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Correlation of velocities of the waves
controlling the thin-plate a-martensite formation
and the modulation of the transformation twin structure
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For the case of y-a martensitic transformation (MT) in iron alloys, the concept of transformation twins is developed. As a
rule, crystals of a-martensite having the form of thin plates are characterized by a fine twin structure (TS) with interchanging
orthogonal directions of main compression axes. An example of the real structures of transformation twins that are not strictly
regular is given. It is shown that in dynamic theory of MT the regular TS initiation is associated with coherent propagation of
long (€) and short (s) displacement waves belonging to controlling wave process (CWP). An analytical approximation of the
dispersion law of s-waves is obtained. The threshold conditions of deformation and the qualitative picture of modulated TS
formation are discussed. The correlation of velocities of the waves controlling thin-plate «-martensite crystals formation is
established by the example of Fe-30Ni alloy. It is shown that at the real correlation of wave velocities a modulated structure of
transformation twins is induced. Such structure contains fragments each of which is connected with the short-wave excited
cell. The fragment size is associated with N, — the number of layers of the main component inside the TS fragment generated
by a single spontaneously activated s-cell. Fragments’ sizes depend on the site of localization of spontaneously appearing
s-cell generating the fragment in the area of the CWP front. It is shown that the N, _ value can vary within rather wide limits.
Therefore, in contrast to regular TS forming, we should expect repeated s-cells spontaneous excitements for long enough
twinned thin-plated crystals. Along with difference of s- and ¢-waves velocities, consideration of waves (especially s-waves)
decay is one more quite determined factor making its contribution into T'S modulation. Estimation of this contribution seems
to be very actual.
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g cnydas y-o MapTEeHCHTHOTO IIpeBpallleHMs B CIUIaBaX >Kele3a pasbACHAETCHA IOHATUE ABOVHMKM IIpeBpalleHI.
Kax mpaBuio, KpucTaibl o-MapTeHCUTa B (GopMe TOHKVX IUIACTUH XapaKTepU3YIOTCSA TOHKON JIBOVHVKOBON CTPYKTY-
poit (IC) ¢ yepenyoOUMUCA OPTOTOHA/ILHBIMM HAIIPaB/ICHUAMY IVIABHBIX OCell cKatus. [IpuBoguTCcs npuMep peaabHBIX
CTPYKTYP ABOJHUKOB IIpeBpallleHs, He ABJIAIOINXCA CTPOTO pery/aApHbIMU. IlokasbiBaeTcs, 4TO B AMHAMUYECKOI TeOpUI
MapTEeHCUTHBIX IIpeBpalljeHnit nHunmanysa peryaaproit JJC cBA3bIBaeTCA C COINIACOBAHHBIM PAacIPOCTpaHEeHVeM OTHOCK-
TE/IbHO JIVHHOBOJTHOBBIX (£) M KOPOTKOBOJTHOBBIX (S) CMEIeHNUII B COCTaBe YIIpaBIAIollero BoTHoBoro mpouecca (YBII).
ITpoBopuTcsa aHAMIMTIYECKas ANIIPOKCUMALVA 3aKOHA JYICIIepCcu s-BOMH. O6CY>KIal0TCs TIOPOroBble YCIoBMA AedopManuu
U KaueCcTBeHHas kapTuHa ¢popMmupoBanya MogymuposanHoi [JC. Ha npumMepe crimaBa Fe-30Ni ycraHOB/IEHO COOTHOLIEHIE
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CKOPOCTelT BOJIH, yIPaB/AIIINX GOPMUPOBaHIeM TOHKOIUIACTVHYATBIX KPUCTA/IOB ®-MapTeHcnTa. IlokasaHo, 4To mpu pe-
aJIbHOM COOTHOIIIEHNY CKOPOCTENl BOMH MHAYLMPYETCA MOLYINPOBaHHAsA CTPYKTypa ABOJHUKOB NpeBpalenus. [TogobHas
CTPYKTypa COfiep>KUT PpparMeHThl, KaXK/IbIIl M3 KOTOPBIX CBA3aH CO CBOEJ KOPOTKOBOTHOBOI BO30OY>K/IeHHOI sTueitkoii. Pas-
Mep dparMeHTa CBA3BIBAETCA C YMC/IOM coeB N, OCHOBHOI KOMIOHEHTBI BHYTpU pparmenTa [IC, TOPOX/1aeMOTO e[MH-
CTBEHHOI1 CIIOHTaHHO aKTVBUPOBAHHOII s-s4eifkoil. PasMepbl (pparMeHTOB 3aBUCAT OT MeCTa JIOKaIM3alMy BO3HUKAOIIeil
CTIOHTAHHO $-A4YeliKy, TIOPOX/AMoIell TaHHbIl PpparMenT, B o6mactu ¢pponta YBIL. [Tokasano, uto BemmunHa N,  MOXKeT
U3MEHATBCA B JOCTATOYHO IIMPOKUX MpefieNaX. S3HAYNT, B OTIMUMe OT popmupoBanus peryasapHoit JC, a1 JoCcTaTO9HO
IVIMHHBIX JBOITHMKOBAHHBIX TOHKOIUIACTVHYATBIX KPMCTAIOB CIeyeT OXIIATh HEOJHOKPATHBIX CIOHTAHHBIX BO30OYXIe-
HMit s-A49eek. HapAmy ¢ pasnmuumeM cKopocTeil s- U - BOMH, y4eT 3aTyXaHNUs BOMH (B IepBYI0 ouepefib S-BOMH), ABIACTCA
ellle OffHJIM BIIOJTHE IeTepMUHMPOBAHHBIM (aKTOPOM, OIleHKa BK/Iafla KoToporo B MopynaAmmio JIC npefcTasiseTcs BecbMa
aKTyasIbHOIL.

