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CHAPTER I INTRODUCTION

It is well known that martensitic transformation can be
induced by deformation in metastable austenitic steels. A remarkable
increase in elongation is sometimes observed when martensitic
transformation is induced during deformation, and this phenomenon
is called transformation-induced plasticity(TRIP)cl). There are
many reports(2)~(8) about TRIP phenomenon. According to them, it
is considered that martensite induced by deformation works to
suppress necking and to increase in uniform elongation. Zackay
et al(l) proposed a TRIP steel with high toughness and high strength
through TRIP phenomenon. Usual strengthening technique
(precipitation hardening or solution hardening etc) accompanies a
decrease in toughness. This is why the TRIP phenomenon is considered
to be very important for industrial applications.

However, deformation-induced martensitic transformation, which
is the fundamental point of TRIP phenomenon, has not been made clear.
The purpose of this study is to obtain a clear understanding of the
role of applied stress and plastic strain during deformation for the
deformation-induced martensitic transformation.

In the following section of this Chapter, a general survey of
the mechanism of martensitic transformation is described. The
historical current for the study on the deformation-induced

martensitic transformation, and recent studies on the deformation-

induced martensitic transformation are critically examined.



1.1 General Survey of the Mechanism of Martensitic Transformation

Martensitic transformation is characterized by the cooperative
shear movement of atoms and by the existence of orientation
relationships between the parent phase and the martensite.

As the mechanism of martensitic transformation, several models
have been proposed.

Kurdjumov and Sachs(g) reported K-S relationship: (111)y//(101)a,
[T01]y//[I11]q and proposed K-S shear mechanism. The mechanism is
shown in Figl.1l. Martensite was considered to be generated from an
austenite parent by the 1lst shear on (111)y plane along [TTZ]Y
direction and 2nd shear on (1Z1)y plane along [lOT]Y direction.
Nishiyama(lo) found N relationship: (111)y//(011)g, [TTZ]Y//[OTl]a
and proposed N shear mechanism which is also shown in Fig.1l.1.
Martensite was considered to be generated from an austenite parent
by the shear on (111)Y plane along [TTZ]Y direction lying in the
plane. Bogers and Burgers(ll) proposed another mechanism which shown
in Fig.l1.2. They considered that martensite was generated from
austenite by two shears, each of which has a displacement of
(1/18)aY<112>Y on the {111}y plane and of (1/12)ay<112>y on the other
{111}y plane, respectively.

Although above three mechanisms explain required orientation
relationships, those are not adequate when one consider the habit
plane. If the shear occurs on the (111)y plane, then the habit plane
of the martensite should be the (111)Y plane. However actual habit
planes which have been reported for Fe-highNi-C alloys are {225}512)’(13
{ZSQ}Y(14)’(15) and {3 15 10}Y(16)’(17), and quite different from
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Fig.1.1 Shear mechanism of martensitic transformation.
(a) proposed by Kurdjumov and Sachs(g).
(b) proposed by Nishiyama(lo).
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Fig.1.2 Double shear mechanism by Bogers and Burgers



{111}y. Greninger and Troiano(14) measured the shear angle from
the surface relief accompanying martensitic transformation in Fe-
Ni-C alloys. The shear angle was 10°45' and was inconsistent with
the 19.5° predicted from the (111)y shear mechanism. Therefore,
they suggested that another shear had to be added in order to produce
the bct lattice which determined experimentally. The second shear
was verified by electron microscopic results which showed twinning
on {112}, plane in martensite (18)
Bowles and Mackenzieclgyv(zz) (B-M) and Wechsler, Lieberman
and Read (W—L—R)(zs)’(24) developed the theory which introduced the
second shear in a logical manner. B-M theory and W-L-R theory are
equivalent and are called phenomenological theories, and have been
recognized as appropriate theories. In the phenomenological theory,
a martensitic transformation is considered to consist of a lattice
deformation(in the case of y » o' transformation, this is the Bain
distortion: B(ZS)), a lattice invariant shear(the second shear which
mentioned above: P) and a lattice rotation( R). If the B, P and R
are matrices, the total shape strain (Pl) should be described as
P1 = R P B. The total shape strain, the habit plane and the

orientation relationship which were predicted by the phenomenological

theory coincided well with experimental data(14)’(15)’(26).

1.2 Historical Current and Recent Studies on the Deformation-

Induced Martensitic Transformation

1.2.1 Effect of stress

The effect of applied stress on martensitic transformation



has been studied for a long time. In 1932, Schei1(27) found that
Mg temperature increased under tensile or compressive stress. After

(28)~(34). Since martensitic

that, many papers have been published
transformation is a kind of shear deformation, it is clear that
shear stress aids the transformation. The work done by the applied
stress to induce the transformation is called the mechanical driving
force. There are two different views about the effect of stress on
martensitic transformation. One is that stress assists the total
shape strain during the transformation. The other is that stress
assists only a special component of the total shape strain
accompanying the transformation.

Patel and Cohen(zs) considered that the applied stress aided
the total shape strain accompanying the transformation, and they
proposed the following equation for the mechanical driving force(Wp).

Wy = Typ ¥ GEp z =eSssses memesmse s e e (1-1)
where 1 :the shear stress resolved along the habit plane

Yo:the transformation shear strain along the habit plane

o :the normal stress resolved perpendicular to the habit plane

€o:the normal component of the transformation strain to the

habit plane.
Fig.1.3 shows chemical free energy of martensite and austenite as a
function of temperature. T, is the temperature at which austenite
and martensite are in equilibrium. When austenite is supercooled to
Mg, and chemical driving force reaches to the critical value(AGﬁza')
at which martensitic transformation starts. When stress is applied
at Tl(above Mg temperature) for example, martensitic transformation

can be induced when the chemical(AG%Ia') and mechanical driving
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Fig.l.S Chemical free energy of martensite and

austenite as a function of temperature.



(28)

force(Wy) reaches AG%ZQ . Patel and Cohen measured the incre
in Mg temperature under elastic stress and found that the increas
in Mg calculated from Eq.1l.1 coincided well with the measured dat

(35) examined the observed martensite varia

Stone and Thomas
induced by the applied stress in an austenitic steel. If stress
applied during the transformation, a special variant of martensit
with a certain crystallographic orientation to the parent phase w
be formed preferentially. They concluded that the stress aided t
total shape strain of martensitic transformation. Ahleis(36)
reported almost the same results using Fe-Ni single crystals.

On the other hand, Higo et a1(37) and Kato et a1(38)’(39)
suggested that martensitic tranformation took place by double she

(11)

mechanism proposed by Bogers and Burgers and concluded from t

analysis of the martensite variants transformed under stress that

the stress aided the 1lst shear. Olsen and Jesser(40)’(41)

report
that the applied stress aided the shear on {111}y plane along <11
direction which corresponds to K-S or N relationship from the
analysis of martensite variants transformed under stress.

As is discussed above, it is clear that the understanding o
the effect of stress on the transformation is to make clear wheth
the applied stress aids a special component of the total shape st
of martensitic transformation or aids the total shape strain of t
transformation.

If the applied stress aids only the shear on {111}y plane a
<11'Z>Y direction, the difference between the effect of tensile an
compressive stress on the martensitic transformation would not
appear, in the case of polycrystalline specimen. However, it is

known that tensile and compressive stresses make a different incr

-8-



in Mg temperature. From this, the applied stress is considered to
aid the total shape strain including the volume change accompanying
the transformation. However, the difference between the effect of
tensile and compressive stress on the transformation has been
studied only about the change in Mg temperature. If the applied
stress aids the total shape strain including the volume change
accompanying the transformation, the difference between the effect
of tensile and compressive stress on the transformation should
appear in the amount of martensite which induced by the applied
stress. Then, in this study, the amount of martensite induced by
the stress was studied to confirm the effect of mechanical driving
force on the transformation which will be described in detail in

Chapter II.

1.2.2 Effect of strain

Olson and Cohen(42) showed the critical stress for martensite
formation as a function of temperature as Fig.l.4 using the

(43)~(46). They

experimental results of Bolling and Richman
slassified deformation-induced martensitic transformation into the
stress-assisted and the strain-induced one from Fig.1.4. In Fig.l1l.4,
M{ is the temperature, below which yielding under applied stress 1is
initiated by the onset of martensite formation, and above which
yielding under stress is initiated by regular process(slip) in the
parent phase. They called the nucleation below MZ as being stress-
assisted, and the nucleation above MZ as being strain-induced.

(47)

Tokizane obtained the same results as Fig.1.4 using an Fe-Ni-C

alloy. In Fig.l.4, the critical stress for martensite formation

-0-
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increases linearly with increase in temperature in the temperature
range between Mg and M. However, at Tl(above MZ), austenite begins
to deform at the stress(o,) and is required to strain-harden up to
the stress(op) to form martensite. The stress(op) is considerably
lower than the value expected(o.) by extrapolating the stress-
temperature line in the temperature range between Mg and MZ. This
decrease of critical applied stress(i.e., oc-0p) for martensite
formation is considered to be the assist of plastic strain introduced
before martensite was formed. About the effect of strain on the
deformation-induced martensitic transformation, there are two
different views. One is the strain-induced nucleation proposed by
Olson and Cohen(42)’(48), and the other is that the stress is

concentrated at obstacles(grain boundary, twin boundary etc.), and

that concentrated stress aids the transformation.

1.2.2.1 Strain-induced nucleation

Olson and Cohen(42)’(48)

proposed that embryo of martensite
could be formed at the intersection of two shear bands. As an
typical example of such a formation of embryo, they refered to
Venables’(49) observation(Photo.1.1) in which a'-martensite was
formed at the intersection of two e'-bands in 18-8 stainless steel.
They considered that the intersection of two shear bands, each of
which has a displacement of (1/18)a,<112>, on a {111}y plane and
of (1/12)ay<112>y on another {111}y plane, respectively, is
equivalent to the Bogers-Burgers double shears and forms an embryo

of martensite. The schematic picture of the Olson-Cohen model is

shown in Fig.1l.5. As examples of such shear bands, they considered

-11-



Photo.l.1 The formation of a'-martensite from

Fig.1.5

austenite.

(by Venables(49))

averages one-half of a twinning shear.

-12-

e'-platelets.

Schematic illustration of intersecting shears due to
two arrays of (aY/6)<112>Y partial dislocations in
One array(T/3) has partial dislocations
on every third {111}y plane and averages one-third of
a twinning shear, while the other array(T/2) has
partial dislocations on every second {111}y plane and
The resulting
doubly-faulted intersection has an exact bcc
structure. (by Olson and Cohen(42))



slip-bands, €'-bands and deformation twins. Lecroisey and Pineau(so)

observed martensite which nucleated at the twin boundary and grew
along intersecting deformation bands in an Fe-Ni-Cr-C alloy, and
suggested almost the same mechanism as that of Olson and Cohen.
Maxwell et a1(51)’(52) reported that deformation-induced
martensite had the morphology different from thermally transformed
martensite. They observed a kind of banded structure(a typical
example is shown in Photo.l1.2) in Fe-Ni-C alloys, and reported that
such a structure is a new type of strain-induced martensite and it
is formed by the mechanism proposed by Olson and Cohen. They also
reported that such a structure could be formed at the temperature
more than 150K above Mg in an Fe-Ni-C alloy. This temperature 1is
extremely higher than the*Ms. So, it is doubtful whether or not
the banded structure is martensite. Then, in this study, the banded

structure was examined by optical and electron microscope.
1.2.2.2. Internal stress concentration

In the case of deformation-induced martensitic transformation,
martensites are frequently observed at the grain boundaries or the

annealing twin boundaries(47).

During plastic deformation, many
defects which have high local stress field are iniroduced in the
parent austenite. Such stress field is considered to aid the
nucleation of martensite.

Suzuki et 31(53) and Ueda and Fujita(54)

reported that
martensite was observed at the intersection of two slip bands, and
they suggested that martensitic transformation was induced by the

stress concentration due to piled-up dislocations at such

13-






intersections. BollingznuiRichman(44)’(45% Shyne muiGuimaraes(SS)“{57)
and Tokizane(47) proposed almost the same ideas as above.

Since there are 24 slip systems, it is difficult to determine
the operating slip system from Schmid factor. So, in the above

(53)’(54), the relation between the orientation of

experiments
martensite formed and the direction of concentrated stress was not
made clear. In the case of deformation twinning of austenite, the
operating twinning system can be determined by calculating Schmid
factor, since there are only 12 twinning systems. Then, in this
study, the relation between the variant of martensite induced by
deformation and the concentrated stress due to deformation twinning
in austenite was examined. The crystallography of deformation

twin in austenite is relatively easy to analyze and deformation twin
of austenite is considered to be the most suitable to examine the
strain-induced nucleation mechanism proposed by Olson and Cohen(42).
In this study, the martensite which observed at the junction of two
deformation twins was also examined whether or not it is formed by

the intersection of two shear bands of Bogers-Burgers type suggested

by Olson and Cohen. ”
1.3 Effect of Prior Deformation on the Martensitic Transformation

To separate effects of plastic strain from applied stress on
martensitic transformation during deformation, it is necessary to
examine the effect of prior deformation on martensitic transformation.

Gooch and West(sg), using Ni-steels, measured the Mg
temperature after rolling at 573K. Their results are shown in Fig.L6,

which reveals that the Mg first rises, then falls and rises again

-15-



monotonically with increasing degree of rolling. The Mg first rises
due to the residual stress. The lowering of the Mg at 10~20%

reduction of rolling is explained by hardening of matrix due to the
precipitation of carbides. The rising of the Mg at heavier

deformation is due to the decreased carbon content in the austenite
because of extensive precipitation of carbides. Tamura et 31(59)

and Georgiyeva et al(60) obtained similar results using Fe-Ni-C alloys.
To prevent the effect of migration of carbon atom, Tokizane(47)
applied deformation at lower temperature(250K) by tension and then
measured the Mg temperature using an Fe-Ni-C alloy. His results
showed that the Mg first fell at small strain, and then rose with
increasing degree of deformation. He considered that the lowering
of the Mg at small strain was due to the strain-hardening of matrix
and the increase of the Mg at heavier deformation was due to the

(57)

residual stress. Wallman and Guimardes showed that in an Fe-Ni
alloy, the Ms temperature rose with the degree of rolling at room
temperature and reached maximum at about 50% strain. Similar results
were also obtained by Guimaraes and Shyne(ss).

