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Abstract

The transformation strain associated with displacive phas transfor-
mations can be utilised to improve mechanical properties structural com-
ponents in steels. The advantages of the transformation g#city can be
fully utilised by allowing the transformation to occur unde the in uence of
external stress or strain. In this thesis, mathematical mogls have been for-
mulated to calculate the transformation strain and textureduring martensitic
and bainitic transformations. The models are able to deal Wi a variety of
complexities including various starting austenite textues and di erent states
of externally applied stress.

A variant selection model has been proposed based on PateldaBo-
hen's theory and the e ect of variant selection on the trangfrmation strain
and texture has been discussed in detail. A new theory has Ingaroposed to
calculate the extent of variant selection. An attempt has ben made to sep-
arate the e ects of stress and strain on transformation pldgity and variant
selection. It has been shown that Patel and Cohen's plastitrain theory is
more suitable than the elastic in nitesimal strain deformaion model to cal-
culate the interaction energies between crystallographi@riants and external
load.

Using theoretical knowledge and with the help of a neural nebrk
model, new alloys have been prepared to be used as the weldiltgy met-
als to reduce the residual stress and to achieve higher toutgss. Neutron
di raction studies have revealed that newly developed lle metals do indeed
reduce the residual stress.

Synchrotron X-ray data have been utilised to determine theexture
of austenite and martensite as transformation occurs undévad. A mathe-
matical model has been developed to predict the Debye di réion patterns

observed experimentally.
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Chapter 1

Introduction

Displacive transformations in steels such as bainite and miansite gener-
ate dilatational and shear strains of about 0.03 and 0.22B respectively
[1]. However, the shear strains associated with the plate$ wansformed
products tend to cancel when the plates are randomly orierdan the overall
microstructure. There are ways, for instance using exteriia applied stress
or strain, by which it is possible to bias the microstructureand exploit the
full extent of the shear strain in particular technologicalapplications.

Many major engineering failures occur due to fatigue exadmted by
residual stresses introduced during welding. The conveatial way of cop-
ing with this is to reduce design stresses, conduct heat titeaents to relieve
residual stresses (although this is not always an option) do avoid stress
concentrations. An alternative approach in the case of stise which avoids
many of the di culties of the usual methods, is to exploit sold-state phase
transformations to control the development of stresses [2]. Here the trans-
formation plasticity during the cooling of weldments mightbe engineered to
compensate for thermal contraction strains in constrainedssemblies. To
do this most e ectively requires the shear strain of the trasformation (by
far the biggest component of the transformation strain) to b visible on a
macroscopic scale. That is, there must be a bias in the mictagcture as

1



described above.

That solid state transformations can be used to reduce weldrssses,
has been demonstrated in some simple experiments on weldtalison [4].
Recent work in Japan [2] on similar lines, using welding camsables with
very low transformation temperatures has shown that it is pssible not only
to reduce the residual tensile stresses but to introduce rdsal compression
into the weld region, with consequential enhancement of figue life.

The non-random orientation in the microstructure arises de to two
mayjor factors, variant selection and the prior orientationof the austenite
phase. Butitis not clear how these factors in uence the trasformation strain
and texture, which directly in uence the material properties. A seminal part
of the work presented in this thesis has been dedicated to ate mathematical
algorithms which can estimate the transformation strain ad texture during
displacive transformations. Most of the existing models {8] tend to ignore
the totality of phenomenological theory of martensite crysllography [10,
11], which correctly describes the shape and crystallogfap of martensitic
transformation and resort to unrealistic simpli cation or introduce undue
complications. Many such models can estimate the transfoation texture,
but not the (anisotropic) strains due to transformation in apolycrystalline
substance.

An e ort has been made here to strictly comply with the theoryof
crystallography and the plastic work model of Patel and Cohe[12]. These
are the two rigorous tenets of stress-a ected transformain theory. There
are also some unanswered questions about the exact role streas opposed
to plastic strain in the austenite, plays during displacivaransformations. An
attempt has been made to separate out the e ects of stress asttain on the
transformation. Electron back scattered diraction has ben used in some
cases to measure the microtexture, particularly from singlcrystals of the

parent phase in order to validate variant selection crited. In other cases,



data from the published literature have been exploited.

The external load is responsible for variant selection durg displacive
transformation, its e ect manifesting as mechanical freerergy whose mag-
nitude depends on the orientation of the plate. Some platesihin this sense
be favourably oriented,i.e, their transformation strains comply with the im-
posed load. But the extent of variant selection is not explaed with any
existing theory. A theory has been introduced here to quarnttively express
the extent of variant selection.

Synchrotron X-ray sources have also been used to study theemtation
bias in the microstructure as a function of applied load.

Using the principles of physical metallurgy and a variety omodels,
new welding alloys have been designed which are tough andrtsform at
low temperatures to take advantage of the transformation pbticity as a
compensating mechanism for thermal strains in welded josit The idea was
to reduce residual stresses. Experimental joints were pimed using the new
alloys and the residual stresses were measured using nemtdd raction.

To summarise, original theory has been formulated to deal thithe de-
velopment of texture and macroscopic strains during the cose of displacive
transformation in steels. This has then been exploited to dgn certain
welding alloys which should have an advantage from the poirmdf view of
the mechanical behaviour of large, constrained assembliedricated using
localised heat sources.



Chapter 2

Shape deformation in displacive

transformations and properties

2.1 Shape deformation

An invariant-plane strain (IPS) occurs for example, when aidlocation shears
a crystal plane in such a manner that the slip plane remains ystalline with
no change in the relative positions of the atoms. A similar dermation
occurs when phases like martensite or bainite grow in the farof thin plates.
The di erence is that the IPS associated with martensite or &inite has a
dilatation in addition to the shear component as shown in Fig2.1.

The parameters , sand m represent the magnitudes of the dilatational
strain, shear strain and total displacement respectivelyif d is a unit vector
in the direction of the displacements involved, thermd represents the dis-
placement vector, wheram is the magnitude of the displacement.md may
be factorised asnd = sz; + z3. Fig. 2.1c depicts the shape deformation ac-
companying the formation of martensite or bainite, withs* 0:22 0:26 and

" 0:03 [1]. Herez; and z3 are unit vectors parallel to the shear component

of the deformation and the unit normal to the invariant planerespectively.
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Figure 2.1: Three kinds of invariant plane strain. After Bhaeshia [13].

These deformations are much larger than elastic strains in @nsile test,
which are of the order of 10%. The strainssand , therefore, have profound
e ects on microstructure and properties. The invariant plae is generally
known as the habit plane.

As displacive transformations are deformations, externlgl applied
stress will a ect their progress [12, 14]. The work done by # external
stress may be added to the chemical free energy change accanymg trans-
formation. The mechanical driving force is therefore [12] :

Gmech = ~N + S (2.1)

where y and are the normal and shear stress respectively on the habit

plane, and and s are the normal and shear strains respectively, due to the
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shape deformation (Fig. 2.2) [1].

O,

N G, (applied tensile stress)

Figure 2.2: Resolution of the applied stress,. The normal stress , and
the shear stress, both act on the habit plane. The vectord is the direction
along which the shear displacement of the shape deformatibes. . is the
maximum shear stress on the habit plane, but is given by resolving max
along d. Note that d diers slightly from the displacement vector of the
invariant-plane strain, which includes a dilatational conponent in addition
to the shear [1].

There are in general 24 variants of martensite so it is likelthat at
least one of these variants will be favoured by the resolveliesar stress. The
term s should therefore always be positive irrespective of the sigf the
uniaxial stress. But the sign of y depends on that of . For %in steels
the shear component is relatively large so a uniaxial stresgways gives a
positive  Gnecn in @ polycrystalline state, thus leading to an increase of th
transformation temperature. A hydrostatic stress has no deatoric compo-
nent and thus only interacts with the dilatational componem of the shape
change. In steels, hydrostatic pressure on its own shouldettefore suppress
transformation. Stress a ected transformation will also as the microstruc-
ture since certain variants are favoured over others [15, L6For example,
with a uniaxial stress those variants with habit planes indghed at 45 to the
stress axis are favoured. This factor may have practical ceequences on the

properties and will be discussed latter.
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2.2 Phenomenological theory of martensite
crystallography

The crystallography of the martensite transformation has een a story of
exciting scienti ¢ development over the years. First, the astenite () to
martensite ( 9 transformation has been described with the help of Bain
strain which on its own is proved to be insu cient to describethe crystallog-
raphy of transformation and the observed shape change. Théignomeno-
logical theory of martensite crystallography (PTMC) [10, 1] resolves the
problem. Martensitic transformation is associated with a idatational and a
shear strain. The latter is much bigger in magnitude (0.22)han the for-
mer (0.03) but generally gets cancelled on a macroscopic lscavhen many
variants of martensite form.

However it has been observed that if the martensite is formeahder
the inuence of external stress there is a preferred directn along which
the plates tend to be aligned. Under this condition the martesite plates
are not randomly oriented but a biased microstructure restd. Some work
has been published on the prediction of martensite pole gas formed with
or without the inuence of stress [5, 6, 8]. But the work is ofétn based
on assumptions which are inconsistent with the crystallogphic theory of
martensite. In many cases the model has been developed cdesng only
the Bain strain, which is one component of the total deformabn [9]. It is
often assumed that the orientation relationship between # austenite and
martensite is that due to Kurdjumov{Sachs or Nishiyama{Waserman [17{
20], but it has been known for some time that the true relatiormust be
irrational [10, 11, 13, 21]. Although the dierence betweerthis irrational
and assumed orientation may seem less than a few degreessivital be-
cause the assumed orientations do not in general lead to arvaniant{line

between the parent and product lattices. The existence of anvariant line
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is an essential requirement for martensitic transformatio to occur. It is
not surprising therefore, that Nolze [22] in his experimeat study of several
hundred thousand = orientation relations, found detailed deviations from

assumed Kurdjumov{Sachsetc. orientations.

2.2.1 De nition of a basis

The notations used in this thesis are due to Bowles and MacKeie [10].
Fig. 2.3 shows a unit cell of austenite. To specify the dirgoin and magnitude
of a vector, for exampleu shown in Fig. 2.3, it is necessary to have a reference
set of coordinates. A convenient reference frame can be feunby the three
right handed orthogonal vectorsa;, a, and az which lie along the three sides
of the unit cell. All these vectors have magnitude g lattice parameter of
austenite. Soa;, a, and az form a orthogonal basis. In the special case
when all these vectors are mutually perpendicular and of unlength the
basis is called orthonormal. "F' represents a orthonormalakis where as
corresponding reciprocal basis is expressed as'. FAny column vector d =
[d; d, d3] can be represented in a orthonormal basis as [@H;, and any row
vector p = (p, p, P3) is expressed asy; F).

Any coordinate transformation matrix is represented by a 3 3 ma-
trix, which is written as (B J A). It transforms the components of vectors
referred to the A basis to those referred to the B basis. The rir&x (A J B)
and (B J° A) represent the inverse and transpose of the matrix (B J A)
respectively. The determinant of a matrix is represented by det(matrix).

Any deformation is represented as a 33 matrix, which in the austenite
reference frame can be written as (F S F). Deformation matrixioes not
involve in any change of basis and that's why the basis symbid the same
(F, in this case) in the both sides of S. Similarly the matrix E J F) represents

rotation. A detailed description of the notations can be oldined from [13].
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ds

Figure 2.3: An unit cell of face-centred cubic (FCC) crystal

2.2.2 Outline of the theory

Forthe % interface to be glissile, it must as a minimum contain an invéant
line. Such a line is one, which is undistorted and unrotatedytthe invariant-
line strain. Fig. 2.4 shows that the austenite unit cell canlao be represented
as a body-centred tetragonal (BCT) cell lattice. For martesite to be a
body-centred cubic unit cell a compression is needed alongetb; axis and
expansion alongb; and b,. This is the Bain strain (F B F). However the

Bain strain does not leave any line invariant as demonstratein Fig. 2.5a,b.

A sphere of austenite is deformed into an ellipsoid by the Baistrain.
It can be seen that the lines %°and ¢d° remain unextended due to the de-
formation. In fact, the undistorted lines form a right circdar cone alongas.
However, they are all rotated by an angle so they are not invariant. How-

ever if a rigid body rotation is now added to the Bain strain, hen Fig. 2.5c
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b3
D
® o o
&
b
)
(d)

(b

BAIN
STRAIN
—_—

Figure 2.4: (a) FCC unit cell (b) Relations between FCC and BT (body-
centred tetragonal) cells of austenite (c) BCT cell of austéte (d) Defor-
mation due to Bain strain which convert a BCT cell to body-cetred cubic
(BCC) cell.

(c)



2.2 Phenomenological theory of martensite crystallograph y 11

Figure 2.5: (a) and (b) represent the e ect of the Bain strainon austenite,
shown initially as a sphere of diameter ab. On deformation takes the shape
of an ellipsoid. (c) Shows the invariant-line strain obtaied by a combined
e ect of Bain strain and the rigid body rotation [13].

illustrates that the rotation makes the initial and nal cones of the unex-
tended lines touch along the line ©° If the overall deformation is expressed
as (F S F) = (F B F)(F J F) which is a combination of the Bain strain and
a rigid body rotation, then it leaves a line both unrotated anl undeformed.
However this strain is no longer a pure strain as the principaxes are rotated
to new positionsa’.

The shape change due to martensite transformation has beemacac-
terised and found to be an invariant-plane strain (F P F). Ths can be

represented as:

(FPF)=1+m[F; d](p;F) (2.2)

where the basis F is for convenience chosen to be orthonorpadthough the
general form of the equation is valid for any basis. [FEl] is an unit vector
in the direction of shape deformation and ({;F ) is an unit reciprocal lat-

tice vector normal to the habit plane. However for FCQ BCC martensite



2.2 Phenomenological theory of martensite crystallograph y 12

transformation lattice transformation strain (F S F), which is an invariant
line strain, does not equal the observed shape deformatioR P F). (F S F)
is therefore inconsistent with the observed deformation (P F). This ap-
parent anomaly has been resolved with the help of PTMC and iflustrated
in Fig. 2.6. Fig. 2.6a shows the starting austenite crystal dfore transfor-
mation. Fig. 2.6b shows its shape after transformation, wlt the observed
invariant-plane strain. However this intermediate state s not the required
crystal structure as an IPS on its own can not transform austete into BCC
martensite [13]. But it has the correct shape as observed eqomentally.
To correct the crystal structure it is necessary to implemdna second IPS,
(F Q F) with magnitude n, on a plane with unit normal (q;F ) and in the

unit direction [F; e].

(FQF)=1I+n[F; el(q;F) (2.3)

The combination of (F P F)(F Q F) is of course an invariant-lire strain.
It is recalled that for the austenite to martensite transfomation the necessary
crystallographic change requires an invariant-line strai (F S F) so this is
consistent with (F P F)(F Q F). However the nal shape is not that what
is observed (Fig. 2.6¢). To obtain the correct shape it is nessary to cancel
the e ect of (F Q F) without changing the crystal structure.