KmoueBble c1oBa: MapTeHCUTHBIE TIPEBPAIlleHNs, [BOMHUKY ITPeBPalleHN A, AMHAMIIecKas TeOpH, YIIPaB/AIONINIT BOTHOBOI MPOIiece,

(bparMeHT IBOIIHUKOBOI CTPYKTYPBL.

1. Introduction

Crystals of a-martensite in the form of thin plates generated
during martensitic transformation (MT) in iron-based
alloys are characterized by habit planes (habits) close to
{31015}y— {259}y [1]. In most cases, such crystals have a fine
twin structure (TS) with interchanging orthogonal directions
of main compression axes. However, as experiments on
initiating MT by strong magnet fields have shown [2], thin-
plate crystals having no transformation twins can be formed
as well. In crystal geometry approach [3] the occurrence of a
regular TS (or regular shift system) is a necessary condition
for initiation of crystals with habits {31015} - {259}y. To
provide a macroscopic invariance of habits during MT,
each habit plane should correspond to a strictly determined
ratio 3 of TS components. However, as seen from Fig. 1, TS
specifies only a tendency for regularity, and  magnitude
can vary inside one martensite crystal (intervals of such
variations are given in [4]).

Such data are incompatible with conclusions of [3] and
especially with the above-mentioned fact of TS absence in
some cases.

The generalideology and main applications of the dynamic
theory of MT in the case of y-a MT in iron-based alloys have
been reported in [5-11]. In particular, the problem related to
the formation of a regular structure of transformation twins in
supersonic mode has been fairly completely elucidated in [6,
9, 10]. TS initiation is associated with a coherent propagation
of long (¢) and short (s) displacement waves belonging to
the controlling wave process (CWP). Although in [6, 9, 10]
variants of a dynamic formation of regular TS were analyzed,
there is no grounds for the above-mentioned collision

Fig. 1. Typical structure of martensite crystals in 52KhN23 steel
(twinned thin-plate crystal) [2]. Pulsed magnetic field 100 kOe,
temperature 77 K.

between calculated and experimental data because only
£-waves are responsible for the generation of a habit surface.
The key role of TS description (along with supersonic rate
of crystal growth) in understanding of the nature of MT was
underlined in [11], where the reasons leading to variations in
the volumes of TS components have been also enumerated.

The purpose of the present work is to analyze the effect
of a very important factor upon modulation of TS structure,
namely, the deviation of the ratio of s- and £-waves velocities
from the value characteristic for a regular TS structure
realization.