Generally, the Mg temperature rises by prior deformation above
the Mg temperature, and the effect is called mechanical
sensitization by Guimaraes(55)~(57). When austenite is plastically
deformed, the regions with high local stress are introduced. Such
local stress is considered to aid martensitic transformation.
However, the optical microscopic observation of defects is difficult,
and almost all explanations on this subject in these studies(SS}V(60)
are suppositions from the change of the Mg by prior deformation.

Only Breedis(61) reported the effect of prior deformed microstructure

of austenite on the transformation using electron microscopy.

16 =



However, the nucleation site was not made clear. The deformation
twins are the most suitable structure to reveal the effect of the
prior deformation on the martensitic transformation since the
deformation twins can be observed by optical microscope and also
the crystallographic analysis is easy. Then, in this study, the
effect of deformation twins of austenite(introduced by prior
deformation above the Mg temperature) on the martensitic transforma
to make clear the effect of defects in austenite without applied

stress.

1.4 Purpose of This Study

The purpose of this study is to reveal the effects of applied
stress and plastic strain on the deformation-induced martensitic
transformation by making clear the subjects mentioned above.

In Chapter II, quantitative model relating the mechanical
driving force and the amount of martensite induced by the applied
stress is proposed. The model was verified by comparing the amount
of martensite which was calculated from the model with the one
measured experimentally. It was confirmed that the effect of appli
stress on the martensitic transformation was expressed by the
mechanical driving force.

In Chapter III, the banded structure, which Maxwell et al
called a strain-induced martensite, was examined by optical and
electron microscope. It was shown that the banded structure is not
martensite but deformation twins of austenite.

In Chapter IV, the effect of deformation twinning on the

deformation-induced martensitic transformation was examined to

-17-



reveal the effect of plastic strain on the deformation-induced
martensitic transformation. From this study, it was made clear th
martensite was formed by the aid of the concentrated stress create
by the impingement of deformation twins on the grain boundaries or
the annealing twin boundaries. The role of plastic strain was
considered to create the regions where the stress was concentrated
in the matrix. From the crystallographic analysis of the martensi
which formed by deformation, the stress was considered to aid the
total shape strain of martensitic transformétion rather than a par
(1st shear) of the total shape strain. Martensite which observed
at the junction of two deformation twins in tension was considered
not to be formed from the embryo created by the intersection of tw
shear bands as suggested by Olson and Cohen. In the case of
compression, martensite which can be identified clearly was not te
to form preferentially at the intersection of two deformation twin
that were considered to be corresponding to Bogers-Burgers double
shears. From these results, it was concluded that the strain-indu
nucleation mechanism which proposed by Olson and Cohen is not
prevailing mechanism for deformation-induced martensitic
transformation.

In Chapter V, the effect of prior deformation on martensitic
transformation was examined. The purpose of this investigation is
to separate the effect of strain from the effect of applied stress
on the deformation-induced martensitic transformation. The
nucleation site of thermally transformed martensite was studied by
optical microscope. Martensites were frequently observed at the

grain boundaries or the annealing twin boundaries at which deforma

-18-



twins impinged(that were introduced by prior deformation). The

local residual shear stress at the boundaries was considered to aid
martensitic transformation. The concentrated stress which was formed
by the impingement of deformation twins was considered not to be

released completely by unloading.

-19-
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CHPTER II THE EFFECT OF STRESS ON THE DEFORMATION-INDUCED

MARTENSITIC TRANSFORMATION

2.1 Introduction

The effect of applied stress on the martensitic transformation
is studied by revealing the relation between the mechanical driving
force given by the applied stress and the amount of martensite
induced by deformation. As described in Chapter I, an applied
stress is considered to aid the total shape strain accompanying the
transformation. It can also be assumed that the mechanical driving
force given by applied stress has the same contribution on the
martensitic transformation as the chemical driving force. If an
applied stress aids the total shape strain involving the volume
change during the transformation, the mechanical driving force is
given by Eq.l1.1(in Chapter I).

W = T%g ¥ BEj 2 coscemsssmmmsmsecomcmmos (1.1)
The mechanical driving force depends on both the sign of applied
stress(o is positive for tension and negative for compression) and
the volume change(eo is positive for dilatation and negative for
contraction). In present study, the difference between the tensile
and compressive stress in the contribution on the transformation
was studied using two kinds of polycrystalline metastable austenitic
alloys with different volume changes during the transformation.
One was an Fe-29%Ni-0.2%C alloy which formed o'-martensite(bcc) with
dilatation of about 4%, and the other was an Fe-32%Mn-0.2%C alloy

which formed e'-martensite(hcp) with contraction of about 25%.
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First, a model of transformation kinetics(the variation of amount
of martensite as a function of deformation parameter) as a function
stress was proposed, and then the amount of martensite calculated
from the model was compared with that measured experimentally.

The variation of amount of martensite with the degree of
deformation is important for practical application of TRIP
phenomenon, and many studies on this subject have been performed.
However, in former studies, the transformation kinetics was treated

1(1) studied the deformation-induced

as a function of strain. Ange
martensitic transformation using 18-8 stainless steel, and showed
that the amount of martensite as a function of strain at constant
temperature is sigmoidal in shape and proposed the following

equation.

where B = 3
Vi ¢ amount of martensite
Vy : amount of austenite Vp + Vy = 1.
Using Eq.2.1, Ludwigson et al(z) analyzed the stress-strain curves
of metastable austenitic steels in which martensitic transformation
took place during deformation. Gerberich et al(s) derived the
following parabolic relation from their data obtained on TRIP steels.
Vo = &F £372  cm e ceamea (2.2)
where A' is constant. Olson and Cohen (%) proposed a model for the
mechanism of strain-induced martensitic transformation and the
following relation as for the transformation kinetics.
Vm =1 - exp[-8{1 - exp(-ae)}?] ------------ (2.3)
where a, 8 and n are constants. Guimarﬁes(s) simplified the Eq.2.3

as
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Vm = 1 - exp(-ke?) -----mmcmmmmoo (2.4)
where k and z are constants. They reported that Eq.2.4 fitted well
with the data obtained in Fe-Ni-C alloys when k=28 and z=3.7.

In all the former studies, the transformation kinetics has
been treated as a function of strain. However, the transformation
is promoted by the applied stress. The theoretical treatment of the
transformation kinetics should be based based on the applied stress
instead of strain. In this study, the transformation kinetics are

treated theoretically as a function of applied stress.

2.2 Experimental Procedure

2.2.1 Specimen preparations

Alloys used in this study were prepared by Vacuum induction
melting. The chemical compositions and Mg temperatures are listed
in Table 2.1. The ingot of alloy 1 and alloy 3 were hot-forged to
bars of 10 mm diameter and 150 mm length, and homogenized in a
vacuum furnace at 1473K for 24h and were drawn to bars of 6 mm
diameter.

Specimens as shown in Fig.Z.l(a) were machined from the bars.
Specimens of the same configuration(Fig.2.1(a)) were used with
tensile and compressive tests. The ingot of alloy 2 was hot-forged
at 1473K and homogenized in a vacuum furnace at 1473K for 24h, and
cold-rolled to make a sheet of 0.8 mm thickness. Specimens for
tensile tests as shown in Fig.2.1(b) were machined from the sheet.

Specimens of alloy 1 and alloy 2 were austenitized in a

vacuum furnace at 1423K for 3h and for 1h, respectively, and
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Table 2.1 Chemical compositions(wt%), Mg and Mg temperatures

(K) of alloys.

Alloy C Si Mn P S Ni |Fe Ms Mg

1. Fe-29%Ni-0.2%C| 0.22{0.009{<0.002|0.002{0.004 {28.94|bal.|~ 243|~303

2. Fe-25%Ni-0.7%C | 0.65{0.067| 0.17 }{0.010{0.009}25.31|bal.{~ 163 |~253

3. Fe-32%Mn-0.2%C| 0.18|0.008{ 31.78| - |0.018| - |bal.| "<77|>303

(a)

(b)? Q5t 10R
] Al y &
: © 2
B 3 )
k1549 je— 40___>|9 15 -
) 86

Fig.2.1 Shape and size of specimen(mm).
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quenched in iced brine. Specimens of alloy 3 were austenitized in
an Ar furnace at 1323K for 2h and quenched in oil.

Crystallographic features of martensite which forms in each
alloy used in this alloy are shown in Table 2.2.

Tensile and compressive tests were performed with an Instron
type testing machine at various temperatures from 303K to 77K.
Temperatures below room temperature were obtained in a cold chamber
which was cooled by evapolation of liquid nitrogen. The strain rate
was 4 x 107 s°F for the specimen of Fig.2.1(a) and 3 x 107% 571

for the specimen of Fig.2.1(b), respectively.
2.2.2 Measurement of amount of martensite

Measurement of amount of o'-martensite(Fe-Ni-C) was performed
by lineal analysis, and that of e'-martensite(Fe-Mn-C) was performed

by X-ray diffraction(ls)

using following equation.
Vp(amount of martensite) = 1/(1 + GS) ------------- (2.5)

where S = 1(111)Y/I(10.1)€

I :Integrated intensity of (111), diffraction line
(111)Y Y

I :Integrated intensity of (10.1)_. diffraction line
(10.1) €

G=0.24. G was calculated from the following equation.

G=[VﬂHéP€(l + coszzee)/sinzeecosee]/[VﬂﬂéPY(l + coszzeY)/sinzeYcoseY] 2

where temperature dependence of intensity is neglected, where V is
volume of unit cell(Vy/Ve¢=1.02), and F is structure factor(lFl$=16f2
and|F|2=3£%, f is atomic scattering factor), and P is multiplicity

factor(Py=8 and Pg=12), and 6 is Bragg angle(® =29.9i 0

(111)y (10.1)¢

=%

|
|
s
. |

=27.5).



lozr1l // “lort]
0 *[oo1t] // MlzT1l
(t000) // “(rTD)

()% 3°
A
‘ drysuor3iersd N- doyf 7,3 %7°0-UN%ZE-°
UOFISBIIULS | e oo 1y {TTT} | (1) < (gp) @FUSUOTIBISL N-S q 0%Z°0-UN%Z¢-°d
= A
°l111l 5%z “l1oT]
A
hmvwv amﬁHOV I (TT1) 0%L'0-TIN%SZ-°d
o
> . . )
3o uoTsuedxs ﬁw%ABVHOHmH ¢} moumﬂawaoﬂumamn i e 29q :,® D% 0-IN%6C-°d
93 TSUalIeW
JO 2an3onils
98ueyd QouUNIOA suerd 31qey| drysuorieISI UOTIBIUSTIQ Te3sL1) AOT1V

*91Tsuslrew yo sainjeaF orydeadolreisdi) z°z 9Iqel

-28-



In present study, radiation was supplied with Fe target(Mn filter)

pawered at 30 kV and 10 mA.

2.3 Results and Discussion

2.3.1 Model of transformation kinetics

Fig.2.2 shows schematically the free energies of martensite
and austenite as a function of temperature. T, is the temperature
at which austenite and martensite are in equilibrium. When austenite
is supercooled to Mg temperature at which the chemical driving force
is W&, martensitic transformation starts.

Variation of amount of martensite as a function of applied
stress 1is now considered when austenite is deformed at Tl(above
the Mg) in Fig.2.2.

When martensitic transformation occurs under applied stress,
the mechanical work(Wp) is done on or by the transformation due to
the action of applied stress. The mechanical work was expressed by
Patel and Cohen(g) as

W = T¥y o+ Hg,  rossscsssmusmmmmssmose=s (1.1)
where T is the shear stress resolved along a habit plane, and vy, is
the transformation shear strain along the habit plane, and o is the
normal stress resolved perpendicular to the habit plane, and €, is
the normal component of the transformation strain. For any given
orientation of martensite plate, Eq.l.1 is expressed as

Wy(o), 6, a)=(1/2)0"'[Y,sin26cose * €,(1 + cos28)] ~------ (2.7)
where 0' is absolute value of the applied stress and €6 is an angle
between the applied stress axis and the normal direction to the

habit plane and @ is an angle between the shear direction, of the

= F O

2 = = T



Chemical Free Energy

G

l Temperature

Fig.Z.Z A schematic relationship between free energy of
martensite and austenite as a function of

temperature.
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the transformation and the maximum shear direction of the applied
stress on the habit plane, and + and - correspond to tension and
compression, respectively. Fig.2.3 shows the schematic illustration
of the relation among the applied stress axis, 6 and o. It is
assumed that the mechanical driving force contributes to the
transformation equivalently with the chemical driving force.

When stress is applied to austenite at T1(>Ms) in Fig.2.2,
the mechanical driving force Wp(o') as expressed in Eq.2.7 is added
to the chemical driving force at Tl(WC(Tl)), and martensitic
transformation starts at the critical stress(c;) where the total
driving force {Wc(Tl) + Wp(og)} is equal to Wg. As the mechanical
driving force increases from Wy by increase in o', the amount of
martensite increases. It is then assumed that the amount of
martensite(Vy) will be given as a function of the increment of
mechanical driving force from Wp(i.e., AWp(o') = Wp(o') - Wp) as

Vg = fldlplo")] rrdrrmmrccrrmmm s (2.8)

It is assumed that martensites with various orientations are
formed in a polycrystalline austenite since orientation of each
grain is distributed at random. The value of mechanical driving
force depends on the orientation of martensite. Then the total
amount of martensite in the polycrystalline specimen will be
obtained by averaging Eq.2.8 for 6 and a. It is assumed that

varies from 0 to m/2, and Eq.2.8 is averaged about 6 from 0 to m/2.
Vm(o', 8, o) = (2/m)S™% £(aWp(ot, 6, a))ds ---(2.9)
The total UV, will be obtained by averaging Eq.2.9 for o in the

range where Vp(o', 6, o) is larger than 0. Vp(o', ©, a) can be
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Fig.2.3 Relation among the applied stress axis A, 6 and a.