This is possible using a heterogeneous lattice-invariantefbrmation
such as slip or twining. The magnitude of this deformation n&t on av-
erage be equal and opposite to that of (F Q F). Fig. 2.6d showsd nal
martensite with the right crystal structure as well as the caect shape. There
is one important characteristic of (F Q F), that it must not cause a volume
change since it has to be cancelled by a lattice-invariant sar. Therefore,
any dilatational strain is attributed entirely to (F P F), as observed ex-
perimentally. The determinant of a deformation matrix give the ratio of
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Plane for lattice
Habit Plane invariant

deformation \

W

P Observed Q
—= | shape, wrong
structure

(a) (b) (c)

LATTICE
-INVARIANT
DEFORMATION
Marteniste correct shape correct structure
’ W z w Z
Twin
Boundary
X v X y
Twinned Slipped
Martensite Martensite
(e) (d)

Figure 2.6: The IPS associated with the martensite transfaration [13].

the volume after deformation to the entire volume so it follas that and
det(F P F) = det(F S F).

Hence, the theory of martensite can be summarised as follows

(FSF)=(FJF)FBF)=(FPF)(FQF) (2.4)

2.2.3 Factorisation of invariant-line strain

It seems obvious that a combination of two invariant-planetsains leaves a
line invariant at the intersection of the two invariant planes. However it is im-
portant to get an insight into the problem from mathematicalpoint of view.
The derivation given by Bowles and MacKenzie [10, 11] will bdescribed
here. An invariant-line strain (F S F) (S for convenience) is always charac-

terised by the presence of an invariant line [Fx;] and an invariant normal
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(ni; F ) such that (F S F)[F;xi] = [F; x;] and (n;;F )YF S F) 1= (n;;F).
The rst step of the factorisation of (F S F) is to show that the displace-
ment of all the vectors on a plane with plane normalg,; F ) containing the
line [F; x;] can be achieved by an IPS on another plane having plane norima
(p1; F ) which also contains the line [Fx;]. If we assume [Fy,] to be a def-
inite vector on the plane @,;F ), then, (p,; F )[F;y,] = (ps F)[F; xi] = 0.
So any other vector on the planef,; F ) can be written asx = ay, + bx;,
wherey, = [F; y,] and x; = [F; x;] and x = [F; x]. The displacement of any

vector x by the ILS is can be written as:

Sx  x=alSy, Y,l+HSxi x]=aSy, Y, (2.5)

which indicates that the displacement direction is same fall x on the plane

de ned by the normal (p,; F ). Itis also understood that since §;; F )[Sx

x] = 0, all the vectors on the plane p,; F ) are displaced in the same direction
which lies in the plane with the invariant normal (hi; F ). An IPS on a plane

(py; F ), in the same direction of the displacement of all the vectsron plane

(p,; F ) due to the ILS, (F S F) can be expressed as:

(F PLF)=1+ KISy, Yy.l(ps;F) (2.6)

The displacement of the vectors [Fx] by the invariant line strain (F S F) and
the invariant plane strain (F P1 F) are same provided:a = k(p,; F )[ay, +
bx;] = ak(py; F )y,, because |p,; F )[F; xj] = 0. As the two planes (p,;F )
and (p,; F ) are distinct so (p,; F )[F; y,] & 0 and there exist a unique value

for k for all possiblex. So the IPS on plane (p; F ) can be written as:

(FPLF)=1+[Sy, Yol(ps;F)=(ps:F )y2) (2.7)

The remaining part of the ILS (F S F) is a strain which must leag

invariant the plane generated from the plane,; F ) due to the ILS. That
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invariant plane would be @,;F )(F S F) . The strain on this plane must
also displace all the vectors in the planep(; F ) to their nal positions. So
if [F; y,] be any vector (also mentioned in some of the equations yg) in the
plane (p,; F ) and distinct from [F; x;] then the second IPS can be written
as:

(FP2F)=1+[Sy; Yil(PsiF )=(p2F)S 'yy) (2.8)

So the ILS can be factorised as:

(FSF) = fI+[Sy, Y,l(py;F)=(py;F)y.)d
fI+[Sy;  yil(p2i F )=((p2; F)S 'y1)g (2.9)

It is thus proven that it is possible mathematically to factaise one ILS
into two IPSs.

2.2.4 Other forms of phenomenological theory of

martensite crystallography

The other form of PTMC was proposed by Wechsler, Lieberman drRead
[21] (WLR theory). The shape deformation is given by, which will not
generate the product lattice from that of the parent. The matix E can be

written as:

E = RBG (2.10)

where R is a rigid body rotation, B the Bain deformation and G is the
second shear which is compensated for by the lattice invantadeformation.
As demonstrated by Christian [23], the Bowles MacKenzie artie Wechsler,

Lieberman and Read theories are identical.
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2.3 Stress, strain and transformation texture

The crystallographic texture in materials can be describedising pole gures,
by measuring the intensities of di racted X-rays [24]. For gample, texture in
rolled sheets is often described d$iklghuvwi, which means that for most of
the crystals thef hklg planes lie parallel to the sheet surface and the rolling
direction is roughly parallel to thehuvwi direction. The texture can be com-
plex with many components,  f hklghuvwi, where ; is a weighting factor
describing the relative intensity of each component. The dion of f 200y
poles are useful in visualising texture components. Fig.7a shows the 200y
pole gure of some well known deformation/recrystallisabn components of
austenite texture, and Fig. 2.7b martensite. Of the compomes of marten-
site, the f 332y o113 o forms from austenite withf 110y h112 texture, the
f113y o110 o component is similarly derived fromf112y h111 . Further-
moref 100y o011 ois produced from the major recrystallisation component
of ,i.e, the Cube component 100y 001 [25].

2.3.1 Texture from strained austenite

The term \variant selection” must be discussed in detail nowas it plays
a crucial role in the formation of transformation texture. t is well known
that there are 24 variants of martensite in steels, for exanhg according to
the Kurdjumov-Sachs orientation relationship. The chemal driving force for
transformation is the same for all, a function of temperatue and composition.
In general, each variant has an equal chance of existencenc® martensitic
transformation is a deformation, an applied stress will faaur those variants
that comply with the stress, i.e., variant selection occurs. It has been shown,
for example, by Geyet al. [8] that di erent deformation textures in austenite
result in di erent orientations of martensite. Figs 2.8a ad 2.9a show the

experimentally determined Cube and Goss components of aesite and the
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(a) o {112}<111> Copper ®) 4 3321<113>

m {110}<112>Brass
a {123}<634>S ® {113}<110>

e {100}<001>Cube 4 {100}<011>

Figure 2.7: 2 0 0 pole gures relative to the rolling (RD) and tansverse (TD)
directions (a) austenite and (b) martensite [25].

TD
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subsequent transformation textures due to these componen(Fig. 2.8b,c and
Fig. 2.9b,c). Fig. 2.8b and Fig. 2.9b show the experimentglldetermined
martensite texture, where there is variant selection as tresformation occurs
under stress. On the other hand Fig. 2.8c and Fig. 2.9c showetlpole gure
of martensite calculated without any variant selection cteria. This clearly
shows that variant selection leads to a stronger texture.

Figure 2.8: (a) Cube type deformation texture in austenite gxperimental).
(b) Transformation texture of martensite formed from Cube &xtured austen-
ite with variant selection (experimental). (c) Calculatedmartensite texture
from Cube type austenite texture (without imposing variantselection) [8].

Figure 2.9: (a) Goss type deformation texture in austeniteefkperimental).
(b) Transformation texture of martensite formed from Gosséxtured austen-
ite with variant selection (experimental). (c) Calculatedmartensite texture
from Goss type austenite texture (without imposing variantselection) [8].

A variety of variant-selection models have been proposedan of which

is now discussed.
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Shape deformation model:  Following Patel and Cohen [12], the
interaction energy between a plate of martensite and the aped stress is
given by Eq. 2.1. The angle between the direction of appliedress acting
on the habit plane with the plane normal is di erent for each wariant. For
this reason the value of y and are also di erent for di erent variants of
martensite and so is the value of Gpecn Or U. A greater value of Gpech
increases the possibility of that variant forming. This modl is appropriate
when martensite forms under stress below the yield strengtif the austenite.
However it will later be shown that it can also be used in the pistic region.

Bokros-Parker (BP) Model: It was rst proposed by Bokros and
Parker [26] and later supported by Durluet al. [27], that there is an interac-
tion between slip systems and habit plane variants. In a stydof plastically
deformed single crystals of Fe-Ni, variants with habit plaes nearly perpen-
dicular to the active slip plane were found to be favoured. Tik behaviour is
attributed to the formation of anisotropic dislocation sulstructures during
deformation, which interferes with the growth of ©plates, the exact growth
direction being normal to the sub-boundaries. Such e ectsdzome promi-
nent at large strains [28] but might otherwise be neglectedor example, it
has been shown in the present work that when an austenitic stdess steel
is elongated by 10% and then transformed to martensite, thesulting crys-
tallographic texture can be calculated using the Patel and @en criterion
alone. This is described in detail in Chapter 5.

Twinning-Shear (TS) Model: This was proposed by Higoet al.
[29], based on the double shear mechanism of martensite ¢ajlegraphy. It
is argued that the rst shear for FCC to BCC transformation isthat which
gets a ected by the applied stress. The critical atomic moweent to ini-
tiate martensite formation is said to be the rst shear alongf111g 211
direction. This is consistent with Bogers and Burger's [30jnechanism for

martensitic transformation, which described the orientabn relationship be-
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tween the product and the parent phase by the movement of distations on
suitable slip systems. The other variety of this theory whit has been devel-
oped by Kato and Mori [31, 32] relies upon the concept propakéy Bogers
and Burger's [30] which was based on a dislocation movemenechanism
during martensitic transformation. Although the orientation relationship
between parent and the product phase could be described castly by this
theory, it failed to predict the habit plane and the shape defrmation matrix
necessary for the martensite transformation.

Bain-Strain (BS) Model: Proposed by Furubayashiet al. [9, 33]
is based on the interaction of the applied stress with the Baistrain alone.
There are three Bain variants in martensite with [100] [010] and [001] as
their compression axes respectively. A compressive stréssapplied along
[100] direction stimulates only those variants that originate fom that Bain
distribution. This model also demarcates between textureofmation when

transformation takes place during rolling and after rollirg.

2.3.2 Comments on variant selection model

Furubayashi et al. carried out computer simulations of the various models
discussed so far and compared then with experimental reslf9]. The sim-
ulation was carried out for martensite transformed from auenite having a
Cu-type rolling texture with 360 or 720 initial orientations representing the
initial texture of austenite. Fig. 2.10 shows the comparigsobetween experi-
mental and model-predicted texture development in a Fe-Nieel. Fig. 2.10a
shows the experimental texture generated from austenite iag Cu-type
texture, Fig. 2.10b and Fig. 2.10c show respectively the meldprediction
following the Bokros-Parker and Twinning-Shear theory. lican be said that
in TS theory texture prediction is much better than that obtained following
the BP theory.

However the prediction from the Bain strain model looks to behe
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Figure 2.10: 100 pole gure of martensite (a) Experimentalexture developed
from austenite with Cu-type texture. (b) Model prediction following the
Bokros-Parker model. (c) model prediction following the T3nodel. [25].

most promising one amongst all the models described so far. cAmpari-

son between the predicted result and the experimental one sfown in the

Fig. 2.11. Nonetheless the justi cation of using the Bain aentation as the

orientation relationship between martensite and austergt can be questioned.
It is well known that Bain orientation deviates by 11.06 and 9.7 from the

well known Kurdjumov-Sachs or Nishiyama-Wasserman relatnships. The
twinning-shear model is based on the double shear theory oarntensite crys-

tallography, which for the sake of brevity has not been expiaed here, is in
fact inconsistent with the existence of a glissile interfac So the applicability

of twinning-shear model is also not beyond question. Both éhBain-strain

model and the twinning-shear model neglect the total deforation due to

martensite transformation. As a result these models wouldail when the

transformation strain is also needed.

The Patel-Cohen theory is the only one that uses the total defmation
of %and thus can be incorporated into a model for predicting therans-
formation strain in a polycrystalline system. In Furubayahbi's work [9] no
systematic comparison was made between the Patel-Cohen rebdnd the

other theories.
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Figure 2.11: 100 pole gure of martensite obtained experim&lly from
austenite with Cu-type orientation (a) transformation after rolling, (b) trans-
formation during rolling. Model prediction using Bain stran model, (c)
transformation after rolling simulation, (d) transformation during rolling sim-

ulation. [25].
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2.4 Microstructural and kinetics e ect

2.4.1 E ect of stress

In an Fe-Ni alloy martensite can form 70C above the ordinaryMs (marten-
site start temperature) temperature under stress (known asvl ) [34].
Maxwell et al. [34] found that the shape of the martensite formed under
the in uence of stress depends on the temperature at which forms. Plates
formed just aboveM g are similar to ordinary martensite but become irreg-
ular and smaller in size at higher temperatures (Fig. 2.12)On the other
hand, others [35, 36] have reported that martensite formednder stress is
completely di erent, and suggested a change in the nucleati or the growth
process.

The e ect of stress on variant selection during the bainite ransforma-
tion has been studied in detail by Shipwayet al. [16] and Haseet al. [37].

Fig. 2.13 shows bainite transformed isothermally at 30C under uni-
axial compression (4 MPa and 200 MPa) in Fe-0.79C-1.56S8&Mn-0.002P-
1.01AI-0.24Mo0-1.01Cr-1.51Co (wt%) alloy. There is a cleaendency for the
bainite to align roughly parallel to the planes of maximum skar stress. The
sheaves tend to be atter in the stressed samples, as therdess interference
from other variants. The transformation rate also changessa Gpecn CON-
tributes to the overall free energy change (Fig. 2.14). Theext is smaller at
larger under cooling below bainite start temperatureBs) since the chemical

driving force then dominates.

2.4.2 E ect of strain

Strain signi cantly in uences the morphology of martensie [34, 35, 38]. Fine
laths form along slip bands or twin boundaries in the austetd, as much as
200 C above theM temperature [34].
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Figure 2.12: Microstructure of a Fe-32Ni-0.017C (wt%) allo(Ms = -72 C)
tested in tension to failure at (a) -70C (b) -50 C (c) -30C (d) 0 C
. After Maxwell et al. [34].

Figs. 2.15 and 2.16 show strain-induced martensite on a twooundary
and along slip bands in austenite respectively.

Fig. 2.17 shows that stress accelerates transformation kimcs in a Fe-
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4 MPa

200 MPa

25um

Figure 2.13: Optical micrographs of bainite transformed aB00 C under
compressive stress. Stress axis is vertical in each casq.[31V represents

hardness in Vicker's scale.
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Figure 2.14: Isothermal transformation kinetics of baing at various tem-
peratures and stress. Composition : Fe-0.79C-1.56Si-1Md80.002P-1.01Al-
0.24Mo0-1.01Cr-1.51Co (wt%). After Haset al. [37].

Figure 2.15: Preferential nucleation of martensite at twinboundary in a
Fe-30Ni-0.02C (wt%) Ms = 25 C) alloy strained 20 % at -20C [35].
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Figure 2.16: Morphology of strain-induced martensite fored along the
f111gH10 slip system of austenite in a Fe-20Ni-0.6C (wt%) alloyMs =
36 C). Specimen is tensile tested to failure at 10€ [35].
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Figure 2.17: E ect of stress on the isothermal transformatin kinetics of
martensite at 173 K [39].
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Figure 2.18: E ect of strain on the isothermal transformaton kinetics of
martensite at 77 K. After Ghosh [39].