2. The dynamic model of regular TS formation

Let us remind, for the readers ease, the model of TS
formation. According to [5, 6, 9, 10], the condition of ideal
synchronizing of s- and £-waves looks as:

v, = v,cosy, (1)

where v/, is the projection of velocity v, onto the surface
(001), , and y is the sharp angle between v, and v, [|<001>
(see Fig. 2).

The condition (1) itself can easily be obtained from
the requirement that the times of propagation of s-waves
superposition along the legs of the triangle marked out at
Fig. 2 with velocity v2v, and along the hypotenuse of this
triangle — with velocity v, are equal. In the model presented
at Fig. 2, the exciting of neighbor s-cell in vicinity to previously
activated cell takes place with alag T'/2, where T is the period
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Fig. 2. The dynamic model of formation of regular laminated
structure with the ratio of components’ volumes 2:1.
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of s-oscillation (in our previous works this obstacle has been
considered though without accentuation). Such a condition
seems to be natural. The oscillations in adjacent quadratic cells
with side A /2 really occur in antiphase. Therefore, after T /2
the phase of oscillations that occurred in previously activated
s-cell will be reproduced in neighbor area. Besides, short lag
restricts the possibility of substantial decay of s-waves, which
fact is important for fulfillment of the threshold condition of
lattice stability loss in the site of a new s-cell activation. It is
also useful to remind that superposition of the pair of s-wave
beams running in orthogonal directions «<sweeps up» a plate-
formed area A / V2 thick. However, as deformations vanish at
the bounds of this area, lattice stability is lost only in the area
d/ V2 thick provided that d. < A /2. By the way, forming of
a new crystal of main TS component also occurs inside the
area A / V2 thick adjacent to the area d/ V2 thick that has just
appeared.

Let us state additionally that formation of regular TS
structure presupposes fulfillment of the following conditions.
At the initial moment of time s-cell is so localized that its
center is congruent with ¢-cell center, the oscillation phases
match up the maximum deformations in cell centers, the
wave velocities satisfy condition (1), and wave decay may be
neglected. It must be underlined that, if all these conditions
be kept, a single s-cell is enough for regular T'S initiation.

3. The approximation of s-waves dispersion law
and the estimation of difference between the
wave velocities by the example of alloy Fe-30%Ni

Condition (1) of regular TS formation requires knowledge of
the laws of phonon ¢, dispersion along <001>y—directi0ns for
any wave vectors k, as matching of ¢- and s-waves velocities
for k,and k, at k >> k, is necessary. The law of ¢, dispersion
along <001>y for 0<k<k_  =2m/a (a — lattice parameter)
is approximated in dimensionless variables y and x by the
function

l_y:(l_X)P)

For example, for alloy Fe30Ni with fcc lattice, a satisfactory
concordance with experimental data (both in long-wave
and short-wave areas) is achieved at p=1.733. Excluding
short-wave range, the values of group v (x)=dy/dx and
phase velocities v (x) = y/x for s-waves are not significantly
different (v (x)=v (x)) Therefore, assuming that k_values are
at least one order of magnitude lower than k__, we conserve
nomination v, without such detailing, paylng attention to
difference between the velocities v_and v/ in (1).

For crystals with habits close to {31015}y— {259}Y,
the angle y is changed from =16.7° to =21.8° and
0.9578 > cosy=>0.9285. At values of elastic modules [12] for
alloys Fe-Ni even without taking into account the dispersion
along <001> , the values v /v, do not belong to the interval
of cosy Values, although close to it. Thus, for habits {31015},
v,/v.=1.17, and v,/v = 1.155, i.e. v/v,=0.8655. Estimation
shows that, considering the concrete alloy Fe-30Ni, we get an
inequality

y= sk/ (8k)max’ x= k/kmax' (2)

v <V, cosy, (3)

and Av=v,cosy—v =0.11v, can be accepted as a real value
of the difference in velocities leading to TS modulation.

4. The threshold conditions of deformation
and the qualitative picture of
modulated TS formation

The information on Av value principally allows to
comprehend the zones with decreasing or increasing
thickness of TS components observed (see Fig. 1) in twinning
areas.