N is normal direction to the habit plane P, and
S is shear direction of the transformation and

Sm is maximum shear direction on P.
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shown qualitatively as in Fig.2.4 as a function of a. Vp(o', 8, a)

is positive in the range 0<a<o , and the total Vp will be obtained

as
Va = (1/0,) 5% (2/m) 1T/ 26 (aWp (o, 8, a))doda ----- (2.10)

where Vp(o', 6, ao) = 0.

In this study, the function (f) was obtained from the followi
cooling experiment. When austenite is cooled below the Mg, the
amount of martensite increases with increasing chemical driving
force. It is assumed that the amount of martensite Vp at T2(<Ms)
in Fig.2.2 will be given by the equation(2.11) in which Vp is
expressed as a function of the increment of chemical driving force
from W2(i.e., AWC(TZ) = WC(TZ) - W2).

Vp = g(AWc(TZ)) ------------------- (2.11)

The Eq.2.11 for each alloy was obtained by measuring the
amount of martensite as a function of temperature difference
(AT = Mg - T) and the function (f) was assumed to be nearly equal

to the function (g).
2.3.2 Effect of volume change on martensitic transformation

The difference between tensile and compressive stress in the
contribution to the transformation was studied using two kinds of
polycrystalline metastable austenitic alloys with different volume
changes during the transformation. One was an Fe-29%Ni-0.2%C alloy
(which forms bcc o'-martensite), and the other was an Fe-32%Mn-0.2%

alloy(which forms hcp €'-martensite).
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Fig.2.4 A schematic illustration of Vp(o', 6, a) as a function

of a. V_ = Vy(o', §, 0).
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2.3.2.1 Fe-29%Ni-0.2%C (expansion with y»a')

2.3.2.1.a Stress-strain curve

Fig.2.5 shows stress-strain curves of the Fe-29%Ni-0.2%C alloy
in tension and compression at three different temperatures.
Martensite was not induced up to 15% strain in both tension and
compression at 303K. A remarkable difference between tension and
compression is not seen at 303K. At 247K, just above the Mg
temperature, the flow stress is much lower in tension than in
compression over the initial portion of stress-strain curve, and
reversed after 10% strain. The difference in initial portion arose
since martensitic transformation occurred in tension before austenite
yielded. The latter behavior can be attributed to the larger
amount of martensite formed under tension than compression(as will
be described in section 2.3.2.1.c), therefore resulting in a higher
strain-hardening in tension than in compression. At 193K, the same

tendency is observed due to the transformation of retained austenite.

2.3.2.1.b Microstructure

Photo.2.1 shows a microstructure at 23% strain in tension at
247K. Almost all martensites are lenticular martensites. Photo.2.2
shows a microstructure at 43% strain in compression at 247K. The
morphology of martensite in compression is quite different from that
in tension. Very fine martensites and banded structure are observed.
It seems that the defects introduced by deformation inhibit

martensite to grow. It is considered that martensite formed in

B
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Fig.2.5 Stress-strain curves of the Fe-29%Ni-0.2%C

alloy at three different temperatures

in tension and compression.
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Photo.2.1 Opt1ca1 microstructure of the Fe-29%Ni-0.2%C
alloy strained 23% in tension at 247K.

Etched by 35% Na,S,0.. (x 700)

27275
U / f// A
4 %Yi oy A /
g L’ - : 3,

fies M

Photo.2.2 Optical microstructure of the Fe-29%Ni-0.2%C
alloy strained 43% in compression at 247K.
Martensite (M) and banded structure(B) are

observed. Etched by 35% Na,S,0.. (x 700)

2275
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compression is finer than in tension because martensitic
transformation starts at higher strain(higher density of defects)
in compression than in tension. The banded structure which is
observed in Photo.2.2 has been called strain-induced martensite by
Maxwell et a1(14). However, in present study, it is made clear tha
the structure is not martensite but deformation twins of austenite.

The detail will be discussed in Chapter III.
2.3.2.1.c Amount of martensite formed during deformation

Amount of martensite which formed during deformation was
calculated from Eq.2.10 as a function of flow stress and was
compared with the amount which was measured experimentally.

For the Fe-29%Ni-0.2%C alloy, increase in chemical driving
force (AW (T)) as a function of temperature difference(AT=Mg - T)
can be apploximated by next equation which was shown by Patel and
(9)

Cohen

AWc(T) = 5.56 AT (J/mol) ----mm---e- (2.12)

The amount of thermally transformed martensite by cooling
below the Mg was measured experimentally as a function of AT. The
results are shown in Fig.2.6. From Fig.2.6, the relation between
the amount of martensite and AT is apploximated as follows for the

Fe-29%Ni-0.2%C alloy.

Vg = 1.70 AT (%] smessssscasescsss=s (2.13)

3\

From Eq.2.12 and Eq.2.13, the following equation is derived.
Vip = (1:70/5.56) AWC(T)  -=-rrm=------- (2.14)

=58~



Fe-29Ni-0,2C

70

60 |

50 o

40 |

30

20

Volume Fraction of Martensite (%)

O 1 1 1 1 ]
0 10 20 30 40 50

AT (Tue=T) (K)
|

Fig.2.6 Amount of martensite formed by cooling
below Mg as a function of temperature
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Assuming that the increment of mechanical driving force
(MW (o', 6, o) = Wy(o', 6, a) - Wp) contributes to the transformation

as same as AW.(T), AW, is displaced by AWp(oc', 6, o) as
Vm(o', 6, a) = k(1.70/5.56)AWm(0',6, o) ----(2.15)

where k=7.08. k is necessary to convert the units of AWp(o', 6, o)
(stress times transformation strain per unit volume of austenite
: Nm/ms) to the units of AW.(T) (J/mol).

The total amount of martensite Vp(c') will be obtained by

averaging Eq.2.15 for 6 and «a.

Vol oFk (1/0,) £ (2/m) 17/ 2(1.70/5.56) [ (' /2){y,5in26cosa + e, (1+ cos28)}
- Wl d8da e (2.16)

where yo=0.20(9) and eo=0.04(9), and + and - correspond to tension
and compression, respectively, and o, is the upper limit of o, and
Wp is the minimum mechanical driving force which is necessary to
induce martensitic transformation.

The minimum mechanical driving force(Wp) was decided from the
stress(0,) where martensitic transformation started in tension.
When martensitic transformation starts, the particular martensite
of which orientation yields a maximum value of Wp(o,, 6, o). Then,

o is equal to 0, and

dWp(o,, 6, 0)/d6 = o,v,c0s26 + ogoe,(-sin26) =0 ---(2.17)

sin26/cos26 = tan26 = (y,/€,)  ----------------- (2.18)

Substituting the known components of the transformation
strain(y,=0.20, €,=0.04) into Eq.2.18 and then into Eq.2.7, it is

possible to obtain Wp using o,=314(MPa).
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Wh = k(314/2){(0.20)sin(1.374) + (0.04)(1 + cos(1.374))}
=7.08 x 38.2
=271 (Pl =000 e meeem e mmee oo (2.19)
The upper limit o, was decided for each stress ¢' as follows

from the condition Vpy(o', &, a) > O.

Vp(o', 6, a) =k(1.70/5.56)(2/1r)fg/'2[(0'/2){Yosin26cosa + g4(1 + cos20)}- Wylde
= k(1.70/5.56) { (o'y,/m)cosa + (o'e,/2) - Wqp} ---(2.20)

Equation(2.20) decreases as o increases from 0. Then, o, is decided

from the following equation.
(o'y,/m)cosa + (0'ey/2) Wi =0  esc-seumms (2.21)

where + and correspond to tension and compression, respectively.

Equation(2.16) is reduced to the next equation.

Vp(o') = (Ac'/a,)sina, + Bo' - C  ==-------e--- (2.22)

1 2

where A=1.38 x 10 ~, B=4.33 x 10 “ , C=82.7, and + and - correspond
to tension and compression, respectively.

Fig.2.7 shows experimental data in this study at 247K and the
result which calculated from Eq.2.22. It can be seen from Fig.2.7
that the amount of martensite induced during deformation is much
larger in tension than in compression and excellent agreements are
obtained in both tension and compression between the calculated
value and experimental data. The difference of martensitic
transformation kinetics in the Fe-29%Ni-0.2%C alloy between in
tension and compression is considered to be caused by the term g,.

From this result, it can be concluded that the contribution of the

applied stress on the martensitic transformation is expressed by
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Fig.2.7

100
at 247K
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® O Tension

X  Compression

60

40

Volume fraction of martensite (%)
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X
0 5 10 15
] True stress(100 MPa)

Amount of martensite induced during deformation as
a function of applied stress in the Fe-29%Ni-0.2%C
alloy. The calculated value is shown by full line
and o, e and x show experimental data. e shows the

datum used to determine W3 .

-42-



the mechanical driving force(Eq.2.7). This means that the applied
stress aids the total shape strain of martensitic transformation

involving the volume change.

2.3.2.2 Fe-32%Mn-0.2%C (contraction with y»e')

2.3.2.2.a Stress-strain curve

Fig.2.8 shows stress-strain curves of the Fe-32%Mn-0.2%C alloy
in tension and compression at 77K and 283K. The Mg temperature of
this alloy is below 77K, and the My temperature is above 283K. At
283K, there is not a remarkable difference between tension and
compression below 10% strain. Above 10% strain, the flow stress is
a little higher in tension than in compression. At 283K, e'-
martensite is not induced in the strain range of Fig.2.8, so this
difference seems to be the effect of barreling in compression(ls)’(162
At 77K, e'-martensite is induced by deformation in the early stage
of deformation, and stress-strain curve has the same tendency as at
283K. It seems that the amount of e¢'-martensite induced is small,
and the volume change in fcc - hcp transformation is small(2%), the

amount of martensite induced is not quite different between tension

and compression.

2.3.2.2.b Microstructure

Photo.2.3 shows a microstructure at 30% strain in tension at
77K. Photo.2.4 shows a microstructure at 29% strain in compression

at 77K. e'-martensite is observed in both cases, and there is no
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Fig.2.8 Stress-strain curves of the Fe-32%Mn-0.2%C alloy

at 77K and 283K in tension and compression.
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essential difference of morphology of martensite between tension

and compression.
2.3.2.2.c Amount of martensite formed during deformation

Although the relation between Vj and AW.(T) could not be
determined in present study since the Mg temperature of the Fe-32%Ni-
0.2%C alloy was below 77K, the relation was estimated from the data

reported by Fujita and Uchiyama(17) for several Fe-Mn alloys.
Fig.2.9 shows the amount of martensite as a function of chemical

driving force reported by Fujita and Uchiyama. From Fig.2.9, it

is considered that the transformation curve consists of two stages.
The amount of martensite first increases drastically and then
increases slowly with increasing chemical driving force. As the
manganese content increases, the amount of martensite which formed
in the first stage decreases. The extrapolated amount of martensite
for the Fe-32%Mn-0.2%C alloy is zero for the first stage. The
relation between amount of martensite and chemical driving force

in the second stage is almost the same for three alloys, and it is
assumed that the same relation can be applied to the Fe-32%Mn-0.2%C
alloy. The relation(that is shown by dotted line in Fig.2.9) is
assumed by averaging the slopes of the three Fe-Mn alloys in Fig.2.9,

and given as

2

Vg = 4.59 x 10 % AWe(T)  ~--=cemmmcemnm-- (2.23)

For the Fe-32%Mn-0.2%C alloy, the relation between the
amount of martensite(V;(o¢')) and applied stress is derived using

Eq.2.23 and the known components of the transformation(y,=0.353,
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Fig.2.9 Amount of martensite as a function of
chemical driving force.

(by Fujita and Uchiyama(17))
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e,=-0.02) (12} 45

Vinle') = [(Ae"/a Jeineg + Ba™ = €  romsemss===s (2.24)

2 5

where A=3.66 x 10 “, B=3.26 x 10 ~ and C=39.9, and + and
correspond to compression and tension, respectively.
The upper limit(a,) for each stress(c') was determined from

the following equation.
(0'Yy/m)cosa + (0'e,/2) - Wp = 0  ------o--mmmme- (2.25)

where Wp=867 (J/mol), and + and - correspond to tension and
compression, respectively. Wp was determined from the stress
(0,=735 (MPa)) where the transformation started in tension at 77K.
Fig.2.10 shows experimetal data in this study at 77K and that
calculated from Eq.2.24. The experimental data show that the
amount of martensite is slightly larger in compression than in
tension. The calculated value does not fit well with experimental
data, but the tendency of increase with the stress is well agreed
in both tension and compression. This indicates that the differenc
of martensitic transformation between tension and compression in
the Fe-32%Mn-0.2%C alloy also results from the contribution of the
term g4« From the resnlts obtaimed in section 2,3,2,1,¢ and
2.3.2.2.c, it can be concluded that the contribution of applied
stress to the martensitic transformation is expressed by the
mechanical driving force(Eq.2.7), and the stress aids the total

shape strain involving the volume change during the transformation.

2.3:3 Effect of test temperature
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alloy at 77K. The calculated value is shown by
full line and o, ® and x show experimental data.
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The effect of test temperature on the kinetics of the
deformation-induced martensitic transformation was examined using
the Fe-25%Ni-0.7%C alloy(Mg = 163K). Fig.2.11 shows experimental
data at 163K(o), 183K(n), 213K(A) and 223K(x) and the expected line
which calculated from Eq.2.22. Wp at each temperature was
determined from the stress(eo, ®, Aand %) where martensitic
transformation started at each temperature. The value calculated
fits well with experimental data at all temperatures. From this
result, it can be concluded that the model proposed in section

2.3.1 can be applied at all temperatures below Mg temperature.