23.2Ni-2.8Mn-0.009C (wt%) alloy [39] by increasing the nieation rate. The

e ect of the stress progressively decreases as the transfiation temperature

is reduced. In contrast, transformation from plastically sained is retarded

when the strain is large (Fig. 2.18). p in Fig. 2.18 denotes the plastic strain
that the specimen is subjected to before transformation. T phenomenon is
known as mechanical stabilisation. Plastic deformation ldens the austenite
and hinders the growth of martensite or bainite, which requés the move-
ment of interfacial dislocations. The initial increase in ate (as shown in
Fig. 2.19 for bainitic transformation from strained austeite) is associated
with a greater number density of nucleation sites.

Durlu [41] pointed out that in a Fe-Ni-C alloy, martensite fams in par-
allel packets in an austenite grain, the number of parallelrgups, increasing
with plastic strain. This can be taken as indirect evidence fathe variant
selection for martensite in plastically strained austen& and such evidence
has been shown for bainite by Umemotet al. [42].
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Figure 2.19: E ect of pre-strain on the bainite transformaion at 475 C in a
Fe-0.12C-2.03Si-2.96Mn (wt%) alloy. After Singh [40].

2.5 Stress/strain-induced transformation

and mechanical properties

The shape deformation during certain phase transformatienmay have a
signi cant impact on the properties of engineering alloys.It is possible to

exploit these in order to design better engineering alloys.

2.5.1 Residual stress

Manufacturing processes frequently introduce unwanted silual stresses in
mechanical assemblies [43]. This a ects the fatigue life tiie engineering
structure. There are various material properties like heatapacity, ther-
mal expansion coe cient, density and strength which signicantly a ect the
development of residual stress [44, 45]. However, in stekétphase transfor-
mation itself can a ect the development of residual stressThe work done
by Albery and Jones [3] showed how transformation temperate in uences
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the evolution of stress in materials when a constrained teites specimen is

cooled from the austenite phase.
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Figure 2.20: Axial stress in uniaxially constrained sampdeduring cooling of
a martensitic (9Cr1Mo), bainitic (2.5Cr1Mo) and austenitc steel (AISI 316)
[3]. Also plotted is the yield strength of austenite [15].

Fig. 2.20 shows the evolution of stress with temperature failoys with
a variety of transformation temperatures. If the thermal epansion coe -

! and

cients of ferrite and austenite ¢ and e ) are taken to be 13 10 ®K
21 10 K ! respectively the amount of stress generated due to thermal
contraction would be 4 MPa per 1 K cooling in the austenite plse (given a
Young's modulus of 210 GPa). However the accumulated stredse to this is
larger than the yield strength of austenite which thereforeeleased by plastic
relaxation. This is why the stress in the austenite roughlydilows its yield
strength. The 2.5CrlMo sample begins to transform to bairitat 600 C;
when this happens, the transformation strain associated thi the transfor-
mation partly compensates for the thermal contraction strss. It is also clear
from Fig. 2.20 that lowering the transformation temperatue (9Cr1Mo) of the
alloy leaves a lower stress at ambient temperaturége. an alloy with lower

transformation temperature is a better choice for combatithe development
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of stress. The reasons for this are as follows:

1. If transformation is exhausted much before ambient tempa&ture is
reached, it is ferrite that contracts on cooling. Ferrite ha a higher
yield strength at low temperatures and thus better resistshtermal con-

traction, allowing the stress to accumulate.

2. Displacive transformation at lower temperatures shouldive rise to a
greater bias in the microstructure because of the larger sigs reached.
Thus the macroscopic shear strain generated during transfoation
would be much higher. This is more e ective in countering théhermal

contraction strain.

2.5.2 Fatigue

Many engineering components are fatigue limited. Cracks auinitiated and
grow slowly under the in uence of an oscillatory stress whesmagnitude
is below the yield stress. The failure in the component ocaumwhen the
crack size reaches a critical value. Residual stress redsidae allowable
externally applied stress. A secondary e ect is that the sh@e strain due
to martensite or bainite may be partially plastically accormodated. The
resulting dislocations help in increasing the fatigue strgth. Dislocations
can increase the fatigue strength by increasing the resisize to the plastic
ow. This conclusion follows from the fact that pre-strainhg a component
prior to fatigue loading can increase its life [4] especiglduring low-strain
fatigue [46]. The defects introduced by phase transformath have a similar
e ect to the \pre-straining” and thus are believed to be helful in resisting
fatigue crack growth [47].

In recent years, attempts have been made to make use of tramshation
plasticity in welded joints [2, 48, 49] in order to increaseafigue life.

Fig. 2.21 illustrates distortion caused by welding. The arg is a
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Figure 2.21: Distortion caused by welding two plates which eve originally
at [4].

Table 2.1: The chemical compositions (wt%), calculated tresformation tem-
perature range ( T) and measured distortion for two manual metal arc
multipass weld deposits [4].

Cwt% Si Mn Ni Mo Cr T=C =
006 05 09 - - - 802-400 14)5
006 03 16 1.7 04 0.35 422-350 8

measure of the distortion caused by the rotation of the uncastrained plate
during cooling after the solidi cation. Table 2.1 shows as a function of the
transformation temperature range, for two welding alloys eposited within a
60 V-joint. The distortion is clearly larger for the case wherdhe transfor-
mation is exhausted at a higher temperature.

Ohta et al. [2, 48, 49] designed an alloy with a lows temperature
of 180 C in comparison to conventional alloys withMg, 400 500C
(Table 2.2). Fig. 2.22a shows that the net strain due to coalg from Mg to
the ambient temperature is a contraction for the conventioal alloy, whereas
a net expansion results for the lowM s alloy while cooling. This cancels the
contraction stress in the latter case (Fig. 2.22b).

When fatigue tests are done on welded sections, IdWs weld metal

gave much higher fatigue strength than conventional weld red, as shown
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Table 2.2: The chemical compositions (wt%), and measurdd s tempera-
tures of conventional and novel welding alloys [2].

Alloy Cwt Si Mn Ni Mo Cr Mg=C
conventional 0.10 0.39 0.90 - - - 590
10Cr10Ni 0.025 0.32 0.70 10.0 0.13 10.0 180
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Figure 2.22: (a) Transformation of weld metal during uncongined cooling;
(b) development of stress during constrained cooling. Thdévemical compo-
sitions of the alloys are given in Table2.2. The lowfls alloy is designated
10Cr10Ni in Table 2.2 [2].
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in the Fig. 2.23. This is because of the compressive residsttess due to
the suppressed transformation. This development may radilty change the
design and lifting philosophies for structural components This result has
been recently con rmed by Ekerlidet al. [50] using a di erent alloy.
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Figure 2.23: Improvement in the fatigue performance of wedd structure
using a low transformation temperature welding alloy [4].

2.6 Evolution of martensitic transformation

2.6.1 Kaoistinen-Marburger equation

This is the most widely used empirical equation for estimatg the fraction
of martensite belowMs [51]. Iron carbon alloys were prepared by vacuum
melting and the Ms temperatures were determined following the technique
of Digges [52] and Greninger [53]. The alloys were then austesed and
guenched to various known temperatures. The amount of retaed austenite
was measured using X-ray diraction. Then results for a vaety of steels

were plotted logarithmically against Ms T,), where T, is the quenching
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temperature. A straight line was tted to the data points,
V =exp[ b(Ms Tyl (2.112)

where the value obis 1:10 10 2K ! V is the volume fraction of austenite

and T, is the quenching temperature.
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Figure 2.24: Experimental data plotted on semi-logarithna coordinates and
the empirical equation derived by tting a straight line. The data obtained

by Harris and Cohen [54] are shown together with the equatiotiney have
proposed [51].

It has been shown by Magee [55] that an equation of the form Ef.11
can be derived based on martensite nucleation theory.

2.6.2 Justi cation of Koistinen-Marburger equation

The amount of martensite that forms at any temperature incrases with
the under cooling belonMs. The di erence in free energy per unit volume
between austenite and martensite can be written asG,, °, which is negative

belowMs. If it is assumed that the number of new plates of martensitdN
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(per unit volume) at any temperature T, is proportional to the driving force
we get:

0

dN= d( G 9 (2.12)

where' is an empirical proportionality constant. The change in thevolume
fraction martensite, d , and the change in the number of new plates per unit
volume is related:

d = VdN, (2.13)

whereV is the average volume of the plate formed. Sin@N, = (1 f)dN
0

andd G, ‘= d ﬁ} dT, on rearranging equation 2.12 we get:

0

d G,

or 0
f=1 exp V' d% (Ms  Tg) (2.15)

On comparing with Eg. 2.15 it is clear thatb in the Koistinen-

Marburger equation is equivalent to the term

0

@ G,

v dT

(2.16)
of Magee's equation. It is often assumed that remains more or less constant
during the course of transformation. Broolet al. [56] have shown thatb can
be correlated directly with @ G, °=dT. Bohemenet al. [57] demonstrated
for steels of dierent carbon content, thatb does not change much with
@ G, °=dT orV but a larger e ect comes from' . They have attributed
this e ect to the varying dislocation densities in the micrstructure. A higher
dislocation density would e ectively increase the numberfgotential embryos
in the material apart from those present in the austenite itially. They

have argued that the dislocation density in the steel wouldhcrease until 0.6
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wt% C because with the increase in carbon content in steel neodislocation
will be involved in slipping caused by the shear stress assted with the
transformation. For steels containing more than 0.6 wt% céon, Brook et
al. argued that the transformation strain would be partially acommodated
by twinning which leads to fewer dislocations in the microsticture. The
evolution of martensite fraction should be di erent from that described above

if transformation occurs from a plastically deformed austete [58].

2.7 Summary

The importance of the shape deformation during martensitior bainitic
transformation is clear. The crystallographic theory of mdensitic trans-
formation is elegant in that it rigidly links all its features in a mathematical
framework. There is clear evidence that the theory may be edpolated in
understanding the evolution of transformation texture. The importance of
variant selection and its e ect on the transformation textue has been given.
Various mathematical models developed by di erent sciertts to predict the
variant selection from stressed and strained austenite haween presented
and a critical assessment of these models has been made. Tketef stress
and strain on the kinetics and morphology of martensite andainite trans-
formation has been discussed in detail. It has been shown thhe stress and
strain a ect the transformation texture, microstructural features and the ki-
netics of martensite transformation to a high degree and thimight in uence
the important properties like residual stress and fatigue.

The topics discussed in this chapter provide the backgroundf the
present study. The importance of the shape deformation in temining
the transformation texture and the transformation strain wll be discussed
in detail in latter chapters. Mathematical models will be pesented based
on the phenomenological theory of martensite crystallogpay to predict the
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texture and strain during martensite or bainite transformaion.



Chapter 3

The transformation strain

3.1 Introduction

When displacive transformations such as bainite or marteite occur the
strain consists of a volume and a shear component. The lattes generally
invisible when all the possible variants form. They then teth to cancel their
shear components. However, when transformation occurs wrdhe in uence
of stress, some of the variants have a larger probability adrfimation and this
generates a texture allowing the shear strain to make a greatcontribution
to the macroscopic shape. A model has been developed here riedict both
the change in macroscopic strain and the texture.

Crystallographic data justi ed by the theory of martensite [10, 11, 21].
are used to calculate the interaction between the transforation product and
the applied system of stresses. It is this interaction whicleads to the bias
in the microstructure since compliant variants are favoure [12].

The work to create a model for these phenomena is inspired biyeanpts
to design welding alloys which counter the build up of residu stresses in
welded joints [2, 4, 48, 50, 59]. The strains caused by dispike phase trans-
formations can in principle be manipulated to counter thosdue to thermal

39
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contraction in constrained welded joints. The technologat bene t of doing
this is to dramatically improve the fatigue performance oftie joints [59]. It
would be useful therefore to be able not only to estimate theestelopment
of transformation texture, but also the anisotropic transbrmation strains
caused by the biased microstructure that develops under thea uence of
stress.

This chapter begins with a self-consistent crystallograpt description
of the transformation strain in a polycrystalline aggrega¢ of austenite and
then shows the model predicted results along with those froexperiments.
An interesting theory is proposed to predict the extent of vaant selection
from the knowledge of mechanical and chemical free energygable for the

transformation.

3.2 Crystallography

(@) (b)

Figure 3.1: The deformation of an initial vectoru by the formation of bai-
nite or martensite. (a) An austenite grain prior to transfomation, with the
ultimate location of a plate of bainite/martensite marked. (b) Following
bainitic/martensitic transformation.



3.2 Crystallography 41

Throughout this work, the vector and matrix notation due to Bowles
and MacKenzie is used because it is particularly good at adimg confusion
between frames of reference [10, 13]. Consider a polycrylsta sample of
austenite which is subjected to external stress. The sampdees are de ned
by an orthonormal set of basis vectors [R.], [F; a;] and [F;az], collectively
identi ed using a basis symbol "F'. The term \orthonormal" implies that
the basis vectors are of unit magnitude and mutually perpencular. The
crystallographic axes of thath austenite grain are similarly identi ed using
the basis symbol Fand its corresponding reciprocal basis by the symbol F

When austenite transforms into martensite or bainite, theg is a shape
deformation which is an invariant{plane strain [1, 60, 61].This change in
shape can be represented by a 33 deformation matrix P such that:

(FPF)= 1+ m[F;d](p;F) (3.2)

wherem is the magnitude of the shape deformation, [Fl] is a unit vector in
the direction of displacement and §; F ) is the unit normal to the invariant{

plane (i.e., the habit plane). There will in general exist 24rystallographic
variants of bainite or martensite in any given austenite gia, i.e., 24 di erent
invariant{plane strains.

Consider an arbitrary vectoru traversing a grain of austenite prior to
transformation, as illustrated in Fig. 3.1a. This vector mées an intercept
u with a domain of austenite that eventually ends up as a platefdainite
or martensite. As a consequence of the transformation, thestor u becomes

a new vectorv given by:

V=P u+(u u) (3.2)

When considering the formation of large number of bainite/rartensite plates

in many austenite grains,u traverses a polycrystalline sample of austenite
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so this equation must be generalised as follows:

X R4 X R4

v = P uf+ u uk (3.3)

k=1 j=1 k=1 j=1
wherej =1 :::24 represents the 24 crystallographic variants possible éach
austenite grain, andk = 1 :::n represents then austenite grains traversed
by the vector u. In this scenario of a large number of bainite or martensite
plates, it is assumed that the intercepts u}‘ can be approximated byf jku
wheref j" is the fraction of sample transformed by varianf in austenite grain
K.

The deformation caused by a particular platg in austenite graink,
le., (Fk P; Fy) P}‘ is known from the crystallographic theory originally
developed for martensite [10, 21]. The remaining 23 such miaes for grain 1
of austenite can be deduced from this using symmetry operatis. They can
then be expressed in the reference frame of the sample usingimilarity

transformation as follows:
(SPS)=(SRF)(Fk P; F)(FKRS) (3.4)

where (S R k) is the rotation matrix relating the basis vectors of thekth
austenite grain to the sample axes, and (FR S) is the inverse of that ro-
tation matrix. In this way, the calculation described in eqation 3.2 can be

conducted in the sample frame of reference.

