1~which is visible a.t
temperatures far below the actual transformation. Nevertheless, simula.tions of even la.rger systems
have t o be done t o assure that the structures we find are not artefacts of finite-size effects.
The other anomaly a t q + 0, in the phonon dispersion curves leads t o a. low value of the elastic
constant C', which probably vanishes near the tra.nsition temperature. This is the driving force
behind the austenitic transformation itself and has probably no further effect on the microstructure.
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From Fig. 4(a.) the effects of the addition of Nickel on the phonon dispersion curves ca.n be seen. The
most striking effect is the reduction of the low-temperature value of C'. This explains the decrease
of the austenitic transition temperatures with increasing Ni contents [l].
It is c1ea.r that under normal experimenta.1 conditions, the properties of the ma.rtensitic phase
are dominated by the microstructure which develops during the martensitic transformation. B&.
we think that the results'of our present molecular dynamics simula.tions show tha.t the austenitic
transition a.lso has its own genuine fea.tures which are worth to be studied. To our knowledge there
are no experimental data of the phonon dispersion relations of the bcc phase of FexNil-X ava.ilable
at the time being. It will be very interesting to see if our theoretical prediction can be confirmed
experimentally.
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