2.3.4 Effect of texture

In present study, specimens were prepared by drawing, and
there was a possibility that the results in sections 2.3.2 and
2.3.3 would be subjected the effect of the texture formed by
drawing. To confirm such an effect, the following experiment was
performed. Cubic specimens were machined from the drawn bars of
the Fe-29%Ni-0.2%C alloy as shown in Fig.2.12. The amount of
martensite which induced by compression in the direction(a) was
compared with that induced by compression in the direction(b).

Fig.2.13 shows the results obtained at 247K with togather
the data in Fig.2.7. It is noted, there is not a remarkable
difference in the amount of martensite between the specimens
compressed along the direction (a) and (b). From this result, the

effect of texture can be considered as negligible.
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Fig.2.11
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Fig.2.12 Relation between the drawing direction and

stressing direction.
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Fig.2.13 Amount of martensite induced by compression
in the direction (a)(A) and (b) (A)(in Fig.2.12)
at 247K in the Fe-29%Ni-0.2%C alloy with

togather the data in Fig.2.7.
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2.4 Conclusion

The effect of applied stress on the martensitic transformati
was studied by revealing the relation between the nechanical
driving force given by the applied stress and the amount of
martensite induced by deformation. The results obtained are as
follows.

(1) For the Fe-29%Ni-0.2%C alloy, the amount of martensite
induced during deformation was much larger in tension than in
compression. For the Fe-32%Mn-0.2%C alloy, the amount of
martensite induced during deformation was slightly larger in
compression than in tension. Such differences are considered to
result from the difference between the tensile and compressive
stress in the contribution to the transformation due to the volume
change with the transformation.

(2) The amount of martensite which calculated from the
proposed model fitted well with the amount which measured
experimetally. From this result, the model was verified. It can
be concluded that the contribution of applied stress to the
martensitic transformation is expressed by the mechanical driving
force, and the stress aids the total shape strain involving the
volume change during the transformation.

(3) The proposed model can be applied at all temperatures
below Mg temperature,

(4) The effect of texture is confirmed to be negligible.
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CHAPTER III OBSERVATION OF BANDED STRUCTURE FORMED BY

DEFORMATION IN FE-NI-C ALLOYS
3.1 Introduction

Maxwell et al(l) observed a kind of banded structure(such as
shown in Photo.1.2) in Fe-Ni-C alloys, and they reported that such
a structure is a new type of martensite which is formed by heavy
deformation above the Mg temperature. Since this structure can
only be observed when the specimen is plastically deformed, they
proposed that this structure is the strain-induced martensite which
should be classified from the stress-assisted one, and considered
that such martensite was formed by the strain-induced nucleation
mechanism proposed by Olson and Cohen(z).

Maki et al(s) reported that in Fe-Ni and Fe-Ni-C alloys, the
morphologies of deformation-induced martensite are essentially the
same as those of thermally transformed martensite. If the banded
structure is martensite, the morphology is completely different
from that usually observed in Fe-Ni-C alloys(lenticular martensite,
thin plate martensite or lath martensite).

Maxwell et al(l) reported that such a structure could be
formed at the temperature more than 150K above the Mg temperature
in an Fe-Ni-C alloy. Since the temperature is extremely high above
the Mg, it is doubtful whether or not the banded structure is
martensite. Then, in this study, the banded structure was examined
by optical and transmission electron microscope using Fe-Ni-C alloy

From these observations, it was shown that the banded

structure, which Maxwell et al called strain-induced martensite,
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was not martensite but deformation twins of austenite.
3.2 Experimental Procedure

Alloys were prepared by vacuum induction melting. Chemical
compositions and Mg temperatures are shown in Table 3.1. The ingots
were homogenized at 1473K for 24h, and cold-rolled to sheets of
0.8 mm thickness. Then, specimens to apply tensile deformation
were machined into the shape shown in Fig.3.1. Specimens were
austenitized at 1273K for 1h for both alloys, and quenched in iced
brine.

Tensile deformation was applied by an Instron type testing
machine(max. 2t) at various temperatures from 291K to 473K.
Temperatures above room temperature were obtained in o0il bath.
Microstructures of deformed specimens were examined by optical and
transmission electron microscope(JEOL JEM-120). 35% NaZSZOS
solution was used as an etching solution for the optical microscopy.

Thin foils were prepared from the specimen(the thickness
before deformation was 2 mm) which rolled to 30% strain at 373K,
by both chemical(HF:H,0,:H,0 = 1:17:2) and electro-polishing

2722

(CrZOS:CHSCOOH:HZO = 5:25:1).

3.3 Results and Discussion
3.3.1 Optical microstructure

Photo.3.1(a) and (b) show typical banded structures observed

in a specimen of the Fe-20%Ni-0.7%C alloy rolled to 30% strain at

-



Table 3.1 Chemical compositions(wt%) and Mg temperatures (K)

of alloys.

Alloy C Si Mn p S Ni Fe [Mg

Fe-20%Ni-0.7%C | 0,73(0.003{<0.003({0.004|0.004|19.50(bal.|228

Fe-23%Ni-0.5%C | 0.47]0.003(<0.003|0.003(0.004|22.60({bal.|228

T
S
4

k1549 |— 20‘_7,9 15 ]
- 86

Fig.3.1 Shape and size of specimen (mm).
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373K. Maxwell et al(l) called these structures as strain-induced
martensite. Banded structures form in parallel along one direction
(Photo.3.1(a)) or along two directions (Photo.3.1(b)). Small dark

etched spots are sometimes observed in the banded area.
3.3.2 Transmission electron microscopic observation

Photo.3.2(a) shows a transmission electron microstructure of
the specimen of the Fe-20%Ni-0.7%C, Photo.3.2(b) shows a selected
area electron diffraction pattern taken from the region marked by
square in Photo.3.2(a), and Photo.3.2(c) is its key diagram. It
can be seen from Photo.3.2(a) that the banded structure consists of
many thin plates. The maximum thickness of them is about 0.2um.
Miller indices of the diffraction spots from bands are marked with
subscript (t). The key diagram shows that the two regions of
different orientations are both austenite and they are twin related
along (111)Y twinning plane. The direction of the streaks observed
in Photo.3.2(b) is perpendicular to the (111)y twinning plane.
These streaks suggest that the twinned regions are considerably
thin. Photo.3.3(a) shows the banded structure in a bright field
image which is lower magnification of Photo.3.2(a). Photo.3.3(b)
is a dark field image from a diffraction indexed as the (00Z) of
the matrix. Photo.3.3(c) is a dark field image corresponding to
the (11T)t of twin. The complete reversal of contrast between the
two dark field images is clear.

Photo.3.4 shows an optical micrograph of a specimen(the
thickness before rolling is 2 mm) deformed by rolling to 30%

reduction at 373K and cooled to 253K. The banded structure are

_60_



(b)

| maT 002+
i
[

Photo.3.2 Transmission electron micrograph of the Fe-20%Ni-0.7%C

Beam// [170]:(710]t

alloy rolled to 30% reduction at 373K.

(a): Bright field image. (x 63000)

(b): Selected area electron diffraction pattern tayen
from the square in (a).

(c): Key diagram of (a).
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formed by rolling and lenticular martensites are formed by cooling.
(It seems that the Mg temperature was increased due to the
deformation.) Some of martensite plates grow across the banded
structure. In such a case martensite plate changes its growing
direction in the banded structure and shows a kinked morphology.
Since the banded structure is consisted of several bands, the
crossing mode of martensite plate is rather complicated but this
kinking is another strong evidence that the banded structure is
deformation twins of austenite.

From these observations, it is now clear that the banded

structure(Photo.3.1) is a group of thin deformation twins of austenite.
3.3.3 Stacking fault energy of Fe-Ni-C austenite

It has been considered that the stacking fault energy of Fe-
Ni-C austenite is too high to form deformation twins, and only
Jan Kounicky(4) reported that in the Fe-25%Ni-0.5%C austenite, the
deformation twins were observed by 50% reduction at room temperature.
In this study, it was confirmed that the deformation twinning could
occur in Fe-Ni-C austenite.

Venables(s) reported equation(3.1) as the relationship between

twinning stress(TT) and stacking fault energy(y).

(1/43){1/3 + K(tp/W I (tp/u) = y/ub - ----mmmmmomms (3.1)

where K: constant (700 ~ 900)

4

u: shear modulous (7.4 x 10  MPa)

b: burgers vector of perfect dislocation

<Gt =



The stacking fault energy of the Fe-20%Ni-0.7%C and the Fe-23%Ni-

0.5%C austenite was calculated by Eq.3.1. About 5.0 x 10_2 i

J/m
was obtained for both alloys from the twinning stress(oT = about
500MPa) which was determined as the stress at which twinning was
first observed by optical microscope at room temperature. The
twinning stress(cT) was transfered to shear stress(yT) by Taylor’s
relation(6)(cT = 3,06 YT). In the case of stainless steels, in
which deformation twins occur, the stacking fault energy is

2 2

2.0 x 10 “,~ 3.0 x 10 J/mz. Comparing the estimated‘stacking

fault energy for Fe-Ni-C alloys with this value, the stacking fault

2

energy (5.0 x 10 J/mz) obtained in this study seems to be not too

large.

3.3.4 Corelation between deformation twinning and martensitic

transformation

In the temperature range below the Mg temperature, there are
possibilities that both twinning of austenite and martensitic
transformation occur by deformation. Photo.3.5(a), (b), (c) and
(d) show optical microstructures taken from the Fe-23%Ni-0.5%C
specimens deformed to about 30% strain in tension at 291K, 323K,
373K and 473K, respectively. In the temperature range near the Ms,
martensite formed by deformation can easily be identified as shown
in Photo.3.5(a) and (b). However, as the deformation temperature
increases, the amount of martensite formed by deformation becomes
less and difficult to be identified. In the case of Fe-23%Ni-0.5%C

alloy, small dark etched spots are seen in the banded area as shown
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in Photo.3.5(c) and (d). Such small dark etched spots are also seen
in an Fe-20%Ni-0.7%C alloy(Photo.3.1) more clearly.

To examine the magnetic characteristic of these spots, an
experiment was carried out. The specimen(Photo.3.6(a)) which had
been deformed to 30% reduction at 373K and formed banded structure
was magnetized and immersed in alcohol where fine iron particles
were dispersed. Fine iron particles were found to be preferentially
attached to the small dark etched spots(Photo.3.6(b)). The
microstructures of Photo.3.6(a) and (b) are taken from the same
region. This indicates that the small dark etched spots are
ferromagnetic while the matrix is paramagnetic. From this experiment,
there is a possibility that the small dark etched spots are martensite.
However, Georgiyeva et 31(7) reported that in Fe-Ni-C austenite, the
clustering of carbon atoms occurs at the imperfections introduced by
deformation, and the Curie temperature of these regions is
remarkably increased. This suggests another possibility that the
small dark etched spots are ferromagnetic austenite with higher Curie

temperature than the matrix.

3.4 Conclusion

From the optical and electron microscopic observations of
the banded structure which formed by deformation in Fe-Ni-C alloys,

the following results are obtained.

(1) The banded structure formed by deformation, which Maxwell
et al called strain-induced martensite, is not martensite but a

group of thin deformation twins of austenite.
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(2) The small dark etched spots in the banded area is
ferromagnetic and it can be either martensite or ferromagnetic
austenite.

(3) The stacking fault energy of the Fe-20%Ni-0.7%C and the

2 2

Fe-23%Ni-0.5%C austenite was estimated to be about 5.0 x 10 “ J/m*“.
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CHAPTER IV EFFECT OF STRAIN ON DEFORMATION-INDUCED MARTENSITIC
TRANSFORMATION

4,1 Introduction

The purpose of this Chapter is to make clear the effect of
plastic strain on the deformation-induced martensitic transformation ..
There are two different views about the effect of strain on the
deformation-induced martensitic transformation. One(1)~(3) is that
the concentrated stress at obstacles(grain boundary or twin
boundary etc) induces the transformation, and the other is the
strain-induced nucleation proposed by Olson and Cohen(4).

About the effect of the concentrated stress on the deformation—
induced martensitic transformation, Suzuki et alcz) and Ueda and
Fujita(s) studied the interaction between slip bands and
deformation-induced martensitic transformation. Since there are
24 slip systems, it is difficult to determine the operating slip
systems from Schmid factor. So, in these experiments(z)’(s), the
relation between the orientation of martensite and the direction of
internal concentrated stress was not made clear.

Venables(s) observed o'-martensite which was formed at the
intersection of two ¢'-martensite bands in deformed 18-8 stainless
steel. Olson and Cohen(4) suggested that such a martensite was
formed by intersection of two shear bands corresponding to those of
Bogers and Burgers(é) double shear mechanism. Olson and Cohen also
reported that such a martensite was formed in TRIP steel by

deformation. Lecroisey and Pineau(7) observed martensite which

nucleated at the twin boundary and grew along the intersecting
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deformation bands in deformed Fe-Ni-Cr-C alloy, and suggested almost
the same mechanism as that of Olson and Cohen. However, in these
studies(4)’(6)’(7), the systems of two intersecting deformation bands
were not analyzed crystallographically. So, it is not clear whether
or not such martensites are formed from the embryo which suggested

by Olson and Cohen.