3.3 Variant Selection

Variant selection occurs because the shape deformation ofartensite or
bainite plate may or may not comply with an external stress. @llowing

[12], the compliance of a particular variant with the applid stress can be
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expressed in terms of an interaction energy:

U= n + S (3.5)

where |\ is the stress component normal to the habit plane, is the shear
stress resolved on the habit plane in the direction of shean& and s are
the respective normal and shear strains associated with trsformation.
The applied system of stresses can be described by a 3 stress tensor
m Which when multiplied by the unit normal to the bainite/mart ensite
habit plane gives the tractiont describing the state of stress on that plane.

The traction can then be resolved into y and in the normal manner [62]:

n = Jjtjcod g
= jtjcod gcod ¢ (3.6)

wherejtj is the magnitude oft, is the angle between the habit plane normal
and t, the angle betweent and the direction of the maximum resolved
shear stress, and the angle between the latter and the direction of shear
for the bainite/martensite plate concerned. A positiveU means that the
bainite/martensite variant is favoured by the applied stress andvice versa

The experiments reported here are based on stress{a ectedahsfor-
mation, i.e., the external stress was kept below the yield strength of the
austenite at the temperature concerned. Plastic strain inhte austenite can
have other e ects, for example the favouring of variants wiksh grow across
slip{planes and hence avoid mechanical stabilisation [287]. However, it is
not clear how these modes of variant selection would a ect éitransformation
strain.
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3.4 Generation of random and bias texture

data

The relationship between the sample and crystal frames offeeence can be
described using Euler angles;, and ,. These are the three angles by
which the sample reference frame must be rotated in order t@iacide with

that of the crystal. The rotation matrix relating the frames is given by:

0 1
COS 1€0S » SIN 1CO0S SiN »  SiNn 1C0S 5, +COS 1€COS SiN »  SIN Sin »

COS 1Sin » Sin 1€0S €COS »  Sin 1Sin , +COS 1€C0S COS », SiN COS »

sin 1Sin COS 4Sin cos
(3.7)

To generate a random set of austenite grains, the angles and
(ranging from 0 to 2 ) and the value of cos (between 1) are selected using
a random number generator [63]. To simulate a polycrystatie state, a set
of 500 austenite grains was assembled, each identi ed by aation matrix
relating it to the sample frame. Fig. 3.2 shows the model geraged 1 0 O
pole gure. The increase in the density at the middle of the de gure is
expected in a stereographic projection due to the angularsortion. The
distribution of poles is otherwise random. This contrasts ith the work of
Han et al. [5, 6] where large regions of the stereogram were inexpligakeft
blank.

It is interesting to notice how the model fails to generate aandom tex-
ture if the random rotation matrix is calculated for a polycwystalline spec-
imen by using random numbers to generate a random rotation sxand a

random rotation angle. The equation for generating rotatio matrix using
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[0 1 0]

[10 0]

Figure 3.2: Model generated 1 0 Opole gure for 1000 randomly orientated
austenite grains.

this method is given below:

0 1
uiug(l m)+ m  ugux( m)+ uzn uuz(l m) ugn

1Uz(1 m)  uzn uxux(l m)+ m o upuz(l m)+ ugn (3.8)

uuz(I m)+ un uuz(l m) un uzuz(l m)+ m

whereu = [u; U Uz] is the rotation axis, is the rotation angle andm = cos
andn =sin . If u and are generated using random numbers and it is used
to generate 1 0 O pole gure, it does not give a random texture (Fig. 3.3).
The matrix described in Equation 3.7 will also not give a ranom texture
(Fig. 3.4) unless cos is generated randomly as described earlier.

Gamma textures are the Gos§1 1 Qg 00 1 , Cubef1 0@ OO0 1
and Copperfl 1  hl 11i varieties [64{66]. These biased orientations
were also generated in the austenite microstructure usingraodel. First,

one austenite grain in an aggregate of 500 grains is introdat in such a
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'f;[o 10],

= -o-"Areas marked 'H’
2t o~ indicate pole density
[10 O]S higher than random

Figure 3.3: Model generated 1 0 Opole gure for 1000 randomly orientated
austenite grains generating orientation relationship ftdwing equation 3.8.

1[0 1 0]

Area marked 'H’
cHigl i indicates pole density
[100]g  higherthan random

Figure 3.4: Model generated 1 0 Opole gure for 1000 randomly orientated
austenite grains after obtaining orientation relationstp following equation
3.7 without generating cos randomly.
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manner that it exactly corresponds to one of the textures desbed above.

For example in the Goss scenario:
[1 1 0]k[0O 1k [0 0 1] k[1 O Ok

Another 499 grains are then generated by randomly choosingtation axes,
but limiting the right{handed angle of rotation to the range 0{45 to avoid a
random distribution. The model generated biased texturesra shown in the
form of 1 0 O pole gures in Fig. 3.5.

3.5 Transformation strains

3.5.1 Uniaxial stresses

Although the method described in the preceding sections cdme applied
to calculate the transformation strain in both martensite ad bainite, the
results of the models are given for bainitic steels. In the lfowing sections
of this chapter the in uence of various systems of stress arttie nature of
transformation strains in a polycrystalline sample of aughite is discussed.
The three sample axes are henceforth referred to as [1 @,dP 1 Ok
and [0 O 1}, where \S" is the basis symbol and it may be assumed that
the stress is applied along [1 0 §] The true strains are then calculated by
examining how unit vectors along the sample basis vectorseastretched due
to transformation. The true strain in each case is lipvj5ujg, wherev is the
nal and u is the initial vector. This neglects rotation of vectors butin a
polycrystalline sample the e ect is negligible on averagefurthermore, the
method is rigorously correct when the sample is constraindgy a grip of a
tensile testing machine, in whichv rotates to become parallel ta. It is clear
from Table 3.1 that the vectorsu and v are always parallel if all the possible

24 variants are forming, but not so if only the most favoured ariant forms.
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Figure 3.5: Calculated 1 0 0 pole gures for (a) Goss (b) Cube and
Copper textured austenite.
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Table 3.1: Angle between vectou and v for various number of grains with
di erent number of variants forming.

No. of grains| No. of variants | Angle between
v andu
1 1 3.87
24 0
10 1 0.30
24 0
100 1 0.28
24 0
300 1 0.21
24 0
500 1 0.13
24 0

On the other hand the, angle betweerv and u becomes very small as the
number of grain increases.

Equation 3.6 was used to determine the interaction energy of each
bainite plate with the applied stress; the variants were the ranked in de-
scending order ofJ. The transformation strain was then calculated for all 24
cases within a given austenite grain, beginning with the mb$avoured vari-
ant consuming the maximum fraction of austenite permitted {this fraction
is 0.63 for the speci c experiments analysed here [37]. Sebsent calcula-
tions assumed groups of most favoured variants forming in @@ fractions up
to the maximum allowed. The results are presented in Fig. 3#®r uniaxial
tension and compression.

It can be noticed that the strains need not be isotropic whenariant
selection occurs [16, 55, 67]. The variants are naturally lseted in such
a manner that the transformation strain supports the natureof the applied
stress. Fig. 3.6a shows that the variant selection under tsite stress happens

in such a manner that transformation strain becomes tensiia the direction
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Figure 3.6: Strains developed due to transformation alondné [1 O 0§ direc-
tion (labelled longitudinal, along the stress axis), and tb transverse direc-
tions [0 1 OF and [0 O 1§, (a) tensile stress, (b) compressive stress.

of applied load ([1 0 0}) and compressive in two transverse directions. A
similar trend is observed when the applied load is compregsj the trans-
formation strain in this case becomes compressive in [1 @ @lirection and
tensile in other two directions ([0 1 0 and [0 0 1§) as shown in Fig 3.6b.

The true strain along [1 0 0} is di erent between tension and compres-
sion mostly because the natural logarithm function scaleshé¢ ratio of the
initial to nal length of [1 0 0] s di erently depending on whether the ratio is
greater or less than one. However, some di erence is expecteecause unlike
tension, the positive dilatational transformation strainopposes compression.
When all 24 possible variants are allowed to form, the sheatrains essen-
tially cancel, so both cases lead to an almost isotropic expsion, Fig 3.6a
and b. However, when variant selection occurs, none of therde directions
show equal strain.

It is interesting to analyse the e ect of prior austenite texure on trans-
formation plasticity.

Fig. 3.7 shows the longitudinal strain along [1 O @jwhen polycrystalline

samples of austenite undergo martensitic transformationnger the in uence
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Figure 3.7: The longitudinal strain along [1 O @] when a polycrystalline
sample of austenite undergoes displacive transformatiofiable 3.2) under
the in uence of a uniaxial tensile stress. There are four derent austenite
textures represented, random, Goss, Cube and Copper.

of a uniaxial tensile stress applied along the same direatio The important
observation is that the strain is larger when stress{a ecte transformation
occurs in certain textured austenite (Goss or Cube) where asis lower
with some textures (Copper). This is not surprising since th elongation
in this case would be like that from a single crystal of austée. And the
transformation strain in a single crystal depends on its centation with the
axis of the applied stress. It is shown in the Table 3.3 how thstrain in a
single crystal with Cube or Copper orientation varies with he number of
active variants.

It is clear, that for a single crystal austenite with Copper dentation
transformation strain is substantially lower than that of Cube orientation and
that is what is re ected in the Fig. 3.7 for a polycrystalline material. For a
randomly oriented single crystal the value would vary betwen a maximum

(in this case Goss or Cube orientation) and a minimum (Copperientation).
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Table 3.2: The longitudinal strain along [1 0 Q] when a polycrystalline
sample of austenite (500 grains) having Cube and Copper texe undergoes
bainitic transformation under the in uence of a uniaxial tensile stress. Each
value corresponds to a particular number of active variantswith the rst
and the last one representing 1 and 24 active variants respigely.

Cube 0.064 0.064 0.064 0.063 0.062 0.062
0.061 0.060 0.054 0.049 0.045 0.041
0.038 0.035 0.032 0.029 0.025 0.021
0.017 0.014 0.011 0.008 0.005 0.002
Copper 0.043 0.042 0.041 0.039 0.038 0.037
0.035 0.034 0.032 0.030 0.028 0.026
0.024 0.022 0.020 0.018 0.016 0.014
0.012 0.011 0.009 0.006 0.004 0.002

Table 3.3: The longitudinal strain along [1 O Q) when a single crystal sample
of austenite with Cube and Copper orientation undergoes hatic transfor-
mation under the in uence of a uniaxial tensile stress. Eackalue corre-
sponds to a particular number of active variants, with the st and the last
one representing 1 and 24 active variants respectively.

Cube 0.075 0.075 0.073 0.072 0.072 0.073
0.072 0.072 0.064 0.057 0.052 0.047
0.043 0.040 0.037 0.035 0.029 0.024
0.019 0.015 0.011 0.008 0.005 0.002
Copper 0.036 0.034 0.032 0.030 0.028 0.027
0.026 0.024 0.023 0.022 0.020 0.019
0.018 0.017 0.015 0.014 0.013 0.012
0.010 0.009 0.007 0.006 0.004 0.002
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When a large number of grains are considered for a randomlyiemtated
sample the transformation strain will take a value that is inbetween these
two limits as evident from Fig. 3.7.

3.5.2 Multiaxial Stresses

The cases considered above deal with uniaxial stress { theegist circum-
stances, for example when conducting welding, in which comhtions of
stresses are imposed during transformation. The system isen represented
by a stress tensor |,, and the traction t on any plane is then given in the
usual way by the product of the tensor with the unit normalh to the plane
concerned. The traction can then be resolved into a normal drshear stress
on the plane. The axes of the stress tensor correspond to tkas the sample.

For a pure shear, 1; = 33 With all the other components of the tensor
being zero. Fig. 3.8a shows the strains that develop in a polystalline
sample of austenite subjected to pure shear. The anisotromf strain is
pronounced, with the minimum strain naturally along the [0 10]s direction.
Notice that unlike ordinary plastic deformation, the stran along [0 1 0} is
non{zero. This is because the basic unit of deformation is hehear, but an
invariant{plane strain with a nite volume change directed normal to the
habit plane.

The case for hydrostatic compression (1 = 2 = 33 < 0) is il-
lustrated in Fig. 3.8b. The shear component of the invariagplane strain
does not in this case interact with the pressure, so the onlyoctribution
to the transformation strain is from . This explains why the strains are
about an order of magnitude smaller. However, the individdastrains are
still anisotropic since the volume expansion is directed nmal to the habit
plane of each plate.

Some speci ¢ experimental data on bainite will now be compad with

the model results. Whereas the measured transformation atns are from
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Figure 3.8: (a) Transformation strain when the specimen isubjected to pure
shear. (b) The case for hydrostatic compression.

published work [37], the crystallographic measurements@new.

3.6 Comparison with experiments: Transfor-
mation Strain

Measured radial strains due to isothermal transformationa bainite under the
in uence of a stress are illustrated in Fig. 3.9 [37]. The mamum transverse
strain at 200 MPa is 0.017 and that at 4 MPa is 0.004. The valued stress
essentially correspond to transformation greatly in uened by stress and not
a ected, respectively. The strain data are macroscopic msarements made
on polycrystalline samples of austenite. The data are theimre simulated
by considering a cluster of 500 randomly oriented austenitgrains, each of
which makes a contribution to the overall strain during trarsformation.

The interaction energy for each of the 24 bainite variantsni each of
the 500 austenite grains, is calculated for two di erent s&ss conditions in
which the applied stress were compressive with a magnitude2a®0MPa and 4
MPa respectively. The data were then arranged in descendiogder for each

grain (as in Table 3.4 and Table 3.5). Of course, the most faneed variants
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Figure 3.9: Radial strain for isothermal transformation aB00 C as a function
of compressive stress [37].

and indeed the values ofJ will be di erent for each grain as a function of
its orientation. But it then becomes possible to pick then most favoured
variants from each of the 500 grains in the descending arragéU. Fig. 3.10
shows the calculated transverse strains to be expected whamumber n of
the most favoured variants form in each of the 500 austeniteajns.