Let us remind that in dynamic theory [6] it is accepted
that local loss of stability by initial phase lattice takes place
in s-cells that satisfy the threshold condition for compressive
strain ¢,

|82| = |8[100]| = |£2€(d5/2)| + |£23(d5/2)| 2 |£21h| (4)

along the main axis of Bain’s deformation [100] where

,..(d/2) are the contributions of £- and s-waves at the border
of s-cell with cross size d <A /2, and £, 15 the threshold value.
Certainly, the tensile strain in £-wave runmng in the direction
practically orthogonal to Fig. 2 surface is also important for
three-dimensional deformation start, but for the purpose of
our article it’s enough to examine the compressive strain.

As the formation of thin-plate crystals (as well as crystals
of packet martensite) may occur without transformation
twins [2, 11], it is obvious that £-waves (responsible for habits
description) are able to disturb lattice stability in the area
of localization of the initial excited state (IES) with cross
size d,<A,/2 regardless of s-waves existence. Therefore, the
contribution of ¢,,(d/2)|, is significant, and fast growth
of main TS component takes place in the lattice losing its
resistance against ¢-waves. Thus it is quite natural that the
growth of twin components is terminated on the boundary
(habit) surfaces of martensite crystal (it's well seen at Fig. 1).

Concerning the fact that threshold deformations at
temperatures close to M are minimal (M is a temperature of
MT start), it will be acceptable to use harmonic approximation
in our analysis to describe the wave deformations. Then, if we
place the coordinate origin in the center of quadratic s-cell,
the deformation at cell border will have such standard look

in moment f:
e, (t, d/2)|=]e, | cos(wt—k d/2), %)

w=vk, kd/2=nd]/\.

The initial phase in (5) is chosen so that the cell center
corresponds to maximum deformation |¢, |  att=0 (as seen
at Fig. 1). Similarly, for the compressive strain in £-wave

|sze(t d/2)|=le,| . cos(wt-k,d/2), ©)
=v,k, k,d/2=nd/\,

It is obvious frorn (5) that the decrease of size d_ is
accompanied by the increase of |e, (d/2)], therefore
fulfillment of the request (4) at some interval of deviations
from regular TS formation conditions appears to be possible
due to the decrease of d_value.

5. The estimation of the number of laminas
of the main TS component generated by
a single spontaneously activated cell

Let us accept that the centers of s- and ¢-cell coincide in a
moment ¢ = 0 in the area of IES localization, wave decay is
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not considered (as it's accepted by conclusion (1)), but the
inequality (3) is fulfilled. Thus it is obvious that initiation of
the next s-cell at the front will lag behind in respect to ¢-cell
center transfer. Let us evaluate by what magnitude |e,,(d /2)|,
level will decrease at that. If difference between the velocities
after T./2 makes Av, in the area of activation of the nearest
new s-cell a path-length difference Av T,/2 will arise between
s- and £-waves deformation maximums. As a result, levels of
deformations |e,, (+d /2)| will change and be different.

Taking for example Av=0.11v,we find AvT/2~0.11A /2.
According to the data from Table 2 in [6], for our case of
interest the values tgy=1/3, d /\ =1/5 are acceptable at the
ratio of regular TS components §=3/2. It means that path-
length difference 0.11 \ /2 makes near 27% of d . Therefore, the
level of [¢, (t, +d /2)| at one of the borders of the lattice (here
and further the coordinate is measured from the center of new
excited cell) will first increase (at successive activation of four
new cells) and then decrease. And the level of ¢, (f, —d /2)| at
other border of the cell will be only decreased. However, if the
inequality A <<A, is fulfilled, changes of |, (¢, d/2)| may be
relatively small. Assuming, for certainty, |e, (t, —d /2)|, we'll
illustrate the above words, regarding that [e (¢, —d /2)| will
drop from the value |e,,(0, -d_/2)|=|e cos(k,d /2) in the
initial moment of time to the value

e, (nT /2, -d /2)|=|e coslk,(nAvT /2+d /2)] 7)

20 | max

2¢ | max

in the moment ¢t =nT/2. In (7) n corresponds to the
number of s-cell in the succession of cells that are activated
in discrete moments of time t =nT /2 by the superposition
of s-waves after spontaneous activation of zero cell, but
the change of cell width is not considered. Thus at A,=50A
and AvT =0.11) /2 and initial size d /A =0.2, from (7) for
normalized deformations A

A,=e,(nT/2,~d 12)] [ &, ... (8)
we find:
A =cos[n(n0.11+0.2) A /N, ] =cos[n(n0.11+0.2)/50]  (9)

Estimations obtained using (9) and differences of
normalized deformations values A — A at distances d_ /2
from centers of the cell (the same that in zero cell) are given
for comparison in Table 1.