Shear plane and shear direction of deformation twin can be
determined by calculating Schmid factor. So, the direction of local
concentrated stress at the grain boundary or the annealing twin
boundary on which deformation twins impinged can be determined. In
this study, the relation between the direction of local concentrated
stress at the grain boundaries or annealing twin boundaries on
which deformation twins impinged and the orientation of martensite
was studied to make clear the effect of local concentrated stress
on the deformation-induced martensitic transformation. The
martensite which formed at the junction of two deformation twins was
examined whether or not such martensite was formed by the intersection
of two shear bands of Bogers and Burgers type suggested by Olson and
Cohen. Operating twinning systems are different between tensile
and compressive deformation. By tension, deformation twinning does
not occur when tensile direction is near [OOl]Y. On the other hand,
by compression, deformation twinning occurs only when compressive
direction is near [OOl]Y(8)~(1O). The difference between the
contribution of tensile and compressive deformations on the strain-

induced embryo formation model which was proposed by Olson and Cohen

was also discussed.
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4.2 Experimental Procedure

4.2.1 Specimen preparations

An Fe-25%Ni-0.7%C alloy and an Fe-25%Ni-0.4%C alloy were
prepared by vacuum induction melting. Chemical compositions and Mg
and Mg temperatures were listed in Table 4.1. To examine the
difference of effect between tensile and compressive deformation on
the deformation-induced martensitic transformation, both tensile and
compressive tests were performed with an Instron type testing machine
(max. load 2t). Compressive tests were performed using cubic
specimens (3x3x3 mm) of an Fe-25%Ni-0.4%C alloy to compare with the
results of tensile tests of an Fe-25%Ni-0.7%C alloy. Other results
were obtained from tensile experiments on an Fe-25%Ni-0.7%C alloy.

The ingot of an Fe-25%Ni-0.7%C alloy was hot-rolled at 1473K
and homogenized in vacuum furnace at 1473K for 24h, and then cold-
rolled to make a sheet of 0.8 mm thickness. Specimens for tensile
tests as shown in Fig.4.1 were machined from the sheet. Specimens
(a) were used for metallographic examinations after tensile
deformation. Specimens(b) were used to determine the 0.2% proof
stress and the critical stress for martensite formation. All the
specimens were austenitized at 1423K for 1h in a vacuum furnace, and
were quenched into iced brine. The specimens were deformed to variou
strain at various temperatures (183K ~ 303K), and examined by optical
microscope. 35% NaZSZOS solution was used as an etching solution.
Temperatures below the room temperature were obtained in a cold
chamber which cooled by controlling evapolation of liquid nitrogen.

The heat treatment of an Fe-25%Ni-0.4%C alloy was performed in the
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Table 4.1 Chemical compositions(wt%) and Mg and My temperatueres

(K) of alloys .used.

Alloy C Si Mn P S Ni Fe | Mg| Mg

Fe-25%Ni-0.7%C | 0.65|0.067|(0.17(0.010}0.009{25.31|bal.|163|253

Fe-25%Ni-0.4%C | 0.36(0.02 {0.01{0.002|0.007|24.54|bal.|223| —

108
(a) 9 :
I T Y i
o o
! ¥ A
) b L
k159 40— >k 915
—)}e 88
5 as 107
w [ = Tl
k104104 5 45 ‘5kW9KWj
95 2

Fig.4.1 Shape and size of specimen (mm).
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same way as the case of an Fe-25%Ni-0.7%C alloy. Compressive tests
were performed at temperatures from 298K to 333K. The temperatures

were obtained in hot water bath.
4.2.2 Determination of martensite variants

The orientation of austenite was determined by measuring the
four angles(§, a, B and y) formed by any two out of 4 {111},
annealing or deformation twin traces. Photo.4.1 shows a typical
example of structure which has four {111}, traces. Four {111},
traces were moved in parallel to cross at one point as shown in
Fig.4.2. Fig.4.2 shows the case of Photo.4.1. The maximum angle
among the four angles was called as §, and the others were called
as o, B and y along counterclockwise from §.

The orientatiqn of surface normal P(P1P2P3) was determined

using the following equations suggested by Shugo et al(ll)'

P, = Nﬁkz- BC)/ (A% + BZ + c% - AB - BC CA)
P, = ,/(Bz- gAY/ (a2 # B # €% - AB - BC = CA)  =-==o- (4.1)

Py = h/iCZ- AB) /(A% + B2 + c% - AB BC - CA)
A = -cosdcosB

B = cos(o + B)cos(B + v)

C = cosacosy

o+ B+ vy + 8 ="

The variant of martensite was determined by two surface

analysis. In the Fe-25%Ni-0.7%C alloy, lenticular martensite was
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Fig.4.2 Four {111}Y twin traces which were moved in parallel
to cross at one point. A, B, C and D are corresponded

to the same symbols in Photo.4.1.
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formed by deformation, and the habit plané was reported as

{3 15 IO}Y(IZ). Photo.4.2 is a typical example of two surface
analysis. Arrow indicates the trace of a mid-rib of martensite plate
on each surface. The angle between two surface was measured by
comparing the relative angles between directions of {111}Y traces

on each surface on stereographic projection, and the deviation from

90° was within + 2%,
4.3 Results

4.3.1 Temperature dependence of critical stress for martensite

formation by tensile stress

Fig.4.3 shows critical applied tensile stress of martensite
formation(op) and 0.2% proof stress(op,2) at various temperatures
above the Mg. op was determined as the stress where the first stress
drop occurred in stress-strain curve. Below MJ(about 210K),
martensitic transformation is induced before austenite is yielded,
and 0.2% proof stress decreases with decrease in temperature. This
decrease is due to the fact that martensitic transformation is
induced by elastic stress. Such a phenomenon has been reported by

(13)’(14). Below

Bolling and Richman(l) and also many other workers
the Mg, 0.2% proof stress increases with decrease in temperature,
since amount of martensite transformed thermally before applying

the tensile stress increases with decrease in testing temperature.

The critical stress for martensite formation increases

linearly with increase in temperature in the range between Mg and
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Mg. However, above Mg(243K in this case), austenite begins to

deform at stress(a, 350 MPa) and is required to strain-harden up to
(b, 550 MPa), to transform martensite. The stress (b) is

considerably lower than (c, about 700 MPa) expected value by
extrapolating the stress-temperature line between Mg and Mg_ The

same tendency was reported by Tokizane(ls). This decrease of critical
applied stress for martensite formation(c-b) by plastic strain prior

to the formation of martensite has been observed by many researchers.
4.3.2 Optical microstructure

Photo.4.3 shows an optical microstructure taken from the
specimen of the Fe-25%Ni-0.7%C alloy deformed to 5% strain at 183K
(between Mg and Mg). The martensite is lenticular and the same
morphology as the one of thermally transformed. The same tendency
was also reported by Maxwell et a1(16).

Photo.4.4 shows optical microstructures taken from the
specimen of the Fe-25%Ni-0.7%C alloy deformed to 22% strain in
tension at 243K. At 243K, both slip and deformation twinning are
introduced in the parent austenite. Above the stress(b, in Pig.4.53};
the martensite was observed at the intersection of two deformation
twins (Photo.4.4(a)) and at the annealing twin boundary (Photo.4.4(b))
or the grain boundary (Photo.4.4(c)) on which deformation twins
impinged.

The stress concentration can be produced at the grain boundary
or the annealing twin boundary on which deformation twins impinged.
From the above observations, the concentrated stress is considered

: o
to be quite effective for inducing martensite above Mg temperature.
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Photo.4.3

Optical microstructure of the specimen
of Fe-25%Ni-0.7%C alloy deformed to 5%
strain in tension at 183K (below Mg).

Etched by 35% Na,S,0. solution. (x 700)
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Although the critical stress for martensite formation is (b) at
243K, the effective concentrated stress is considered to be (c) in

Fig.4.3.
4.4 Discussion
4,4,1 Role of stress concentration

Photo.4.5 shows an optical microstructure taken from the
specimen deformed to 22% strain at 243K. Martensite(M) was formed
and grown from the annealing twin boundary(AT) at which deformation
twins (DT) impinged. If martensite is formed by the aid of the
concentrated stress due to the impingement of deformation twins,
the variant of martensite should depend upon the shear direction
and the shear plane of the impinging deformation twin.

According to Livingston and Chalmers(17), if deformation
twinning system(i) (which has an unit vector e; as its twinning plane
normal and gi as its twinning direction) has occurred in crystal A
and impinges on the grain boundary between crystal A and crystal B,
and if the acting stress is Pj, the resultant shear stress Pj on

twinning system(j) (which has an unit vector ej as its twinning plane

normal and gj as its twinning direction) will be as follows.
Pj = Pj x Njj = Pil[(ei-ej)(gi-gj) + (ei-gj)(ej-gi)] ----(4.2)

In the case of Photo.4.5, the.surface normal was calculated
from equation(4.1) using four twin traces(A, B, C and D). Fig.4.4
is the stereographic projection showing the relation among the

surface normal(P), the tensile direction(T) and four twin traces

=83
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Fig.4.4 Stereographic projection showing the
relation among the surface normal(P),
the tensile direction(T) and four
directions of twin traces(A, B, C and D)

in Photo.4.5.
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(A, B, C and D) in Photo.4.5. The annealing twin boundary (AT) was
taken as (1T1)Y. The shear plane of the impinging deformation twin
(DT) is (Tll)Y. Calculated Schmid factor for the twinning system
{lll}Y, <112>Y is shown in Table 4.2. The twinning direction(DT)
on the (Tll)Y plane was determined as [T'Z'l]Y since it has the highest
Schmid factor(0.33) among three directions on the (Tll)Y.

Nij value(stress coupling factor) for the twinning system
(Tll)Y, ['1"2'1]Y and the shear of martensitic transformation on the
habit plane was calculated for 24 martensite variants. The
calculated values are listed in Table 4.3. In Table 4.3, Schmid
factor for the shear of martensitic transformation on the habit
plane and the direction of applied tensile stress is also shown.
The shear system {3 15 10}Y’ <.2% .60 .77>Y was used as the shear
system of martensitic transformation which was calculated by W-L-
R(ls). Since martensite was formed inside (1T1)Y annealing twin,
the shear system was transfered to the indices of matrix by

the equation(4.3).
T722

[h k 1]y = (1/3)[h k 1] ZT7Z]  mrmmmmeme=e- (4.3)
Z 3 1

The observed martensite variant was determined by the two
surface analysis which was shown in Photo.4.2. Fig.4.5 shows the
key diagram. The habit plane of martensite in Photo.4.5 was taken
as (11 76 47)y which was nearest to H in Fig.4.5. The observed
variants were marked by -o in Table 4.3. In Table 4.3, martensite
variants are listed in order of the larger value of Njj. Observed
martensite variants have relatively larger Njj values and Schmid

factors. The same analysis as above were done for 7 martensite
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Table 4.2 Calculation of the Schmid factor for
the shear system {111}y, <112>, when
the tensile directions are [.64 .56 531y

(Photo.4.5) and [.55 .73 .41]y (Photo.4.6).

Schmid Factor
Shear Plane Shear: Direction Photo.4.5] Photo 46
[112] C§ 0.36 -D| 0.43 -A
(111) [121] AS -0.16 -0.27
[211] BS -0.20 -0.16
[121] C8 0.33 -C| 0.13 -C
(111) [211] D8 -0.19 -0.07
[112] AB -0.14 -0.05
[211] Ca 0.25 -B| 0.31 -B
(111) [112] Ba -0.12 -0.09
[121] Do -0.13 -0.22
[211] Ay -0.08 0.02
(111) [11Z] Dy 0.06 [A]| 0.18 [D
[121] By 0.02 -0.20
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Table 4.3 Njj value and Schmid factor for 24 martensite

variants. -o0: observed variants.

Habit Shear Index in Matrix N.. | Schmid
Plane Direction Plane Direction 1] Factor|.
(15 3 10)|[.60 .24 .77]| (1 53 14){[.55 .19 .81]| 0.65| 0.47 }-O
(15 3 10)|[.60 .24 .77]| (1147 26)|[.87 .03 .50]| 0.48] 0.48 [-O

(15 10 3)|[.60 .77 .24 (2936 7)|[.15 .02 .99]| o0.44| 0.42
(3 15 10)|[.24 .60 .771|(134134)|[.83 .47 .30]| 0.37| 0.03

(15 10 3)|[.60 .77 .24]1|(112647)|[.87 .50 .03]| 0.21f 0.48 |-O
(15 10 3)|[.60 .77 .24]|(1 14 53)|[.55 .81 .19]| 0.18 | 0.47
(3 15 10)|[.24 .60 .77]}(471126)|[.03 .87 .50]| 0.17| 0.04
(15 10 3)|[.60 .77 .241|(413413)|[.47 .30 .83]| 0.12| 0.29
(3 10 15)([.24 .77 .60]|(7 46 29)|{[.99 .02 .15]| 0.11| -0.06
(10 15 3)|[.77 .60 .24)|(344113)|{[.30 .47 .83]| 0.10]| -0.35
(15 3 10)|[.60 .24 .771|(29 7 #6)|[.15 .99 .02]| ©0.09| 0.38
(10 3 15){[.77 .24 .60]}{ (14 53 1){[.81 .19 .55]| 0.05| -0.34
(10 15 3)|[.77 .60 .24]|(261147)|[.50 .87 .03]| -0.03| -0.21
(15 3 10)|[.60 .24 .771|(411334)|[.47 .83 .30]| -0.04| 0.30
(10 3 15)|[.77 .24 .60]|(26 47 11){[.50 .03 .87]| -0.07| -0.22
(3 15 10)|[.24 .60 .771|(7 29 46)|[.99 .15 .02]| -0.11| -0.04
(3 10 15)|[.24 .77 .60]|(133441)|[.83 .30 .47]| -0.13| 0.02
(3 10 15)|[.24 .77 .60)|(47 26 11)|[.03 .50 .87]| -0.14| 0.03
(3 10 15)|[.24 .77 .60]|(53 14 1)|[.15 .81 .55]| -0.24| -0.14
(3 15 10){[.24 .60 .77)|(53 1 14)|[-19 .55 .81]| -0.26| -0.12
(10 15 3)|[.77 .60 .24]| (46 29 7)|[.02 .15 .99]| -0.42| -0.48
(10 15 3)|[.77 .60 .24]|(14 1 53)|[.81 .55 .19]| -0.43} -0.32
(160 3 15)|[.77 .24 .601|(46 7 29)|[-02 .99 .15]| -0.54| -0.49
(10 3 15)|[.77 .24 .60]|(341341>|[.30 .83 .47]| -0.55| -0.34
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Fig.4.5

100

Stereographic projection of two surface analysis
for Photo.4.5. The habit plane H for martensite
in Photo.4.5 is determined as the point which is
90° from both A and B. {3 15 10}Y planes are
transfered to matrix indices by Eq.4.3.