It is evident that the observed strains can be explained if its assumed
that between 12{14 of the most favoured variants form when émsformation
occurs under the in uence of a large stress (200 MPa). By caast, in the
absence of a signi cant stress (4 MPa in this case), it is nessary to assume
that most variants form, i.e., there is almost no variant selection. From
the data presented in Table 3.4, it is clear that the rst 12-4 variants have
higher values of positive (or very low negative) interactio energy and so these
variants have higher probability of formation. Whereas Tale 3.5 shows that
the values of the interaction energy even for the most prefed variant is
very low compared to the chemical driving force, which is 182] mol ! [37],
so the extent of variant selection will be less and most of theariants will
form. This is for why in this case the experimental strain mathes with the

model prediction when 22 out of total 24 variants are allowetb form (Fig.
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Table 3.4: Interaction energyU (J mol 1) for a uniaxial compressive stress
of magnitude 200 MPa, for each of the 24 possible variants ddibite in three
grains of austenite chosen arbitrarily from an aggregate 600. The energies
are arranged in descending order, with positive values cesponding to a
favourable interaction with the applied stress andrice versa

Grain 1 Grain 2 Grain 3
Variant U Variant U Variant U
2 126.4 15 112.8 6 137.1
10 126.4 9 91.8 15 133.6
21 108.8 13 81.3 14 115.7
20 108.8 11 63.2 9 110.7
3 48.3 6 61.4 16 89.4
8 48.3 12 40.6 12 89.2
23 30.7 1 26.9 7 71.8
18 30.7 14 26.3 1 70.0
19 26.1 16 20.1 22 37.4
24 26.0 5 8.1 13 31.4
17 -9.8 4 -0.7 24 25.1
22 -9.9 22 -7.3 11 18.7
11 -15.1 7 -7.8 17 -13.6
4 -15.2 23 -12.6 19 -15.4
13 -51.0 24 -29.3 5 -16.8
5 -51.0 21 -46.5 4 -18.2
16 -63.8 18 -48.7 8 -100.9
14 -63.9 8 -49.8 23 -103.4
7 -73.5 17 -53.5 10 -121.5
6 -73.5 19 -58.5 21 -124.4
9 -87.3 20 -73.3 3 -127.1
12 -87.5 3 -75.6 18 -128.5
15 -97.0 10 -87.6 2 -137.2
1 -97.1 2 -96.4 20 -138.2




3.6 Comparison with experiments: Transformation Strain 57

Table 3.5: Interaction energyU (J mol 1) for a uniaxial compressive stress
of magnitude 4 MPa, for each of the 24 possible variants of Iode in three
grains of austenite chosen arbitrarily from an aggregate 600. The energies
are arranged in descending order, with positive values cesponding to a
favourable interaction with the applied stress andrice versa

Grain 1 Grain 2 Grain 3
Variant U | Variant U | Variant U

1 3.0 23 3.1 8 3.0
7 2.7 13 3.0 3 2.7
12 2.7 18 2.8 22 2.5
16 2.3 11 2.8 24 2.0
14 2.1 5 2.5 17 1.9
9 2.1 21 2.5 10 1.9
15 1.8 20 2.3 2 1.7
6 1.7 4 2.3 19 1.5
5 0.9 8 0.5 23 1.0
4 0.7 15 0.5 18 0.8
17 0.4 3 0.4 6 0.3
19 0.2 9 0.4 14 0.0
13 -0.1 2 -0.1 21 -0.1
11 -0.1 1 -0.1 20 -0.1
24 -0.3 10 -0.1 7 -0.4
22 -0.3 12 -0.1 16 -0.4
18 -2.3 22 -2.9 13 2.1
3 -2.5 6 -2.9 15 -2.4
20 -2.6 17 -3.1 5 -2.4
23 -2.8 16 -3.1 11 -2.6
2 -2.8 24 -3.2 12 -2.7
8 -2.9 14 -3.2 9 -2.8
21 -2.9 19 -3.3 4 -2.8
10 -3.0 7 -3.3 1 -1.4
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3.10). However, the analysis leaves open the question of thegree of variant
selection as a function of the magnitude of the applied stresThis is tackled

next.
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Figure 3.10: Radial strains for isothermal transformatiorat 300 C as a func-
tion of the number of most favoured variants allowed in eachf 00 austenite
grains. The measured strains are plotted as horizontal lise

3.6.1 Extent of Variant Selection versus Stress

The total free energy available for transformation is the su of chemical and
mechanical components, the latter being zero in the absenoéan applied

stress during transformation:
G= Gehemt Gmech (3.9)

It would be reasonable to assume that there is strong variaselection when
theratio of Gnecn= Gislarge. Given relevant dilatometric data, the extent
of variant selection can be determined as in Fig. 3.10. Theek energies can
readily be calculated using standard methods.

Table 3.6 was compiled using data from the published literate. The

data cover a pressure vessel steel [67], a low{temperaturairbtic steel [37]
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Table 3.6: Calculated data for a variety of steels.T is the transformation
temperature and is the stress.
Reference T/ C /MPa U=Imol ! Gepem N —Smeh

/Imol 1

Bhadeshia et al. [67] 400 98.4 61.84 1758 21 0.017
" 420 98.4 61.75 1620 20 0.019

" 440 98.4 61.67 1486 18 0.020

" 460 96.5 60.67 1354 19 0.022

" 400 41.5 26.08 1758 24 0.007

" 420 41.6 26.11 1620 24 0.008

" 440 41.4 25.95 1486 24 0.009

" 460 47.8 30.05 1354 23 0.011

Hase et al. [37] 300 -200 130.62 1225 12 0.051

" 300 -150 97.97 1225 16 0.038

" 300 -100 65.31 1225 19 0.026
Matsuzaki et al. [16] 450 -25 29.69 1199 23 0.006
" 450 -50 14.84 1199 20 0.012

and a high{silicon steel [16].

It is evident from Fig. 3.11 that there is a strong linear comelation
between the ratio Gpecn= G and the number of most favoured variants
allowed to form in each of the austenite grains. This is an ingstant obser-
vation in that it allows for the rst time the extent of varian t selection, and
hence the transformation strains, to be calculated as a futian of stress for

any steel.

3.7 Stress{free Transformation from austen-
ite
In their classic work on the stress{free transformation to &nite, Davenport

and Bain in 1930 [68] noticed that \the volume change (due toransforma-

tion) is not necessarily uniformly re ected in linear chang in all dimensions".
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Figure 3.11: Gpecn= G versus the number of most favoured variants per
grain (n), for a variety of steels.

They even found that the thickness of a at disc specimen acally decreased
as the volume increased! Bhadeshé al. found a similar e ect and explained
it qualitatively in terms of transformation from textured austenite [67].

Fig. 3.12 shows calculated strains along three orthogonakektions for
a cluster of 100 austenite grains having a Cube texture (Fi§.12a) or random
orientation (Fig. 3.12b) which transform to bainite, as a faction of the num-
ber of variants that form. It is evident that in both the casesthe transforma-
tion strain might be negative in certain directions (which neans compression
along that direction) when the number of variants form is lesthan the max-
imum possible 24 variants. This explains Davenport and Balm observations
if the number of variants that form in the austenite is limited, which might
occur because the special grain boundaries present in suakstanite limit

the variants of bainite that can nucleate.
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Figure 3.12: Transformation strains observed in three artparily chosen
perpendicular directions when (a) Cube textured (b) randoty orientated
austenite transforms into bainite under no applied stress.
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3.8 Summary

A theory has been compiled for calculating the macroscopitans which de-
velop when polycrystalline samples of austenite are tramsmed into bainite
or martensite under the in uence of applied stress or a systeof stresses or
without any applied stress. Indeed, the theory can be applieo any scenario
where the shape deformation due to displacive transformat is de ned.

There is one approximation in the method described in this epter.
It has been assumed that in a polycrystalline sample the sk&tof stress in
any particular grain does not a ect the state of stress of theother grains.
Although in stricter sense that will never be the case in praice. But for
the sake of simpli cation it has been assumed that there is nimteraction
between the various grains in the microstructure.

The transformation strain has been observed to be anisotrampwhen
there is variant selection during transformation. Howeverwhen all the vari-
ants form, transformation strain becomes same the as the uohe strain.

It has been shown that there is a direct correlation betweerhé na-
ture of the transformation strain with the nature of the appied stress. In
case of a compressive stress the variants are selected irhsaiavay that the
transformation strain becomes compressive in the directicof applied stress
and tensile in two transverse direction. The opposite trend observed when
transformation occurs under a tensile load.

The model is developed in such a way that it is capable of talgninto
account any texture that is present in the austenite prior taransformation.
It has been shown that the prior texture present in the micrdsucture has a
strong in uence on the transformation strain. This observaon is signi cant,
as the transformation strain plays an important role in detemining the me-
chanical properties like fatigue strength or residual stes in a welded joint.

Comparisons with experimental data on a bainitic steel areneouraging.
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One of the most interesting outcomes of this work is that a stng
correlation has been obtained between the proportion of theriving force
attributed to stress, and the extent of variant selection. Te correlation
is entirely expected when it is considered that the drivingdrce has both
chemical and mechanical origins, and hence can be used quiatively to
estimate transformation plasticity.

The model seems to also be able to explain an experimental ebstion
made long ago, which showed that during bainite transformain, although
there is a net volume expansion, the length of the specimen @éme direction
might be decreased. The model explains this observation arstiows this
is possible when transformation occurs from both texturedra randomly
orientated austenite with some limitations in the total nunber of variants
that can form. The limitations in the number of variants forming could be
due to the presence of some special grain boundaries.

The theory developed here will be used in the next chapter toegtelop
another model capable of explaining the experimentally obes/ed texture of
bainite obtained when transformation occurs under stress.



Chapter 4

Transformation texture: Single

crystal analysis

4.1 Introduction

Crystallographic texture is said to exist when a polycrystiine material has

a non{random distribution of crystal orientations relative to the sample axes.
This phenomenon is of particular importance in the processj and properties
of steels. Texture can arise in many ways but the topic of intest here is
that which develops as a consequence of the displacive trimisation of

austenite. There have been previous studies on the calcutat of textures in

these circumstances, but they involve a variety of assumpitis which prevent
rigourous predictions.

As has been discussed in Chapter 3, when transformation ocswn-
der the in uence of stress certain variants of martensite/ainite are favoured
out of all that might possibly occure [12]. This gives rise tohe formation
of crystallographic texture. In this chapter, suitable crgtallographic theory
[10, 11, 21] and data have been used to identify the favourednants dur-

ing bainite formation from stressed austenite and then polgures obtained

64
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from those variants are compared with the corresponding eggmental data
obtained form electron back scattered di raction patterns The result are
obtained assuming a single crystal austenite. The experimts discussed are
based on stress{a ected transformationj.e., the external stress was kept
below the yield strength of the austenite at the temperatureoncerned. Plas-
tic strain in the austenite can have other e ects, for exam@ the favouring
of variants which grow across slip{planes and hence avoid omanical stabil-
isation [26, 27]. Such e ects become particularly prominérat large strains
[28] but might be neglected when the debris associated withagticity is in-
su cient to hinder the progress of the growing plates. For eample, it has
been shown that when an austenitic stainless steel is elobed by 10% and
then transformed to martensite, the resulting crystallogaphic texture can
nevertheless be calculated using the variant selection terion inherent in
equation 3.5 of Chapter 3.

4.2 Orientation relationship between

martensite and austenite

It is important to de ne the crystallographic relationship ( J ) between
the parent austenite and the martensite. If ( S ) is the matrix representing

the total transformation strain then it can be shown [13] th&

(J ) S)=(C C) (4.1)
where ( C ) is the Bain correspondence matrix. It follows that:

(J3)=(C c) s)* (4.2)
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( S ) can be determined as shown in [13]. The Bain correspondemoatrix

can, for example be expressed in the austenite referencarieaas:

0 1

It is known that in the cubic crystal system there are 24 symnigy
elements, each of which can be represented by a matrix. So rineare 24
( J ) matrices, determined by multiplying ( J ) with each of the sym-
metry matrices in turn. Associated with each ( J ) will be a variant of the

habit plane and displacement vectors.

4.3 Methodology for drawing pole gure

Pole gures are drawn in the sample reference frame so an otigtion rela-
tionship must be de ned between the sample axes and those bktaustenite
crystals, labelled as (S J) where \S" is the sample basis. If theé h k Ig pole
gure of ferrite (martensite) is to be drawn, then eachf h k Ig pole of marten-
site must be expressed in the austenite frame and then in theference frame
of the sample. Writing the pole aslf; )=(hkl,(h; )=(h; ) J )
and this is repeated for 24 variants oh. To convert the indices to the sample
reference framel§;S)=(h; )( JS). This procedure must be repeated for
each martensite plate within the same austenite grain. Forxample, there
are 6f1 0 Oy poles per plate so if the total number of plates within one

grain is n then the number of poles becomes6
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4.4 Determination of matrix (SJ )

Firstthe 1 00 pole gure of a austenite crystal is experimentally deternmed,
which is shown in Fig. 4.1. Only three poles are shown here bese the gure
is from the lower hemisphere.

Figure 4.1: 1 0 O pole gure of austenite.

In the second step the angles between thid 0 Qg poles and the sample
axes are measured to determine the vectoes b and c from the direction
cosines, and the rotation matrix, (S J ), is calculated using the procedure
described in [13]. The geometry needed to plot the pole guris illustrated
in Fig. 4.2.

\C" corresponds to the centre of the stereographic sphere.h€ inter-
section of a pole from a crystal located at the centre, with # sphere is then
projected through the north or south poles. The resulting gjection on the

equitorial plane de nes the position of that pole on the stexogram.
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Figure 4.2: Construction of pole gure in gamma referencedme.

All the above discussion is for a single crystal of, but the principles

are identical when dealing with a polycrystalline sample.

4.5 Data

The transformation texture can in principle be calculatedriom the knowledge
of the initial texture of austenite, and by taking into account variant selection
due to the applied stress. But in doing so, it is important to ealise that the
shape deformation, habit plane and orientation relationsp of any particular
plate of bainite are mathematically connected by the crystigraphic theory
[10, 21]. A complete set of crystallographic data is there® necessary be-
fore rigourous calculations can be attempted. Unfortunatg such data are
frequently not available, so one purpose of the present wowkas to study the
sensitivity of the texture predictions relative to the crysallographic inputs
and the accuracy of routinely available experimental techques.

The set of data designated (i) in Table 4.1 refer those used taodel
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the martensitic transformation texture in an austenitic stainless steel (results
described in the next chapter), but adapted using the theorglescribed in [13]
for the lattice parameters of interest in the present worki.e., a =0:3619nm
anda =0:2882nm [37]. This results in a macroscopic transformatiostfain
which is a shear of 0.2292 and a dilatational strain of 0.01 moal to the habit
plane. The maximum fraction of bainite possible in the allogystem studied,
for a transformation temperature of 300C, is 0.63 [37].

The analysis that follows assumes the rst set of data listeth Table 4.1
to describe the displacive transformation to bainite. Theemaining data will
be discussed towards the end of the chapter to illustrate thgensitivity of

the calculations to crystallographic characteristics.

4.6 Comparison with experiments: Variant

selection

Bainite was formed in a high carbon steel under uniaxial comgssive load in a
thermo{mechanical simulator (Thermecmaster 4 following the experimental
procedure described in [37]. The specimens were later sedlimetallograph-
ically on their longitudinal sections, and subjected to etgron backscattered
di raction (EBSD) in a Hitachi S{4300 and JEOL, JXA6400 scaming elec-
tron microscope with a step size of 0.25m.

Fig. 4.3 is an orientation image of a sample transformed to lmate under
the in uence of a uniaxial compressive stress. The colourspresent crystal-
lographic orientation using a standard technique called ettron backscatter
di raction (EBSD) [74{76]. The rectangles mark particular grains of austen-
ite which were subjected to detailed analysis.