Consequently, at the indicated conditions and parameters
values, n increase is accompanied by monotonic A decrease,
and its compensation has to lead to reduction of thickness
of the crystals of main TS component and, correspondingly,
to monotonic growth of twin component thickness. As value
B 21Dy definition, it’s possible to estimate the number of s-cell,
for which inferior limit $=1 should be achieved. According
to «reference» data from Table 2 in [6], at the same tgy=1/3,
d/\,=1/6 corresponds to value f=1. Then, at additional
condition of proximity of s- and ¢-waves contributions

into the threshold deformation, we may consider that the
transition from d/A =1/5 to d/\ =1/6 accompanied by
growth of the level of normalized deformations from start
value A =0.81 to finish value Af=\/§/2 =0.866, i.e. by =0.056,
just compensates diminution of contribution |e,,(t, —d /2)|.
From the estimates given in Table 1 it's obvious that such
compensation will exist for cells with numbers 40 < # < 50.

Let us note that value n = 50 listed as the last in Table 1
corresponds to maximum value n__at chosen ratio 1,=50A,,
because only s-cells located not more than d,/2 far from the
central one can be activated.

Let us label the number of main TS component laminas
initiated by one spontaneously activated s-cell by symbol N, .
As follows from the data of analysis, the maximum size
(N,,),.., 18 achieved when the generated s-cell is localized
at one of the borders of d,/2 (signified as +d,/2). It is the
border for which the activation of successive s-cells is
first accompanied by monotonic growth of |e, (t, —d /2)]
and, correspondingly, monotonic growth of d. Then,
after achievement of maxima |e,(t, -d/2)| and (d)__,
according the above scenario monotonic d  decrease
follows. The value N, =1 corresponds to spontaneous s-cell
localization near the second border —d,/2. Such variant can
be revealed as single basis components sharply different in
width from adjacent ones. It's obvious that the probability
of spontaneous activation of a cell in d,/2 wide band
substantially exceeds the probability of activation only along
the central line of the band between borders +d,/2. Therefore,
in general number of transformation twins TS fragments
with numbers N, _satisfying the inequalities 2n_ >N, >n_
have to prevail. Evidently, (N, ) =2n_ andatn__ =50 we
have (N, ) =100. By the way, TS fragments’ appearance at
n_ >N, >1isalso quite expectable.

Let us mark at last that not only the consideration of
additional factors blocking the formation of regular TS
structure, but also the increase of A /), ratio, as well as the
growth of Av, lead to reduction of N, numbers correlated
with different TS fragments.

6. Conclusion

Taking into account the real ratio of s- and ¢-waves
velocities on the example of Fe-30Ni alloy leads to deviation
from ideal condition for regular TS formation. As a result,
a modulated TS structure containing of fragments is
formed. Fragments’ sizes depend on the site of localization
of spontaneously appearing s-cell generating the fragment
in the area of CWP front. Therefore, in contrast to regular
TS forming, we should expect repeated s-cells spontaneous
excitements for long enough twinned thin-plated crystals.

The consideration of additional factors breaking the
conditions of regular TS realizing can only reduce the length

Table 1. The dependence of normalized deformation on the number of s-cell.

n 0 1 10 30 40 50
A, 0.99992 0.99981 0.99667 0.97592 0.95852 0.93655
A,—A 0 ~1.1-10™ ~3.25-107 ~2.4-107 ~4.14-107 ~6.34-107
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of TS fragments (as compared with the cited values).

Alongwiththedifferencebetween s-and £-wavesvelocities,

the consideration of waves (especially s-waves) decay is one
more quite determined factor making its contribution into
TS modulation. Estimation of this contribution seems to be
very actual and will be examined in another work.

The analysis provided indicates the way of reconstruction

of local dynamics of the wave TS formation basing on the
observed fragments of modulated T'S structure, going beyond
the limits of simple averaged description.
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