(11 Z6 47)y is the nearest to H among them, and
is selected as the habit plane of the martensite.
A,B: direction of the trace of habit plane on

each plane.
E: edge direction.
P.,P.: direction of the surface normal of each

1°°2
surface.
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plates. All the observed martensite variants are listed in Table 4.4,

In Table 4.3 and Table 4.4, all the observed martensite
variants have both large Njj value and large Schmid factor. From
above results, it can be concluded that martensite was formed by the
aid of the concentrated stress due to the impingement of deformation
twins plus by the aid of applied tensile stress.

In this study, stress was considered to aid the total shape
strain on the habit plane. However, as descrived in Chapter I,

Kato et a1(19),(20)

considered that martensitic transformation took
place by double shears(i.e., the 1st shear is (aY/18)[11'2']Y on
(111)y, 2nd shear is (aY/12)[lT7]Y on (1I1)y) suggested by Bogers
(6)

and Burgers , and that the applied stress aided the lst shear.
BCC structure which is obtained by B-B double shear requires

rotaticn to satisfy the orientation relationship such as K-S, G-T

or N. The orientation relationship in the Fe-25%Ni-0.7%C alloy is

(12)

considered to be G-T relationship The difference in orientation
is within 5° among K-S, G-T and N. There is no essential trouble in
considering the orientation relationship in this alloy to be K-S,

G-T or N relationship. Then, all K-S and N variants were associated
with B-B double shears. An example of such an association was

shown in Appendix. All the martensite variants and corresponding
B-B double shears are listed in Table 4.5.

Njj value for the impinging deformation twinning system and
the 1st shear of B-B double shear, and Schmid factor for the 1lst
shear and the direction of applied tensile stress are calculated
for the 7 observed martensite variants. The results are also shown

in Table 4.4. 1In Table 4.4, No.l, 4 and 6 have negative Njj values

for the lst shear and all the observed martensite variants have
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Table 4.5

2nd shear) associated with N and K-S variant.

are shown in Table 4.2.

The Bogers-Burgers bouble shear shear system(lst shear-

Symbols

K-S and N Reéationship Va;%gnt [Bogers™

Plane Direction Diréction Burgers| Habit Plane
-1{(111) v (011) e[ I12]y#[011]c | [101]Yy/[I11]c| CS-Ba (3 15 10)
- ; [0I1]y/[111]a|CS8-A8 | (15 3 10)
. [211]y/[0T1]a | [110]y/[1T1]e| BS-Ay | (10 3 15)y
. [101]vy[111]a|B6-Ca | (10 15 3)y
- [121]y~[011]a |[[011]y/[111]c|AS-C3 | (15 10 3)y
- [110]y/[111]c! AS-By | (3 10 15)y
-1{ (111) v/ (011) e[ Z11]y/[0I11] e | [10I]v/[111]a| D3-Ay | (10 15 3)y
-2 | [110]y/[111]e| D3-Ca | (10 3 15)y
-3 [112]y/[011]a|[0TI1]y#[111]a| AB-CS | (I5 3 10)y
-4 [101]y/[111]c| AB-Dy | (3 15 10)y ’
-5 [121]v/[011)e|[110]y/[111]e| C8-Da | (3 10 1S5)y
-6 ) [011]ys[111]a| CB-AS | (15 10 3)y
-1 (TI1)y/7(011)af[112]y/[011) e | [101]y/[111]e; Dy-AB8 | (3 15 10)y
-2 [011]yy[111]}al Dy-Ba | (IS5 3 10)y
-3 [211]y#[011]c|[110]y/[111]c| Ay-BS | (10 3 15)y
- [101]yx[111]al Ay-D8 | (10 IS5 3)y
- [121]vy[011]a|[011])yy[111]a] By-Da (15 10 3)y
- , _ [110]y/[111]ce| By-As | (3 10 15)y
-1{(1T1)y#(011)a|[21T]yy[011]a! [101]yy/[111]e| Ca-BS | (10 i_? 3)y
- [110]yy[111]c| Ce-DB8 (10 3 15)y
-3 [T12]v/[011]a| [011]y#[111]e| Ba-Dy | (153 10)v
-4 [101]y/[111]e| Ba-CS | (315 10)Y
-5 [121]v/[011]e|[I10]Yy/[111]c| Da-CB | (3 10 15)y
-6 [0II]v/[111]e| Da-By | (15 10 3)y
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small Schmid factors for the 1lst shear. From these results, both
the locally concentrated and applied stress is considered to assist
the total shape strain of martensitic transformation rather than the

1st shear of the B-B double shears.

4.4.2 Martensite formed at the intersection of two deformation

twins

As descrived in section 4.4.1, martensitic transformation was
induced by the concentrated stress due to the impingement of
deformation twins.

On the other hand, Olson and Cohen(4) suggested that the
intersection of shear bands(slip bands, e'-bands and deformation
twins etc.) could form embryo of martensite if the two shear
systems corresponded to B-B double shears. Deformation twins are
one of such shear bands, and when two deformation twins intersect,
there is a possibility to operate 0-C mechanism. In present study,
the shear systems of two intersecting deformation twins were
examined. The operating twinning systems are different between
tensile deformation and compressive deformation, the examinations

were performed both by tension and compression.
4.4.2.1 1In the case of tensile deformation

Photo.4.6 shows an optical microstructure of Fe-25%Ni-0.7%C
specimen deformed to 22% strain in tension at 243K. The martensite
(M) is formed at the intersection of two deformation twins (A and B).

) ; & .
The surface normal of austenite was determined from four twin traces
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(A, B, C and D). The relation among the surface normal (P), the
tensile direction (T) and four twin traces(A, B, C and D) is shown
in the stereographic projection(Fig.4.6). The shear plane of A and
B were determined as (lll)Y and (1I1)y, respectively. Calculated
Schmid factor for each shear system is shown in Table 4.2. From
Table 4.2, the shear systems of A and B are (111)y, [11Z]y and
(lTl)Y, [7T1]Y, respectively. However, the combination of these
two shear systems does not correspond to B-B double shears. If
martensite which formed at the intersection of two deformation
twins was formed by O-C mechanism, the combination of two
intersecting twinning systems must correspond to B-B double shears.
Martensites formed at the intersection of deformation twins in
Photo.4.6 are not considered to be formed from an embryo suggested
by Olson and Cohen because the shear systems of two intersecting
deformation twins does not correspond to B-B double shears.

The other 5 martensite plates were analyzed in the same way.
In all 5 cases, the combination of two shear systems of observed
deformation twins did not correspond to B-B double shears. Then,
it can be concluded that martensites which observed in this study
at the intersections of two deformation twins were not considered
to be formed by 0-C mechanism.

Generally, the operating twinning system depends on stressing
direction, and it is considered that the specific stressing direction
is required to introduce two special twinning systems which
correspond to B-B double shears. In the case of tension, the Schmid
factor for these two twinning systems are positive for the tensile
direction in the region of ADF in Fig.4.7. One of the Schmid factor

for these two twinning systems is negative in the region of DFG.
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Fig.4.6 The stereographic projection showing the
relation among the surface normal P, the
tensile direction T and four directions

of twin traces(A, B, C and D) of Photo.4.6.
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[111]
G

[112]F

[113]E

A 0
[001] B C o1
Fig.4.7 Stereographic unit triangle showing the region
where two twinning system corresponding to the
Bogers-Burgers double shears can be operated
in tension.
ADF: where the Schmid factor for these two twinning
systems are positive.
DFG: where one of the Schmid factor for these two
twinning systems are negative.
ACE: where the Schmid factor for these two twinning
systems are larger than 0.1.
AEB: where deformation twinning is difficult to

occur in tension.
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If the twinning system can operate when the Schmid factor for the
system is positive, both of two twinning systems which correspond to
B-B double shears can operate in the region of ADF. If the twinning
system can operate when the Schmid factor is larger than 0.1, these
two twinning systems can operate in the region of ACE which is
smaller than ADF. The critical value of Schmid facior for twinning
system operation is not clear. In the case of Fe-25%Ni-0.75%C alloy;
critical twinning stress is about 500 MPa, and tensile strength is
about 1000 MPa., A Schmid factor(u) of operating twinning system
must be larger than (500/1000)uy,(n, is the maximum Schmid factor
among 12 twinning systems). wup takes the minimum value(0.24)

when tensile direction is [001]y. Schmid factor of operating
twinning system must be larger than 0.12(= 0.24 x 500 + 1000). It
is reasonable that twinning system, which has Schmid factor lower
than 0.1, is difficult to operate in this alloy. There are some
reports(s)’(g) describing that deformation twinning is difficult to
occur in the region of ABE. From above consideration, the tensile
direction which can introduce two twinning systems corresponding to

B-B double shears is considered to be quite restricted.
4.4.2.2 1In the case of compressive deformation

Operating twinning system depends on deformation method. In
the case of compressive deformation, Narita and Takamura(lo)
reported that deformation twinning occur only when the compressive
direction was in the area ABE in Fig.4.7. In the area ABE, the

combination of two twinning systems, each of which has the largest
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Schmid factor and the second largest Schmid fagtor, correspond to
B-B double shears. When two twinning systems operate in
compression, the combination of the systems are considered to
correspond to the B-B double shears. Photo.4.7 shows optical
microstructures taken from the Fe-25%Ni-0.4%C(Ms = 223K) specimen
which deformed to 44% strain in compression at 333K. Martensite(M)
i; formed at the intersection of the grain boundary(GB) and
déformation twins (DT) (Photo.4.7(a) and (b)) and within deformation
fwins(DT)(Photo.4.7(c)). On the other hand, martensite which can
ﬁe&identified clearly is not observed at the intersection of two
deformation twin§(Photo.4.7(b) and (d)). As described in Chapter III,
there is a possibility that the small dark etched spots in
deformation twins are martensite. However, martensite, which can
be identified clearly, is not tend to form at the intersection of
two deformation twins preferentially. The combination of such two
deformation twinning systems are considered to correspond to the
B-B double shears. Then, from the results in section 4.4.2.1 and
above, it can be concluded that the strain-induced embryo formation
mechanism which proposed by Olson and Cohen is not prevailing
mechanism for deformation-induced martensitic transformation.

It is considered that stress is concentrated at the
intersection when deformation twins impinged on another deformation
twins (since twinning dislocation can not move two different twinning
planes). However, martensite was not tend to form at the
intersection of two deformation twins. When impinging deformation
twin is thin, the concentrated stress at the intersection of two

deformation twins is considered to be small. In Photo.4.7(b) and
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(d), one of two intersecting deformation twins is a group of thin
twins. It is considered that the concentrated stress at the
intersection of two deformation twins is smaller than that at the

grain boundary(Photo.4.7(a) and (b)) on which deformation twins

impinged.
4.5 Conclusion

In an Fe-25%Ni-0.7%C austenite and an Fe-25%Ni-0.4%C austenite,
both twinning and martensitic transformation can be induced during
deformation in a suitable temperature range. In the present study,
the effect of deformation twin on the deformation-induced martensitic
transformation was examined to reveal the effect of applied stress
and plastic strain on the martensitic transformation. The results
obtained are as follows.

(1) In the temperature range between Mg and Mg, the critical
stress for martensite formation increased linearly with increase
in temperature. In the temperature range above Mg, the critical
stress for martensite formation was considerably lower than that
expected by extrapolating the stress-temperature line in the
temperature range between Mg and Mg.

(2) 1In the temperature range between Mg and Mg, the
morphology of martensite was the same as the one of thermally
transformed(i.e., lenticular). In the temperature range above Mg,
the martensite was frequently observed at the intersection of two

deformation twins, and the grain boundaries or the annealing twin

boundaries on which deformation twins impinged.
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(3) Such martensites had large Nij value for the impinging
twinning system and the shear of martensitic transformation on the
habit plane. And they also had large Schmid factor for the
direction of applied tensile stress. It was concluded that such
martensite were formed by the aid of the concentrated stress due to
the impingement of deformation twins plus by the aid of applied
tensile stress.

(4) Martensite which observed at the junction of two
deformation twins formed in tension in this study was considered
not to be formed from the embryo produced by the intersection of
two shear bands suggested by Olson and Cohen. From the
crystallographic analysis, the combination of these two deformation
twins did not correspond to Bogers and Burgers double shears.

(5) It was shown that in the case of tension, the tensile
direction which can introduce two deformation twinning systems
corresponding to B-B double shears was considered to be quite
restricted. In the case of compression, martensite which can be
identified clearly is not tend to form preferentially at the
intersection of two deformation twins that are considered to be
corresponding to B-B double shears. From the results (4) and (5),
it was considered that the strain-induced embryo formation
mechanism which proposed by Olson and Cohen is not prevailing

mechanism for deformation-induced martensitic transformation.
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Appendix

First, each K-S variant was associated with each N variant.
In Table 4.5, the associated K-S and N variant has the nearest
orientation. Next, each B-B variant was associated with each K-S
variant. For example, CS - Bo (symbols are shown in Table 4.2)
variant is associated with corresponding K-S variant.

In Fig.A.1, the process of C§ - Ba shear mechanism is shown.
During the 1st shear(Cé :(ay/18)[11Z]y, (111)y), only the (111)y
plane is the invariant plane among four {111} planes. Then, (111)y
plane was fixed during the transformation. After the transformation,
each {111}, plane becomes {011}, plane. Then, the following
relationship is obtained.