The crystallographic data from the EBSD analysis can be repsented
on stereographic projections in two common ways, by plottgthe raw poles

or by using pole{density contours on the projections. Both mthods are



4.6 Comparison with experiments: Variant selection 70

Table 4.1: Sets of crystallographic data. (i) The rst set wa used by [69]
to successfully estimate the martensitic transformationeixture of austenitic
stainless steel, but adjusted for the lattice parameters levant here { the
habit plane is close td 2 9 5 . Although there are no complete data available
for the bainitic steel analysed in the present work, the rstset is the most
appropriate given the approximate habit plane recently reprted for the same
steel by [70]. The other two sets correspond to what are comimnally
referred to as (i) f2 5 2 [71], and (iii)) 3 15 1@ [72, 73] habits. Each
set describes the features of a single plate. and refer to austenite and
bainite respectively.

Habit plane p Shape change (P )

1 0 1
0:168640 0:992654  0:033124 0:027321
() @ 07603947 @ 0:026378 1118936  D98100A
0:627185 0:027321 0:123190 ©B98391

0 1 0 1
0:362929 0:986887  0:030853 0:013478

(i) @0:853904A @ 0:040751 1095879  D41883A
0:373011 0:051772 0:121809 946790

1 0 1
0:169270 0:992602  0:033274 0:027355
(i) @ 0:76132° @ 0:026503 1119202 @97997A
0:625890 0:027355 0:123033 (898853

Orientation ( J )

0 1

0:575191 (642067 97283

(i) @ 0:550660 (568276 89334
0:008610 0:131800 0785302

0 1

0:584634 (619305 (119189

(ii) @ 0529661 @683719 @5959A
0:046858 0:118861 0813418

0 1
0:575371 642097 97510

(iii) @ 0550726 (568476 89244
0:008855 0:131888 0785465
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Figure 4.3: All Euler image. The colours represent di erentrystallographic
orientations.

used here for illustrative purposes. The predicted pole ges are presented
using open circles for each variant and superimposed on theperimental
pole gures for easy comparison.

Considering the autesnite in grain A rst, the 1 0 0 pole gure is shown
in Fig. 4.4a,b. There is a clear spread in the orientation ofhe austenite
grain, presumably due to strains caused by transformationt is well known
that the formation of bainite introduces dislocation debrs in the adjacent
austenite [61, 77]. The plotting of pole{density contours@newhat exagger-
ates the spread in orientation, as can be seen by comparinggF#4.4a,c with
Fig. 4.4b,d. This is because the latter are produced using tdabinned into
5 bins with gaussian smoothing.

Table 4.2 lists the interaction energies between the baimtvariants and
the applied stress, with a positive energy denoting a favoaible interaction.

There are, therefore, 12 favoured variants, within which t& rst eight are in
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Table 4.2: Interaction energyU (J mol 1) for a uniaxial compressive stress of
magnitude 200 MPa, for each of the 24 possible variants of bée in three
grains of austenite. The energies are arranged in descergliorder, with
positive values corresponding to a favourable interactiowith the applied
stress andvice versa Rank 1 in this listing corresponds to the most favoured
variant.

Ranking 1 2 3 4 5 6 7 8
9 10 11 12 13 14 15 16
17 18 19 20 21 22 23 24

Grain A 151.2 1442 1334 1246 1116 1111 957 93.9
35.6 26.7 24.4 15.7 -7.8 -7.8 -10.9 -12.2
-126.8 -131.7 -139.0 -145.1 -147.3 -148.8 -152.8 -153.0

Grain B 152.2 151.8 1504 149.8 1435 1429 1414 1410
12.8 12.8 10.9 10.7 10.5 10.3 8.4 8.4
-167.0 -167.3 -168.8 -169.3 -173.9 -174.5 -175.9 -176.3

GrainC 139.6 128.0 954 73.1 71.8 65.9 64.6 64.0
63.2 38.9 4.1 0.9 -48 -21.1 -40.0 -40.5
-64.1 -83.7 -96.1 -98.6 -110.1 -119.3 -119.8 -126.7

a class of high values ol with the remainder with much smaller positive
interaction energies.

It is clear from Fig. 4.4e, which compares experimental vers calcu-
lated data, that allowing the eight most favoured variants gplains the major
intensities in the experimental data. Allowing all 12 of thefavoured variants
(Fig. 4.4f) completes the match between the calculated datand all positions
on the stereogram where measured intensity exists. It is grttesting that the
addition of a further four favoured variants with lower valies ofU in Fig. 4.4f
explains the residual lowest{intensity components of thexperimental data.

Fig. 4.5 shows reasonable agreement between the experiraédata and
calculations for grain B. The high intensity areas designatl "H' correspond

the eight most favoured variants, whereas those designateld are of lower
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() (b)

(© (d)

(e) ()

Figure 4.4: Pole gures for grain A, relative to the sample fime of reference.
(a,b) 1 0 0 pole gures, (c,d) 1 0 0o pole gures. (e) Comparison with
calculated 1 0 Oo pole gures, allowing the 8 most favoured variants to form.
(f) Comparison with calculated 1 0 0o pole gures, allowing the 12 most
favoured variants to form.
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intensity and are explained by the next four less favoured viants listed in
Table 4.2. This con rms that the strongest intensities obssed correspond
to the most favoured variants.

Grain B happens to be roughly in Goss orientation relative tthe sam-
ple axes. For this orientation, a di erent transformation texture has been
demonstrated both by measurement and by calculation when mtansite is
induced by tensile deformation[8, 69], compared with that illustrated in
Fig. 4.5c,d. To explain this, the transformation textures \ere calculated for
both compression (consistent with the present experimentand tension, for
an austenite grain in the exact Goss orientation. The resudtare illustrated
in Fig. 4.6a,b which shows that both the tensile [8, 69] and owression
data can be explained by the present model by assuming the rimation of all
twelve of the favoured variants.

The result from grain C needs special discussion { the inteson ener-
gies are again listed in Table 4.2. A maximum of twelve favoed variants can
form, but it is not possible to explain all of the observed irgnsity using the
12 variants for whichU > 0, Fig. 4.7. There are some low{intensity regions
which are not explained. These discrepancies indicate atidnal variants
which are not favoured by the applied stress. Fig. 4.7 conrsithat the
low{intensity regions correspond to the two variants with nteraction ener-
gies of -4.8 and -21.1 Jmol, i.e., the unfavourable variants with the least
interaction with the applied stress.

The formation of unfavourable variants with low interactian energies is
easy to understand when it is realised that at the transfornteon temperature
of 300C, the chemical free energy change is about1225 J mol?! [37], a
value much greater than the magnitude otJ. This chemical driving force
can therefore stimulate transformation even though it oppses the applied

stress.
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(@) (b)

(© (d)

Figure 4.5: Pole gures for grain B, relative to the sample ime of reference.
(a,b) 1 0 0 pole gures, (c) 1 0 0o pole gure. (d) 1 0 00 pole gure with
calculated data superimposed.
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() (b)

Figure 4.6: Calculated 1 0 & pole gures relative to the sample frame of
reference, showing the twelve most favoured variants of Inéte. (a) Tensile
and (b) compressive uniaxial stress. In this gure poles arallowed to form
from both hemispheres.

4.7 Observed variant intensities and relation
to interaction energies

A favoured crystallographic variant is one for which the ingraction energy
with the applied stress is positivej.e., its macroscopic transformation strain
complies with that stress. The purpose here is to demonstethat favoured
variants correspond to the highest observed intensities. ig: 4.3 shows the
three grains from which EBSD data were collected to producée pole gures.

An attempt is made in this section to show conclusively thathe ob-
served diraction intensities can only be systematically xplained by the
selection of those variants which comply best with the ap@d stress during
transformation.

Additional work has been done to clarify the plot in Fig. 4.3.Although
it has been argued in the previous section that in grain A (Fig4.3) 12
variants are favoured, it is not clear from Fig. 4.3 that in gain A, there are
indeed 12 variants, because the All Euler photograph is notear on that
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() (b)

(©) (d)

Figure 4.7: Pole gures for grain C, relative to the sample &me of reference.
(@) 100 pole gures, (b) 1 000 pole gure. (c) 1 0 0o pole gure with cal-
culated data superimposed for the 12 most favoured variantéd) 1 0 0 o pole
gure with calculated data superimposed for the 14 most fawged variants.

aspect.

Figs 4.8 and 4.9 show that it is not possible to explain all thebserved
intensities without allowing all the twelve favoured variants to form in grain
A. Note that in the EBSD analysis presented there, it is not pssible to
distinguish closely oriented bainite variants. To furtheranalyse the data, the
closely oriented variants (8 variants in each group) are dhbbed together in
groups of similar orientation for the purposes of variant{slection analysis. It

is noted that the 24 variants fall into 3 groups of eight each ith very similar



4.7 Observed variant intensities and relation to interacti on
energies 78

(@)

(b)

Figure 4.8: 1000 pole gure from grain A. Red circles are model predictions.
Comparisons with the experimental pole gures is made allang (a) 2, (b)
4 most{favoured variants to form in the model.
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(@)

(b)

Figure 4.9: 1000 pole gure from grain A. Red circles indicate model pre-
dictions. Comparisons with the experimental pole gures isnade allowing
(a) 8 and (b) 12 most{favoured variants to form in the model.
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orientations. These are designated X, Y, Z. The 8 most favoen variants
all lie in group X (only in case of grain C, 6th most favoured vaant lie in
group Y) and the remaining 16 are distributed between the o#r groups.
The interaction energies for all 24 variants in the three gras from Fig. 4.3
are given in Table 4.2.

From Figs 4.10, 4.11 and 4.12, it is evident that the high intesity
regions of the experimental pole gures consistently corspond to the vari-
ants with the greatest interaction energies, orientationslesignated X. The
interaction energies plotted in the bar charts therein remsent the average
interaction energy for that cluster of variants. The averag interaction energy
for each cluster can be deduced from Table 4.2. For example Hig. 4.10 the
average interaction energy for the cluster \X" orientatiors is 121 J mol?,
which is the average of the interaction energies of the rst &ost favoured
orientations listed for grain A in Table 4.2.

In summary, whilst it has not been possible to isolate the iminsities cor-
responding to each individual crystallographic variant whin a given austen-
ite grain, the work does clearly establish that the largestlserved intensities

do indeed correspond to the most favoured variants.

4.8 Sensitivity to Crystallographic Data

It is a fact that detailed crystallographic data of the kind isted in Table 4.1
are few and far between. However, a large number of ferroudogt fall

roughly within the range of the three sets in Table 4.1 [1, 73]t is instructive

therefore to analyse the sensitivity of the calculated texire to the data.
Fig. 4.13 shows the analysis for grain B. A comparison of théeseograms
shows that the texture is reasonably predicted for all thresets, although
there are detailed di erences for thé 25 2y . These di erences are important
if the accuracy of the experimental technique is greater. kge numbers of
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(@)

(b)

Figure 4.10: 1000 pole gure from grain A. There are total 24 variants, which
includes both favoured and unfavoured variants. (a) The pebk are grouped
into three regions, X, Y and Z. The numbers indicate variant ankings as
listed in Table 4.2. The colours are indicative of the intenges of poles.
(b) Bar chart showing the intensity as a function of region, ad the average
interaction energy for that region (Table 4.2).
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(@)

(b)

Figure 4.11: 1000 pole gure from grain B. There are total 24 variants, which
includes both favoured and unfavoured variants. (a) The pebk are grouped
into three regions, X, Y and Z. The numbers indicate variant ankings as
listed in Table 4.2. The colours are indicative of the intenges of poles.
(b) Bar chart showing the intensity as a function of region, ad the average
interaction energy for that region (Table 4.2).
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(@)

(b)

Figure 4.12: 1000 pole gure from grain C. There are total 24 variants, which
includes both favoured and unfavoured variants. (a) The pebk are grouped
into three regions, X, Y and Z. The numbers indicate variant ankings as
listed in Table 4.2. The colours are indicative of the intenges of poles.
(b) Bar chart showing the intensity as a function of region, ad the average
interaction energy for that region (Table 4.2).
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accurate measurements can indeed be made, as demonstratgd2®] with
respect to the orientation relationship between the austéie and martensite
but such accuracy is hot common, particularly when EBSD measgments are
reported. There also is a need for complete crystallograghmeasurements
of the shape deformation, habit plane and orientation rel&nship of the

transformation products in the new steels.

4.9 Summary

A theory has been compiled for calculating the crystallogphic texture which

develops when austenite is transformed into bainite or maghsite under the
in uence of applied stress. Indeed, the theory can be appli¢o any scenario
where the shape deformation due to displacive transformat is de ned. The
orientation of the prior austenite grain has been shown to beery important

in determining the texture of the product phase.

Comparisons of the model predicted pole gure with experinmtal ones
on a bainitic steel are encouraging. It has been shown that wh transfor-
mation occurs under the in uence of stress only, the variargelection criteria
follows the theory given by Patel and Cohen [12].

It has been shown theoretically how the reversal of sign in ¢happlied
stress, will change the texture of bainite or martensite. lthas also been
proved that the variant selection will be more prominent fran the pole gures,
when transformation occurs under tensile stress than congssive stress.

Analysis has been presented to show that the ares of highestensity
in the pole gures consistently correspond to the variants &ving highest
interaction energies. This conclusively proves that the veant selection model
presented here is sound.

The results shown in this chapter indicate that change in cstallo-
graphic data set, which comprises of habit plane, displacemt direction,
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(@)

(b)

(©)

Figure 4.13: 1 0 0o pole gures for grain B, assuming crystallographic data
corresponding to the following approximate habit planes @ble 4.1): (a)
f2 95 (reproduced from Fig. 4.5d), (b)f2523,(c) f315 1@ .
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orientation relationship matrix (between product and paret phase) and the
shape deformation matrix, has little e ect on the crystallgraphic texture.
A theoretical comparison of pole gures of bainite calculad using three

di erent data set shows minor di erence in texture.



Chapter 5

Texture of martensite formed
from plastically deformed

austenite

5.1 Introduction

Displacive transformation is in uenced by externally appked stress as de-
scribed in Chapter 3 and 4. However, the e ect of prior strairon displacive
transformation is not fully understood. The austenite may b considered to
be plastically deformed but eventually stress-free. Alteatively, it may have
experienced deformation and be under the in uence of exteahstress. Stress
or strain can of course in uence variant selection and henagystallographic
texture.

A more subtle e ect is that the austenite may acquire a deforation
texture prior to transformation, in which case this will in uence the devel-
opment of transformation texture. This second e ect is easyo deal with
but the role of plastic strain in the austenite in determinirg transformation

texture is not all that clear. Understandably this is an aim @ this chapter.

87
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5.2 Experimental Procedure

5.2.1 Tensile Tests

A Fe-30Ni-0.3C (wt%) steel was studied because it is austéniat room tem-
perature and hence can be easily deformed prior to transfoation. Tensile
specimens were prepared as shown in Fig. 5.1. These were tkealed in
quartz tubes lled with argon and given a homogenising treament for 48
hours at 1200C. This results in a coarse austenite grain size, Fig. 5.2, dua
further treatment is needed to reduce the size. This was aetved by cooling
the coarse grained samples in liquid nitrogen to form martsite and then
reaustenitising at 900C for 20 min to form ner austenite grains. The sam-
ples were air cooled from 90C. The ne grains are conducive to texture
analysis.