(111)y // (011),

During the transformation, [TOl]Y is invariant direction by
shear of both C§ and Ba. After the transformation, [I01]y becomes
[ITT1]q or [1T1]y direction on the (011), plane. After the
transformation, [I01]y becomes (a) direction on (011)y plane as
shown in Fig.A.1. (a) direction and (b) direction makes 70° angle
after the transformation, then (a) direction is decided as [I11]g
direction. Then, the following orientation relationship is obtained.

(111)y // (011)4
[TO1]ly // [IT11],.
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Fig.A.1 Double shear mechanism by Bogers and Burgers(ﬁ)
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CHAPTER V EFFECT OF PRIOR DEFORMATION ON THE MARTENSITIC
TRANSFORMATION

-

5.1 Introduction

When martensitic transformation is induced during deformation,
it is difficult to separate the effect of deformation into the total
applied stress and local concentrated stress. In Chapter IV, it was
observed that during deformation, concentrated stress formed by the
impingement of deformation twins on the grain boundaries or the
annealing twin boundaries induced martensitic transformation. From
that, it was suggested that the effect of plastic strain is to form
the stress concentrated regions during deformation. FHowever, when
the martensite is induced during deformation, the effect of total
applied stress was also acting. To separate the effect of local
concentrated stress from the effect of applied stress on the
martensitic transformation, it seems to be important to examine the
effect of prior deformation on the subsequent thermal martensitic
transformation.

In the former studies(l)~(7) on the effect of prior deformation
on the martensitic transformation, as shown in Chapter I, the Mg
temperature increased with increasing dgree of prior deformation, and
then decreased by further prior deformation. In these studies, it
was suggested that the local residual stress, which was introduced
by prior deformation, promoted the transformation. However, the
defects which were introduced in these studies were mainly
dislocations, and microstructural considerations of the effects of

these defects were not made enough from its experimental difficulties.
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Since it has not been made clear where martensitic transformation
initiated and how the local residual stress acts to induce the
transformation, the relation between the local residual stress
and formation of martensite has not been made clear.

In Chapter III, it was found that deformation twinning could
occur in austenite of Fe-Ni-C alloys. Deformation twin can be
observed by optical microscope, and it is the most suitable defects
to examine the effect of prior deformation on the martensitic
transformation. In this study, the effect of deformation twins
which was introduced by prior deformation above the Mg temperature
on the martensitic transformation was examined using an Fe-25%Ni-0.7%C
alloy. An Fe-32%Ni alloy, in which deformation twinning hardly occur
during prior deformation, was also used. The results were compared
with the results obtained for the Fe-25%Ni-0.7%C alloy.

From this study, it was found that martensites formed
preferentially at the grain boundaries or the annealing twn boundaries
on which deformation twins(that were introduced by prior deformation)
impinged. From the crystallographic analysis, it was concluded that
such martensites were formed by the aid of residual local stress at
the boundaries on which deformation twins impinged. Furthermore,
since such local residual stress is formed during deformation, the

result in this study supports the result in Chapter IV.

5.2 Experimental Procedure

An Fe-25%Ni-0.7%C alloy and an Fe-32%Ni alloy were prepared
by vacuum induction melting. Chemical compositions and Mg and Mg

temperatures are shown in Table 5.1. The ingots of alloyswere
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Table 5.1 Chemical compositions(wt%) and Mg and Md temperatures

(K) of alloys used.

Alloy C Si | Mn P S Ni Al Fe | Mg | Mg
Fe-25%Ni-0.7%C | 0.65 |0.067| 0.17( 0.010]0.009}25.31| - bal.| 163| 253
Fe-32%N1i <0.005({0.006/0,051{0.005/0.004]32.18{0.094|bal.| 190|€298

0.5t 10R

| Ak 4 T

1 O g
A

7
(_15_,|9|<__ 40 __-yls 15 |
F 86 7

Fig. 5.1 Shape and size of specimen (mm).
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hot-rolled at 1473K and homogenized in a vacuum furnace at 1473K
for 24h, and then cold-rolled to make sheets of 0.8 mm thickness.
Specimens for tensile deformation as shown in Fig.5.1 were machined
from the sheets. Specimens were austenitized at 1423K for 1h in a
vacuum furnace and were quenched in iced brine(I.B.Q.) for both
alloys. Some of specimens of the Fe-32%Ni alloy were cooled in
furnace(F.C.) from the austenitizing temperature to avoid the thermal
stress during quenching which was considered to be affected Mg
temperature of the alloy. The result obtained for furnace cooled
specimens was compared with those obtained for iced brine quenched
specimen,

Each specimen was pre-strained at 298K(above the Mg
temperature for both alloys) to various strain in tension. In the
specimens of the Fe-25%Ni-0.7%C alloy, deformation at 298K proceeded
only by slip to about 15% strain and by both slip and deformation
twinning above 15% strain. In the case of the Fe-32%Ni, deformation
proceeded only by slip.

Deformed specimens were cut to three pieces to measure the
Ms temperature. The Mg temperature was measured by recording the
change in electrical resistance during continuous cooling of the
specimen between room temperature and the temperature of a liquid
nitrogen.

Optical microscopic observation was performed on the specimen
which formed a few martensite plates after cooling below the Mg
temperature to éxamine where martensites formed. 35%Na,S,0. was
used as an etching solution.

The variant of martensite plate formed by cooling below the

Ms temperature was determined by the method described in 4.2.2
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(Chapter IV). The morphologies of martensite formed in the Fe-25%Ni
0.7%C alloy were lenticular or thin plate. The habit plane was
reported as {3 15 10}y for both martensites (8> (9 Maki et a1(10)
reported that the morphology of martensite depends mainly on the

formation temperature and 170K is the temperature at which both

morphologies can be formed.

5.3 Results

5.3.1 Effect of prior deformation on the Mg temperature

Typical electrical resistance vs temperature curves of initial
deformed specimens are shown in Fig.5.2(a), (b) and (c). In the
specimen of the Fe-25%Ni-0.7%C alloy deformed to small degree at
298K, the burst transformation occurred and the Mg was clearly
detected as shown in Fig.5.2(a). While in the specimen of the Fe-
25%Ni-0.7%C alloy which was initially deformed to a certain degree,
the burst was suppressed, and the Mg was characterized by a
relatively small change in slope of the curve as shown in Fig.h:2(b)
In the case of the Fe-32%Ni alloy, large bursts were observed for
all specimens such as shown in Fig.5.2(c).

Fig.5.3 ~ Fig.5.5 show the variation of the Mg temperature with
increasing degree of prior deformation. For the Fe-25%Ni-0.73C
alloy(I.B.Q.)(Fig.5.3), the Ms first rises up to about 10% strain
and then falls with increasing degree of prior deformation. The
maximum increase of the Mg by prior deformation is about 30K. When

austenite is plastically deformed, the regions which have local
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(@) Fe-25%Ni-0.65%C

1.7% pre-strain

Mg=178K
¥

(b) Fe-25m1-0.65%C

3\ 38% pre-strain
S Mg=173K
o
© ¥
2]
sl ///
n
[5)
o
(C) Fe-322M1
10% pre-strain
Mg=203K
¥
I |
100 150 200 250
[ Temperature (¥)
Fig.5.2 Typical transformation curves.

(a) :For the Fe-25%Ni-0.7%C alloy which was

(b)

(c)

pre-strained 1.7% at 298K. Bursts are
detected.

.For the Fe-25%Ni-0.7%C alloy which was

pre-strained 38% at 298K. Small change

in slope is observed at Ms.

-For the Fe-32%Ni alloy which was pre-

strained 10% at 298K. Large burst is

observed.
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Fig.5.3 Variation of the Mg temperature with increasing
degree of prior deformation for the Fe-25%Ni-0.7%C
specimen which was quenched in iced brine(I. B. Q.)

from austenitizing temperature.
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Fig.5.4 Variation of the Mg temperature with increasing
degree of prior deformation for the Fe-32%Ni
specimen which was quenched in iced brine(I.B.Q.)

from austenitizing temperature.
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Fig.5.5 Variation of the Mg temperature with increasing
degree of prior deformation for the Fe-32%Ni
specimen which was cooled in furnace(F. C.)

from austenitizing temperature.
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high concentrated stress are introduced. Such local stress is
considered to aid the martensitic transformation. Plastic
deformation also results in the hardening of the matrix austenite.
If the austenite is work-hardened, the Mg falls(6)’(11). The
results in Fig.5.3 can be explained as the total of both effects.
For the specimens of the Fe-32%Ni alloy which were quenched in iced
brine(Fig.5.4), the Mg first decreased to about 5% pre-strain and
then increased with increasing pre-strain. Such decrease of the Mg
at small pre-strain was not observed for the specimens of the Fe-
32%Ni alloy which was cooled in furnace(Fig.5.5). The decrease of
the Ms in Fig.5.4 was considered to be due to the thermal residual
stress which was created by quenching from austenitizing temperature.
It was considered that the Mg of the Fe-32%Ni alloy(I. B. Q.) was
high in the quenched state due to the thermal residual stress created
by quenching from austenitizing temperature, and the Mg was decreased
with prior deformation by eliminating the residual stress. Such
decrease of the Mg at small strain was not observed for the Fe-25%Ni-
0.7%C alloy. It was considered that the thermal residual stress due
to quenching was smaller in the Fe-Ni-C alloy than in the Fe-Ni alloy,
because the yield strength of the Fe-Ni-C alloy is higher than that
of the Fe-Ni alloy.

Fig.5.6 shows true stress-strain curves for the Fe-25%Ni-0.7%C
alloy and the Fe-32%Ni alloy at 298K(above Mg for both alloys).
For the Fe-25%Ni-0.7%C alloy, deformation proceeds by slip up to
15% strain and deformation twins begins to form from about 15% strain.
For the Fe-32%Ni alloy, deformation proceeds only by slip. The
serration, which was observed in the Fe-25%Ni-0.7%C alloy, was due

to P-L effect due to carbon atom because the serration was
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Fig.5.6 True stress-true strain curves for the

Fe-25%Ni-0.7%C specimen and the Fe-32%Ni

specimen at 298K.
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disappeared when the strain rate was changed. At 298K, the equation
of o=Ke" (where o is true stress, e is true strain, n is work-
hardening exponent and K is constant) could be applied to fit the
stress-strain curves for both alloys. When deformation twinning
occurs, the value of n changes. In the case of Fe-25%Ni-0.7%C alloy
it was considered that the equation can be applied since amount of
deformation twin was small. The work-hardening exponent(n) is 0.49
for the Fe-25%Ni-0.7%C alloy and 0.37 for the Fe-32%Ni alloy,‘
respectively.

The lowering of the Mg observed for the Fe-25%Ni-0.7%C alloy
above 10% strain(Fig.5.3) was not observed for the Fe-32%Ni alloy
(Fig.5.4 and Fig.5.5). The lack of such lowering of the Mg for the
Fe-32%Ni alloy seems to be due to the smaller work-hardening(n=0.37)

comparing with the Fe-25%Ni-0.7%C alloy(n=0.49).
5.3.2 Optical microstructure observation

The optical microscopic observation was performed on the Fe-
25%Ni-0.7%C specimen cooled just below the Mg to reveal the effect
of deformation twins of austenite on the marteniitic transformation.

Photo.5.1(a), (b) and (c) show optical microstructures of the
Fe-25%Ni-0.7%C specimen which deformed to 30% strain at 298K and
then cooled to 130K. Martensite(M) are frequently observed at the
grain boundry(GB) (Photo.5.1(a)), and annealing twin boundary (AT)
(Photo.5.1(b)) deformation twins(DT) impinged, and at the junction
of two deformation twins(Photo.5.1(c)). From these observations,
it was found that martensite was tend to form at the region of high

local stress created by the impingement of deformation twins.
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Photo.5.1 Microstructures of the Fe-25%Ni-0.7%C specimen which was

deformed to 30% strain at 298K and cooled to 130K,

(a) Martensite(M) which formed from the grain boundary(GB)
on which deformation twins (DT) impinged.

(b) Martensite(M) which formed from the annealing twin
boundary (AT) on which deformation twins(DT) impinged.

(c) Martensite(M) which formed from the junction of two
deformation twins(DT). (x 700)
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Photo.5.2(a) shows optical microstructure of the Fe-25%Ni-
0.7%C specimen which was deformed to 30% strain at 298K which
showing deformation twins of austenite. After the deformation,
specimen was cooled to 120K just below the Mg to form small amount
of martensite. Photo.5.2(b) shows optical microstructure of the sar
region as Photo.5.2(a) after cooled to 120K. Matensite(A) and (B)
seems to be formed from the grain boundary(GB) on which deformation
twins (DT;A) and (DT;B) impinged, respectively. Martensite(C) and
(D) are considered to be formed fromfthe annealing twin boundary(AT)
on which deformation twins(DT;C) impinged.

From these observations, it can be concludedwthat local
residual stress at the grain boundaries or the annealing twin
boundaries on which deformation twins impinged is quite effective to

induce the martensitic transformation.
5.4 Discussion

The concentrated stress at the intersection of grain boundary
or annealing twin boundary and deformation twins which is created
during deformation can not be released completely by unloading. The
direction of such residualeshear stress is fixed by the shear system
of impinging twin, and the variants of martensites which form by the
aid of such residual stress will be restricted by the direction of
residual shear stress. Here, the relation between the variant of
martensite and the direction of residual shear stress was examined.

Photo.5.3 shows an optical microstructure which was deformed to
30% strain in tension at 298K and then cooled to 130K. Martensites

(Ml, M2 and M3) are formed at the intersections of the annealing
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Photo.5.2

\
h, |

Microstructures of the Fe-25%Ni-0.7%C specimen showing

the
(a)

(b)

nucleation site for martensite. ' (x 700)

Microstructure of the austenitic specimen which
deformed to 30% strain at 298K.

Microstructure of the same area as (a) which was
cooled to 120K.
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twin boundary(AT) and deformation twins (DT).
The surface normal of the specimen was calculated as
[.41 .58 .71]y by Eq.4.1 using four twin traces(A, B, C and the other
which is not seen in Photo.5.3). The relation among the plane
normal(P), tensile direction(T) and directions of four twin traces
is shown in Fig.5.7. From Fig.5.7, twin plane of the annealiﬁg twin
(AT) was determined as (TTl)Y, and that of the deformation twins (DT)
as (111)Y. Schmid factor for each twinning system is listed in
Table 5.2. From Table 5.2, the twinning direction of impinging
deformation twins(DT) was determined as [1Z1]y on the (111)y as the
one of largest Schmid factor(0.32) among three directions on the
(111)y. The direction of residual shear stress was assumed the
same as the twinning direction of the impinging deformation twins.
The variants of martensites(Ml, M2 and M3) were measured as described
in Chapter IV(4.2.2). Photo.5.4 shows microstructures of two
surfaces. Fig.5.8 shows two surface analysis in the case of Mj in
Photo.5.3 and 5.4. The habit plane of (Mj) is determined as
(1T 26 47)y which is nearest to (H) among 24 variants in Fig.5.8.
From the same analysis, the habit planes of (M2 and M3) were
determined as (IT %7 26)y and (T 14 53)y, respectively. Since
martensites were formed inside (TTI)Y annealing twin(AT), {3 15 10}y
habit planes were transfered to indices of matrix by equqtion(5.1).
T27
(h k 1y = (1/3)(h k 1) |2 TE]  mmcceo-as (5.1)
27271
To study the relation between the residual concentrated stress

formed by the impingement of deformation twins and the martensitic
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Fig.5.7 The stereographic projection showing
the surface normal P, tensile direction T
and three twin traces(A, B and C) of

Photo.5.3.
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Table 5.2 Calculation of the Schmid factor for
the shear system <112),, {111], when

]
‘

the tensile direction is [.45 .54 .71],

(Photo.5.3).
‘| Shear Plane Shear Direction | Schmid Factor
[112] -0.22
(111) [121] 0.32
[Z11] -0.11
[121] -0.09
(T11) [211] -0.07
[T17Z] 0.17
[211] 0.14
(1T1) [112] -0.17
[121] 0.03
[2T1] 0.41
(111) [112] =0 .25
[T21] -0.16
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My M2

Photo.5.4 Two surface analysis for Photo.5.3.
Habit planes of martensites(Ml, M2 and M3)

were dtermined by two surface analysis. (x 700)
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Fig.5.8 Stereographic projection of two surface analysis
for Photo.5.3. The habit plane H for martensite(M
in Photo.5.3 and 5.4 is determined as the point
which is 90° from both A and B. {3 15 10}Y planes
are transfered to matrix indices by Eq.5.1.

(IT Z6 47)y is the nearest to H among them, and is
selected as habit plane of martensite(Ml).
A,B: direction of the trace of habit plane(Ml) on

1)

each plane.
E: edge direction.

p PZ: direction of the surface normal of each

l,
surface.
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transformation, Njj value(stress coupling factor, Eq.4.2) between
the impinging twinning system [171]Y, (111)y and the shear of
martensitic transformation on the habit plane was calculated for
24 martensite variants. The calculated results are listed in
Table 5.3. The shear system <.Z4 .60 ‘77>Y’
martensitic transformation which was calculated by W—L—R(lz)' The

{3 15 10}Y was used for

shear sfstem was also transfered to the indices of matrix by Eq.5.1.

In Table 5.3, martensite variants are listed in order from
the larger value of Nij' Observed martensite variants marked by -o
have relatively large Nij values. The same analysis as above were
performed on other three martensite plates. The results are listed
in Table 5.4. 1In Table 5.3 and 5.4, all the observed variants
have large Njj values. From these analysis, it can be concluded
that martensite was formed by the aid of the residual shear stress
created by the impingement of deformation twins.

Such local residual stress can be also introduced by piled-up
dislocations at the grain boundaries or other obstacles, and the
residual stress is considered to have the same contribution to the
martensitic transformation as the residual stress formed by the
impingement of deformation twins. The increase of the Ms temperature
which observed in the case of the Fe-32%Ni alloy is considered to

be due to the residual stress formed by piled-up dislocations.
5.5 Conclusion
To separate the effect of local concentrated stress from the

effect of total applied stress on the martensitic transformation,

the effect of prior deformation on the martensitic transformation
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Table 5.

3 Njj value for 24 martensite variants
in the case of Photo.5.3.

-0

observed variants.

Indices in A.T.

Indices in Matrix

Habit Shear Habit Shear S.C.F.
Plane Direction Plane Direction

(15 3 10) | [.60 .24 .77]| (1 53 14) | [.55 .19 .81] 0.65

(15 10 3) | [.60 .77 .24)| (29 46 7) | [.15 .02 .99] 0.59
(15 3 10) | [.60 .24 .77]| (1147 26) | [.87 .03 .50] 0.48 O
(315 10) | [.24 .60 .77] | (1341 34) | [.83 .47 .30] 0.37

(15 10 3) | [.60 .77 .24]| (1126 47) | [.87 .50 .03] 0.21 O
(15 10 3) | [.60 .77 .24]| (T 14 53) | [.55 .81 .19] 0.18 O
(3 15 10) | [.24 .60 .77]| (471126) | [.03 .87 .50] 0.17

(10 15 3) | [.77 .60 .24] | (344113) | [.30 .47 .83] 0.10

(15 3 10) | [.60 .24 .77]| (29 7 46) | [.15 .99 .02] 0.09

(10 3 15) | [.77 .24 .60] | (14 53 1) | [.81 .19 .55] 0.05

(10 15 3) | [.77 .60 .24] | (261147) | [.50 .87 .03] -0.03
(153 10) | [.60 .24 .77]| (411334) | [.47 .83 .30] -0.04

(10 3 15) | [.77 .24 .60] | (264711) | [.50 .03 .87] -0.07
(310 15) | [.24 .77 .60] | (1334 41) | [.83 .30 .47] -0.11
(315 10) | [.24 .60 .77]1 | (7 29 46) | [.99 .15 .02] -0.11

(3 10 15) | [.24 .77 .60] | (47 2611) | [.03 .50 .87] -0.13
(310 15) | [.24 .77 .60] | (53 14 1) | [.19 .81 .55] -0.24
(315 10) | (.24 .60 .77] | (53 1 14) | [.19 .55 .81] | -0.26

(15 10 3) | [.60 .77 .24] | (4134 13) [.77 .30 .83] | -0.33

(10 15 3) | [.77 .60 .24] | (46 29 7) | [.02 .15 .99] -0.42

(10 15 3) | [.77 .60 .24] | (14 T 53) | [.81 .55 .19] -0.43
(310 15) | [.24 .77 .60]1 | (7 46 29) | [.99 .02 .15] | -0.51
(103 15) | [.77 .24 .60] | (46 7 29) | [.02 .99 .15] | -0.54

(10 3 15) | [.77 .Z4 .60] | (341341) | [.30 .83 .47] | -0.55
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Table 5.4 Njj value for 24 martensite variants.

-0:

observed variants.

Indices in A.T.

Indices in Matrix

Habit Shear Habit Shear S.C.F.
Plane Direction Plane Direction

(15 10 3) | [.60 77 .24] | (1 14 53) | [.55 .81 .19] 0.65

(15 10 3) | [.60 .77 .24] | (112647) | [.87 .50 .03] 0.48 O
(15 10 3) | [.60 .77 .24) | (3134 13) | [.47 .30 .83] 0.46

(15 3 10) | [.60 .24 .77]| (29 7 46) | [.15 .99 .02] 0.44

(3 10 15) | [.Z4 .77 .60] | (133441) | [.83 .30 .41] 0.32

(15 10 3) | [. 6_ .ﬁ .241 | (29 %6 7) | [.15 .02 .99] 0.29

(15 3 10) | [.60 .24 .77]1| (1147 26) | [.87 .03 .50] 0.21 O
(15 3 10)| [.60 .24 .77] | (1 53 14) | [.55 .19 .81] 0.18 O
(310 15)| [.24 .77 .60] | (47 2611) | [.03 .50 .87] 0.17
(153 10) | [.60 .24 .77]1| (411334) | [.47 .83 .30] 0.12

(3 15 10) | [.24 .60 .771 | (7 29 46) | [.99 .15 .02] 0.11

(10 3 15) | [.77 .24 .60] | (3413 41) | [.30 .83 .47] 0.10

(10 15 3) | [.77 .60 .24] | (14 1 53) | [.81 .55 .19] 0.05

(10 3 15) | [.77 .24 .60] | (264711) | [.50 .03 .87] -0.03

(i0 15 3)| [.77 .60 .24] | (261147) | [.50 .87 .03] | -0.07
(310 15) | [.24 .77 .60] | (7 46 29) [.99 .02 .15] -0.12
(315 10) | [.24 .60 .77] | (134134) | [.83 .47 .30] -0.13
(515 10)| [.24 .60 .77] | (471126) | [.03 .87 .50] -0.14

(3 15 10) | [.24 .80 .77] | (53 1 14) | [.19 .55 .81] -0.24

(3 10 15) | [.24 .77 .60] | (53 14 1) | [.19 .81 .55] | -0.26
(10 3 15) | [.77 .24 .60] | (46 7 29) | [.02 .99 .15] | ~-0.42

(10 3 15) | [.77 .24 .60] | (14 53 1) [.81 .19 .55] -0.43

(10 15 3)| [.77 .60 .24] | (46 29 7) | [.02 .15 .99] | -0.54

(16 15 3) | [.77 .60 .241| (344113) | [.30 .47 .B3] | -0.55
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was studied using the Fe-25%Ni-0.7%C alloy and the Fe-32%Ni alloy.
The results obtained are as follows.

(1) The Mg temperature of both the Fe-25%Ni-0.7%C alloy and
the Fe-32%Ni alloy was increased by prior deformation at 298K (above
Mg temperature for both alloys).

(2) In the Fe-25%Ni-0.7%C specimen cooled just below the Mg,
martensites were frequently observed at the grain boundaries or the
annealing twin boundaries on which deformation twins(that were
introduced by prior deformation) impinged.

(3) For such martensites, the Nij value between the twinning
system which impinged on the boundaries and the shear of martensitic
transformation on the habit plane is relatively large. From the
analysis, it was éoncluded that such martensite were formed by the
aid of residual stress at the grain boundaries or the annealing twin
boundaries on hwich deformation twins impinged.

From the results (2) and (3), the increase of the Mg temperature
by prior deformation was considered to be due to the local residual
stress introduced by impingement of deformation twins on the grian
boundaries or annealing twin boundaries or piled-up dislocations
during deformation.

The results obtained in this Chapter support the conclusion
in Chapter IV that the effect of plastic strain for deformation-
induced martensitic transformation is to introduce the localized

regions where stress is concentrated.
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CHAPTER VI  SUMMARY

TRIP(Transformation-induced plasticity) is considered to be
very effective to make steels which achieve both high toughness and
high strength, and to improve formability of austenitic stainless
steels. However, deformation-induced martensitic transformation,
which is the fundamental point of TRIP phenomenon, has not been made
clear. This study was performed to obtain a clear understanding of
the role of applied stress and plastic strain during deformation
for the deformation-induced martensitic transformation. The results
obtained in each Chapter are summarized as follows.

In Chapter I, the subjects on the deformation-induced
martensitic transformation were reviewed and summarized, and the
purpose of this study was described.

In Chapter II, the effect of applied stress on the deformation-
induced martensitic transformation was studied. A quantitative
model to relate the mechanical driving force and the amount of
martensite which was induced by the applied stress was proposed.

The model was verified by comparing the amount of martensite which
was calculated from the model with that measured experimentally.
It was concluded that the effect of applied stress on the
martensitic transformation was expressed by the mechanical driving
force, and the stress aided the total shape strain accompanying
the transformation.

In Chapter III, the banded structure, which Maxwell et al
called strain-induced martensite, was examined by optical and
electron microscope. It was shown that the banded structure was

not martensite but deformation twins of austenite.
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In Chapter IV, the effect of deformation twinning of austenite
on the deformation-induced martensitic transformation was examined
to reveal the effect of plastic strain on the transformation using
Fe-Ni-C alloys. Martensites were frequently observed at the grain
boundaries or the annealing twin boundaries on which deformation
twins impinged. Such martensites had large Njj(stress coupling
factor) value for the impinging twinning system and the shear of
martensitic transformation, and at the same time they had large
Schmid factor for the direction of applied stress. It was concluded
that such martensites were formed by the aid of the concentrated
stress due to the impingement of deformation twins of austenite plus
by the aid of applied stress.

Martensite which observed at the junction of two deformation
twins in tension was not formed from the embryo produced by the
intersection of two shear bands which suggested by Olson and Cohen,
since from the crystallographic analysis, the combination of these
twins did not correspond to Bogers and Burgers double shears. In
compression, martensite which could be identified clearly was not
tend to form preferentially at the intersection of two deformation
twins that were considered to correspond to Bogers and Burgers
double shears. It was concluded that the strain-induced embryo
formation mechanism, which was proposed by Olson and Cohen,was not
prevailing mechanism for deformation-induced martensitic
transformation.

In Chapter V, the effect of prior deformation on the
martensitic transformation was studied to separate the effect of

local concentrated stress from the effect of total applied stress
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on the martensitic transformation during deformation. Martensites
were frequently observed at the grain boundaries or the annealing
twin boundaries on which deformation twins(that were introduced by
prior deformation) impinged. Such martensites had relatively large
Nij values for the twinning system which impinged on the boundaries
and the shear of martensitic transformation. It was concluded that
such martensites were formed by the aid of residual local stress at
the grain boundaries or the annealing twin boundaries on which
deformation twins(that were introduced by prior deformation) impinged.
The increase of the Mg temperature by prior deformation was considered
to be due to the local residual stress introduced by prior deformation.
The results obtained in this Chapter support the conclusion
in Chapter IV that the effect of plastic strain in deformation-
induced martensitic transformation is to introduce the localized

region where stress 1is concentrated.
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