Samples for electron back scattered diraction (EBSD) angkis were
prepared by straining to 20% elongation in tension (\Schekt 50 kN Elec-
tric Screw Machine). They were then unloaded and transfemeinto liquid
nitrogen to form martensite from plastically deformed ausnite but without
any in uence of applied stress. Such samples are designat@@Ni-Strain".

To form martensite under the in uence of both stress and stia, a
special experimental set-up was designed as shown in Fig.5A rubber disc
was press- tted onto the tensile specimen (Fig. 5.3a) and &m one of the
two grips of the specimen was inserted into a plastic contan (Fig. 5.3b)
through a hole at its base. The hole was then blocked by the rbbr disc to
make the container water-proof, and the assembly was context to a tensile
testing machine in the usual manner. The cross head movemenas kept
at 0.1 mm s . After 20% elongation with the specimen still under stress
liquid nitrogen was poured into the container to induce masnsite. These
samples were designated \30Ni-Stress", containing martgite formed under

the in uence of both stress and plastic strain. The sample vgathen unloaded
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Figure 5.1: Diagram of the tensile specimen.

Figure 5.2: Microstructure of austenite after homogenisgtreatment.
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() (b)

Figure 5.3: (a) Tensile specimen tted with the rubber disc. (b) Tensile
specimen in a water-proof plastic container.

for further studies.

5.2.2 EBSD analysis

Samples were cut from the tensile test specimens as shown ig.F’5.4.

Figure 5.4: Dimension of the EBSD specimen cut from a tensigample.
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Variant selection is probably best studied by mapping the diribu-
tion of crystallographic orientations. Therefore, sampk were prepared for
electron backscattered diraction (EBSD) analysis in an aentation imag-
ing scanning electron microscope at Tata Steel in India. Theamples were
prepared as for optical microscopy, but then polished agairsing a colloidal
silica solution for 30 min for a better nish and to minimise te in uence of
any stressed surface layer. An EBSD analyser (make:HKL) aithed with a
scanning electron microscope (JEOL, JXA6400) was used fdret crystallo-
graphic studies with a step size of 0.5m, a minimum of 600 120 m area
was scanned for each specimen. The data were analysed ushmg tChannel
5' software to construct experimental pole gures.

In the next two sections the applied stress direction is expssed in the
sample reference frame as [1 0s0&nd the transverse direction in the same

reference frame is represented as [0 k0]

5.3 Pole gures from single crystals of

In this section the predicted pole gures are presented uginopen circles
for each variant and superimposed on the experimental polgures for easy

comparison.

5.3.1 Analysis of \30ONi-Stress"

Fig. 5.5 shows the \All Euler" photograph of the scanned aretom the sam-
ple 30Ni-Stress. An \all Euler" photograph gives useful irfrmation about
the orientation di erence of a phase (in this case) at various places in the
microstructure. Thus it can be useful in determining the pir austenite
grain boundaries as di erent austenite grain areas would bshown in dif-
ferent colours. The pole gures were measured from the twoans A and
B. The macroscopic stress tensor acting on these grains wasw@amed to be
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Figure 5.5: All Euler image from EBSD analysis of the sampleéBONi-Stress".
Pole gures were computed from the two grains marked as "A' d@n'B'.

purely tensile, for calculating the interaction energies ssociated with each
variants using the Patel and Cohen method. The orientationalationship
matrix between the sample and the crystal axes was determihdollowing
the procedure described in section 4.4. Fig. 5.6a shows theasured 1 0 O
pole gure of Grain A and Figs 5.6b and 5.6¢ show the model pritions
superimposed on the experimental data assuming 12 and 18 infas’oured
variants.

From Table 5.1 it can be seen that there are 12 variants whichakie
positive interaction energies. However if only these arelalved to form then
not all the observed areas of intensity are explained (Fig.@b). To recover
consistency it was found necessary to use 18 variants indlogl six which do
not comply with the stress.

This is not unreasonable given the large chemical driving fte associ-
ated with forming martensite in liquid nitrogen. In these cicumstances it is

possible to induce unfavourable variants. Neverthelessehegions of greatest
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Table 5.1: Interaction energyU (J mol 1) for a uniaxial tensile stress of
magnitude 300 MPa, for each of the 24 possible variants of nb@nsite in grain
A and grain B of alloy 30Ni-Stress. The energies are arrangeddescending
order, with positive values corresponding to a favourablateraction with the

applied stress andvice versa

Grain A
Variant U

22 271.0
17 268.2
6 267.6
16 265.4
19 252.0
7 246.6
24 237.0
14 232.3
3 4.1
8 3.8
9 2.1
15 1.1
2 -21.8
10 -29.9
1 -45.8
12 -46.4
23 -145.3
11 -148.4
13 -149.4
18 -155.9
21 -173.8
20 -187.0
4 -196.4
5 -196.8

Grain B
Variant U

19 277.6
24 268.0
14 249.2
16 248.8
7 232.0
6 202.7
17 186.4
22 167.1
1 23.5
12 19.6
2 18.1
10 4.4
15 -11.6
9 -33.2
3 -45.1
8 -72.8
5 -100.2
20 -112.8
21 -127.1
4 -135.9
13 -141.2
18 -176.2
11 -182.8
23 -204.1
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(@) (b)

(©

Figure 5.6: 1 0 Qo pole gures of Grain A from 30Ni-Stress steel. (a) Exper-
imental. (b) Model predicted, allowing 12 most favoured vaants to form.
(c) Model predicted, allowing 18 most favoured variants todrm.

intensity are in fact covered by the rst 12 variants associ@d with positive
interaction energies.

To further check the variant selection model another grain ds been
chosen (shown as Grain B in Fig. 5.5) which is smaller in sizenc thus it
is more likely that not all the variants of martensite would brm. Fig. 5.7a
shows the experimental 1 0 0 pole gure from this grain where the data are

fully explained by the rst 8 most favoured variants listed n Table 5.1. The
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model predicted pole gure is shown in Fig. 5.7b.

(@) (b)

Figure 5.7: 1 0 Qo pole gures of Grain B from 30Ni-Stress steel. (a) Exper-
imental. (b) Model predicted, allowing 8 most favoured vaents to form.

5.3.2 Analysis from alloy \30Ni-Strain"

Figure 5.8: All Euler image from EBSD analysis of the sampleSONi-
Strain". From two grains marked as "A' and "B' pole gures areonstructed.
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Fig. 5.8 shows the all Euler photograph of the of sample \30r8train".
This gure shows the total area scanned in EBSD, pole gureseve obtained
from two grains marked as Grain A and Grain B. Although the sample was
unloaded prior to cryogenic treatment, the analysis that fllows assumes that
variant selection can be determined on the basis of the intastion of °with
stress. The purpose was to see how far this might succeed iplaining tex-
ture on the crude hypothesis that the unloaded, plasticallgtrained austenite
retains a memory of the original stress in the dislocation asther strain in-
duced structure during tensile deformation.

The stress tensor acting on the sample before quenching is@sed to
be pure tensile. This is of course a simpli ed assumption até real stress
tensor here should be the residual stress acting on theseigsawhich is very
di cult to measure or calculate.

Following the same procedure described in the previous sect 1 0 0o
pole gures have been predicted for the two grains. It can beesn from
Fig. 5.9 and Fig. 5.10 that the experimental and model predied pole gures

matches very well.

() (b)

Figure 5.9: 1 0 0o pole gures of Grain A from 30Ni-Strain steel. (a) Exper-
imental. (b) Model predicted, allowing 12 most favoured vaants to form.
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(@) (b)

Figure 5.10: 1 0 Oo pole gures of Grain B from 30Ni-Strain steel. (a)
Experimental. (b) Model predicted, allowing 10 most favowed variants to
form.

The following conclusions can be made form the results prockd in

this section.

1. When transformation occurs from plastically deformed atenite under
stress variant selection can be described using Patel andhi@n's theory
[12].

2. When transformation takes place from plastically straied austenite
but without any in uence of external load variant selectioncan still be
explained using Patel and Cohen's theory. It seems under ladegree

of plastic strain austenite retains the memory of the origial stress.

3. The results presented here contains 12-18 variants of rtesite in each
grain due to large chemical driving force . The large numberf @ari-
ants makes it di cult to validate the variant selection model with high
precision in some cases. If the under cooling can be resteidtand for-
mation of martensite is limited to 20-30% variant selectioomodels can
be validated more rigorously.
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5.4 Texture prediction in a 304 austenitic

stainless steel

In an elegant experimental study on 304 austenitic stainlessteel, Geyet al.
[8] found that not all of the 24 possible crystallographic v@ants of martensite
( 9 formed when the alloy was deformed to 10% elongation in tena at -
60 C.

Variant selection was particularly noticeable in austen& ( ) grains
belonging to the Goss and Cube components of texture, whichahsformed
to smaller fractions of martensite. This is presumably becae the early
stages of transformation are dominated by the © variants most favoured
by the external stress. The selection process was explaingdalitatively
by associating the martensite with the slip systems that havthe greatest
Schmidt factors, although even on the \activated"f111lg planes, only a
fraction of the possible variants were found.

The transformation texture for the data published by Geyet al. [8]
was modelled using a self-consistent set of crystallograpiparameters. The
set associated with a single martensite variant, gives a hialplane close to
the approximately f2 5 9 plane reported by Lagneborg [78] for the same
steel. The lattice parameter of austenite in 304 stainlestegl is estimated to
be 0.3589 nm [79] and that of the martensite is taken to be 0.2ZBnm. This

standard set is given as follows, calculated as in [13]:
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Habit plane ( 0:183989 696344 0:781359)
0 1
0:991342 (@28064 0:036770
Shape deformation matrix ( P ) @0:028064 09040 G119180A
0:029429 0:095386 1124979
0 1
0:579356 42586 0L02537
Coordinate transformation matrix ( J ) @ 0:014470 6133650 0:788984\
0:552000 @®72979 86936

The matrix notation used above is due to [10]. This set implgthat

(111) =(0:012886 081915 M78457)

[110] =[0:927033 1055684 1:071623]

It can be noticed that (11 1) is approximately parallel to (01 1) and [1 1 0]

is approximately parallel to [1 11] . The actual relationship is irrational to

ensure the invariant{line necessary for martensitic trarfsrmation.

The full twenty four crystallographic sets correspondingd the 24 vari-

ants of martensite possible in each austenite grain can bengeated using

symmetry operations. The interaction energy for each of th&4 variants in a

500 grain aggregate have been calculated using the proceduresciébed in

section 3.3. and s are the dilatational and shear strains due to the shape

deformation of martensite, which can be shown using (P ) to be 0.02536

and 0.2245 respectively [13]. It is to be noted that calculeig the interaction

energy in this way is complete [12] compared with the apprdaa which only

the symmetrical part of the shape deformation is used [20, BO

To model the martensite texture beginning with that of austaite it

was necessary to replicate the latter rst. This was done foGoss and Cube

texture for a 500 austenite grains aggregate following thegcedure described

in section 3.4 of Chapter 3.
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A variant is said to be favoured when interaction energy add the
driving force for transformation. Each austenite grain is lien allowed to
transform to only the favoured variants, thus allowing the tansformation
texture to be calculated. It is emphasised that each austdri grain is
transformed equally into the selected variants having equ&actions of each
favoured variant. This is because the relationship betweethe interaction
energy and fraction transformed is not clear. Therefore, thbugh the crys-
tallography should be correctly predicted, the detailed itensities may not
be accurate.

For the Cube component of austenite texture, Fig. 5.11a shewthe
measured pole gure for martensite [8], Fig. 5.11b the callated pole gure
allowing only the favoured variants, and nally, Fig. 5.11cillustrates what
should happen if all possible variants are allowed to form.ir8ilar results for
the Goss oriented austenite grains are shown in Fig. 5.12. @lagreement
between the calculated transformation texture based on faured variants
and the measured data is remarkably good.

The following conclusions can be made form the results prockd in

this section.

1. Variant selection has a substantial e ect on the crystatigraphic texture

during displacive transformation.

2. Variant selection can be explained with the help of Patelral Cohen's
[12] theory.

3. Not only under stress but Patel and Cohen's theory is abletexplain
the variant selection when the transformation occurs from lpstically
deformed austenite. However the degree of plastic deforrmat has to

be low.

4. The model is fully capable of predicting the transformatin texture
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(a) (b)

(©

Figure 5.11: 1000 pole gures for transformation of Cube oriented austenite
grains. (a) Experimental data [8]. (b) Calculations allowng only favoured

variants of martensite to form in each austenite grain. (c) @lculations al-

lowing all possible variants of martensite to form in each atenite grain.

using a self-consistent crystallographic data set geneeat following the

phenomenological theory of martensite crystallography.

5.5 Texture in rolled steels

It has been discussed in Chapter 2, Furubayaskt al. [9, 33] attempted
various variant selection models to estimate the transforation texture in
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(a) (b)

(©

Figure 5.12: 1000 pole gures for transformation of Goss oriented austenite
grains. (a) Experimental data [8]. (b) Calculations allowng only favoured
variants of martensite to form in each austenite grain. (c) @lculations al-
lowing all possible variants of martensite to form in each atenite grain.

two high Ni alloys (composition is given in Table 5.2).

Through proper heat treatment and rolling (shown in Fig. 5.8) Cube
and Copper type texture was introduced in the austenite of & two Fe-Ni
alloys. Martensite transformation was then induced eitheby cooling the
austenite below theMs temperature (Transformation After Rolling, TAR
process) or by deforming the austenite below thigl 4 temperature (Transfor-

mation During Rolling, TDR process). Furubayashiet al. has shown that
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Table 5.2: Composition of the two alloys used by Furubayaslet al. [9].

Alloy Composition / wt%

Ni Mn Al C N Si Fe
26Ni | 25.76 0.085 0.025 0.001 0.0012 0.002 bal.
30Ni | 29.67 0.085 0.025 0.001 0.0012 0.002 bal.

Figure 5.13: Thermo-mechanical treatment given by Furubashi et al. to
produce desired texture in Fe-Ni alloys [9].

the \Bain strain model" was most accurate in predicting the tansformation
texture amongst all the models they considered. The Bain stin alone is
however an incomplete description of the shape deformati@ssociated with
the martensite transformation.

There exist a few more limitations in the work done by Furubagshi et
al.. First of all, experimental evidence has been given aboutetformation of
Cube type texture after a particular heat treatment and roling cycle (TMT-3
and TMT-4 as shown in Fig. 5.13) but the same for Cu type textu (TMT-
1 and TMT-2 as shown in Fig. 5.13) has not been presented in .[9From
the experimental pole gure presented in another work by thsame author
[33] and from the simulated austenite pole gure presentedi[9], it seems
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that a pure Cu-type texture in austenite has not been achiede Which
is quite expected, as rolling of steel almost always resulis a mixture of
various texture components. Fig. 5.14a,b show the experintally observed
and simulated \Cu-type" texture by Furubayashi et al.. If this is compared

with the pure Cu-type texture presented in Fig. 3.5c the di @ence is evident.

(@) (b)

Figure 5.14: \Cu-type" texture in austenite, (a) experimetal [33] and (b)
simulated [9].

To reproduce the initial austenite texture for the TMT-1 and TMT-2
treatments a combination of common texture components of atenite were
composed and compared with observation. It was found (Fig.Xp) that a
mixture of 50% Cu and 50% S type texture gave a good match withthé
texture used by Furubayashiet al. (as shown in Fig. 5.14). So in the present
model for TMT-1 and TMT-2 rolling sequence prior austenite éxture has
been assumed to be a mixture of 50% S and 50% Cu.

Furubayashi et al. assumed that the stress during rolling is a triaxial
compressive type. But the exact nature of the stress tensoung rolling is
a subject of study in its own right [81{84]. Although a triaxial compressive

stress may be relevant to TDR process, this is not the case f6AR process
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Figure 5.15: Simulated 1 0 0 pole gure assuming 50% Cu and 50% S
component.

where the residual stress due to plastic deformation playsrale.

According to Wang et al. [85] the residual stress tensor varies with
the type of austenite texture. Furubayashiet al. did not begin with such a
tensor but rather varied the stress components until a t cold be obtained
with the transformation texture. Indeed four empirical paameters were ad-
ditionally introduced to deal with variant selection. The work presented in
the next section addresses this without tting the stress tesor and using

better justi ed variant selection criteria.

5.5.1 Modelling the TAR process

An attempt was made to separate the e ects of stress and straby assuming
that variant selection is a ected by stress only. Strain maifests by in uenc-
ing the prior texture of austenite and by generating a patter of residual
stress within the material. The residual stress tensor assated with the

prior austenite texture has been taken from the work of Wangt al. [85], Ta-
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ble 5.3. To model the TAR process the initial austenite textte was assumed
to be a mixture of Cu and S components (50% each) and the resalstress

tensor (equation 5.1) was calculated using the data preseuqt in Table 5.3 :

0 1
219 0 35

% 0 35 24§ (5.1)
35 24 52

Table 5.3: Stress tensor for major texture components in theustenite phase
of cold-rolled stainless steel [85].

Texture 11 22 33 23 13 12
components /MPa [ MPa /MPa [MPa /MPa [/ MPa
f110gH 1 2 Brass -292 37 73 0 0 13
f11Q0y0 01 Goss 9 64 158 0 0 0
f112H 11 Copper -188 -83 -108 0 41 0
f123y634 S -250 12 5 24 30 0

Variant selection model in this work is done following the P&l and
Cohen's theory. Variants were ranked in terms of the interdion energies and
the rst 8 most favoured variants were allowed to form. In anygrain if any
of the rst 8 variants had negative interaction energy it wasnot considered
as a favoured variant. The values of the interaction energieare given in
Table 5.4. The experimental [9] and the model predicted polgures are
shown in Fig. 5.16 and the agreement is good without the assptions made
by Furubayashi et al.. It must be noted that the stress tensor used in this
model is taken from literature, which is an approximation. fl a model is
developed to predict the residual stress tensor for the apgpriate rolling
conditions a much better texture prediction can be obtained



Table 5.4: Interaction energyU (J mol 1) for 24 variants in ve randomly chosen austenite grains fim an aggregate
texture consists of Cu and S components (50% each). The siibn is done for a
stress tensor shown in equation 5.1. The energies are arradgn descending order, with positive values corresponding
to a favourable interaction with the applied stress andice versa

of 1000 grains with an initial

Grain 1 Grain 2 Grain 3 Grain 4 Grain 5
Variant U Variant U Variant U Variant U Variant U

23 47.4 8 48.5 23 117.4 18 122.3 23 84.9
8 34.6 23 42.2 18 114.9 23 111.3 18 69.9
13 32.2 22 23.8 8 92.7 5 94.6 13 64.5
18 25.2 18 20.9 3 83.5 4 73.9 8 40.4
15 10.8 3 17.8 20 48.9 20 71.6 5 35.1
3 5.8 13 55 21 45.5 13 66.7 11 31.1
11 0.7 6 2.2 10 23.9 21 58.1 3 22.6
22 -0.6 24 -2.7 13 20.2 11 43.6 21 12.1
6 -9.2 10 -8.8 5 18.3 8 41.3 4 10.8
5 -10.1 15 -9.8 2 14.4 3 41.2 15 8.9
21 -16.9 14 -17.8 4 -7.9 1 2.7 20 6.1
9 -20.9 21 -19.4 11 -11.8 12 -5.6 9 -14.7
20 -24.0 20 -24.1 22 -44.0 10 -6.9 12 -24.9
4 -26.5 11 -25.2 15 -61.5 2 -14.6 1 -30.5
10 -26.7 2 -31.4 17 -66.1 15 -27.9 10 -31.1
24 -29.1 5 -33.7 12 -69.5 9 -38.7 2 -42.5
14 -31.3 17 -43.3 1 -69.8 22 -116.5, 22 -52.7
12 -31.4 9 -43.4 24 -73.0 17 -122.0 6 -63.8
2 -46.4 12 -47.7 9 -80.0 24 -134.6, 14 -83.3
1 -48.2 4 -47.9 19 -95.4 14 -135.7] 24 -84.8
17 -62.7 19 -61.7 6 -101.0 7 -138.2 17 -90.6
16 -74.2 1 -67.3 14 -109.6 6 -141.1 16 -107.4
7 -81.4 16 -67.9 7 -122.8 19 -147.8 7 -108.9
19 -82.1 7 -73.9 16 -132.3 16 -157.3] 19 -116.2

S|931S P3J|0J Ul 3INIX3] §'G

L0T
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(@) (b)

(c) (d)

Figure 5.16: 1 0 0o pole gures from 26Ni steel after TAR simulations.
(a) Experimental and (b) simulated [9]. Model prediction fom the present
work following Patel-Cohen theory, (c) allowing 8 most favared variants (d)
allowing all 24 variants.

5.5.2 Modelling the TDR process

Transformation during rolling occurs below theM 4 temperature (Fig. 5.13).
Furubayashi et al. have modelled the texture assuming triaxial compressive

stresses, but the components of stress were chosen empliica
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Figure 5.17: Arrangement of rolls in the nite element simwtion done in
ABAQUS.

Figure 5.18: Finite element mesh distribution in the strip ér the rolling
simulation in ABAQUS. The resultant stress tensor is obtaiad from a mesh
pointed as "M’ from the roll bite region at mid-thickness in he strip.

In order to estimate the stress tensor, Mr. Raju Dasu (TATA SEEL)
assisted with a nite element (FE) analysis of an elastic-istic deformable
sheet using ABAQUS/Standard (version 6.6) in cold rollingeduction of 60%
(Fig. 5.13). Although in [9] the entire reduction was achiesd in single pass,
the FE model assumed rigid rolls and elastic-plastic defomable sheet with an
initial sheet thickness of 1.6 mm reduced nally to 0.8192 mrmn three equal
passes. The sheet was assumed to be symmetrical about a mahel through
the thickness of the sheet. Plane strain conditions were assed to prevail.
The total number of elements for the sheet was 4000. The contebetween
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the rolls and the sheet is signi cant in simulating the rollng processes. These
interactions were modelled with a penalty frictional contat algorithm in
kinematic constraint formulation. The interactions betwen the rolls and
the strip is modelled with a friction coe cient of 0.3. Figs 517 and 5.18
show the rolling arrangement and the mesh distribution, rgeectively. The
stress tensor (given in equation 5.2) is determined for eyeelement shown
in Fig. 5.18 but used is that from an element mid-thickness ithe roll-bite
region (‘M'in Fig. 5.18).

0 1
136 O 35
% 0 386 0 § (5.2)
35 0 623

Model predictions for 1 0 Qo texture have been done for the Cube and
a mixture of Cu and S (50% each). For initial Cube texture expéemental
and model predicted 1 0 G texture is shown in Fig. 5.19. It can be seen that
excellent match is obtained. For the present model in eachan rst four
most favoured variants were allowed to form because in most thhe grains
it has been found that the interaction energy values for rstfour variants
are much higher than the rest. The examples of interaction ergies, for
austenite having Cube type texture, are shown in Table 5.5.

Fig. 5.20 shows the experimental and model predicted 1 OoQexture
for TDR process where the initial austenite texture was a miare of Cu and
S. It can be seen that the match in this case is not as good as gt for the
Cube textured austenite.

There are two possible explanations. The Cube textured awstite is
an accurate representation of the experimental austeniteFor TMT-1 and
TMT-2 the texture in austenite is a mixture of various compoents, it has
been assumed to be a mixture of 50% Cu and 50% S but is likely t@ b
more complex. Secondly the estimation of the stress tens@ simplistic.
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Table 5.5: Interaction energyU (J mol 1) for 24 variants in three randomly
chosen austenite grains from an aggregate of 500 grains imgva Cube type
texture. The simulation is done for a stress tensor shown igeation 5.2. The
energies are arranged in descending order, with positivdwas corresponding
to a favourable interaction with the applied stress andice versa

Grain 1 Grain 2 Grain 3
Variant U Variant U Variant U

21 121.0 18 315.5 20 318.8
23 113.2 20 305.8 21 309.0
13 105.1 23 297.4 18 304.6
11 102.9 21 288.9 23 297.7
20 61.2 3 173.3 10 178.5
18 34.5 8 165.7 2 171.2
8 15.6 10 162.1 8 163.1
10 11.3 2 158.7 3 161.1
2 2.5 5 85.6 4 78.1

15 -3.0 4 81.1 5 71.2

9 -31.1 13 43.4 11 56.8

3 -36.3 11 40.3 13 52.9

4 -51.8 1 -197.4 12 -208.8
5 -68.6 12 -200.7 1 -215.1
22 -157.7 9 -240.1 15 -230.3
12 -164.9 15 -240.9 9 -233.3
6 -168.2 17 -292.6| 24 -293.7
24 -172.0, 24 -301.3] 22 -301.6
1 -197.5 19 -301.9] 19 -307.3
19 -222.5 22 -302.9 17 -310.1
14 -235.2 7 -433.3 14 -440.2
16 -238.0 14 -439.4 6 -450.2
17 -251.3 16 -452.0 7 -452.9
7 -309.5 6 -455.7 16 -459.6
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(@)

(b)

Figure 5.19: 1 0 Qo pole gures from 30Ni steel after TDR process forming
from Cube texture austenite. (a) Experimental [9] and (b) mdel predicted
following Patel-Cohen theory allowing 4 most favoured vaaints to form.
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(@)

(b)

Figure 5.20: 1 0 0o pole gures from 30Ni steel after TDR process forming
from austenite having a mixture of Cu and S type texture. (a) Eperimental
[9] and (b) model predicted following Patel-Cohen theory kEwing 8 most

favoured variants to form.
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Fig. 5.21 shows the 1 0 @ texture for a pure compressive stress with an
initial austenite texture as in Fig. 5.15, this results in a letter match. This
pole gure (Fig. 5.21) is quite di erent from that in Fig. 5.20 indicating the
sensitivity of the texture to the nature of stress tensor.

Figure 5.21: Model predicted 1 0 0 pole gures from 30Ni steel after TDR
process assuming a pure compressive stress tensor opeeadiuring rolling.

5.6 Severity of transformation texture

Calculations have been done to compare how the 1 Oo(ole gure would

di er when it forms in randomly oriented austenite, and fromCube or Goss
textured austenite. Fig. 5.22a shows the texture developetom random

austenite under the same conditions as for the Cube and Gossieties shown
in Figs. 5.11 and 5.12 respectively. It has been assumed ihadses that the
transformation occurs under tensile stress and 8 most favaa martensite
variants are formed. It is evident from Fig. 5.22a,b that trasformation from

randomly oriented austenite leads to a weaker martensitextire. The e ect
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is more pronounced when a compressive load is applied to ramay oriented
grains (Fig. 5.22b). The conclusion is valid even if a stromeg variant selection
criteria is used. Fig. 5.23a,b shows the same pole gure ashing. 5.22 but
allowing only two favoured variants to form. It is clear that the texture

becomes slightly stronger but not as much as shown in Figs %.and 5.12.

5.7 Summary

It has been shown for both single crystal and polycrystalle austenite that
Patel and Cohen theory can be employed to predict variant ssdtion during
martensite transformation that takes place under the in uece of stress or
indeed, small plastic strain. The method developed here caarrectly predict
the transformation texture of martensite and capable of immrporating the
in uence of persisting texture in austenite.

An attempt has also been made to study variant selection in lagily
deformed austenite and has been met with partial success ieparating the
e ects of plastic strain and stress. When transformation amrs during the
rolling deformation of austenite, variant selection can beeasonably well
explained by a triaxial compressive stress. But when transfmation occurs
on quenching heavily deformed austenite variant selectiolepends on the
nature of residual stresses the characteristics of whichdscult to estimate
as a global tensor. It has also been shown that transformatiatexture is

in uenced more by the prior austenite texture rather than vaiant selection.
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@)

(b)

Figure 5.22: Model predicted 1 0 @ pole gures from randomly oriented
austenite matrix allowing 8 most favoured variants to form ader (a) tensile
load and under (b) compressive load.
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@)

(b)

Figure 5.23: Model predicted 1 0 0 pole gures from randomly oriented
austenite matrix allowing 2 most favoured variants to form ader (a) tensile
load and under (b) compressive load.



Chapter 6

Texture and intervening

transformations

6.1 Introduction

It has been argued in a recent study that the transformation dxture of
austenitic stainless steels should be calculated in two gf@s [7]. The austenite
rst transforms into -martensite and this then undergoes ! O reaction,
where 9 is the body centred cubic martensite and the hexagonal close
packed martensite.

This is because the !  °transformation is said in reality to occur in
two stages [86, 87]. A di erent approach is used to calculatde interaction
energy between the applied stress and the transformationrain [7], based
on in nitesimal strain elasticity theory rather than the plastic work model
of Patel and Cohen [12].

The purpose of the work presented in this Chapter was to see ather
it is in fact necessary to account for-martensite when estimating the trans-
formation texture due to ° There is after all noa priori reason to suppose

that anything but the macroscopic shear deformation due to®can in uence

118
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the selection of variants. There should be twenty four of thee variants pos-
sible irrespective of the way in which the ° develops. The second aim was
to assess the di erent interaction energy criterion used ifi7].

There were two sets of results presented by Humbeet al. [7]. First,
for the transformation of a polycrystalline aggregate of aienite and sec-
ondly the detailed assessment of transformation texture ia particular grain
of austenite. Using various variant selection criteria the managed to ex-
plain the observed crystallography with reasonable amoumdf success. The
following section includes a consideration of their procade alongside the
methodology presented in Chapter 3 and Chapter 4.

6.2 Interaction energy for | transforma-
tion

The mechanical component of free energy, due to the interamt between
an applied stress and the shape deformation associated wigach marten-
site variant has been evaluated following the Patel-Cohen ethod [12], as
described in Section 3.3. This is because the transformatistrains are large
and are plastic rather than elastic. Table 6.1 lists the inteaction energies
evaluated by Humbertet al. [7] and according to Patel and Cohen. The vol-
ume strain associated with the transformation was taken aem. Humbert

et al. have used the following equation for calculating the intedion energy:

1 1
Ezéij 7 5[ 1111+t 22t 333+t 1212+ 1313+t 23 23] (6.1)

where E is the strain energy per unit volume,;; represents the strain in the
simple shear, j is the applied stress presented in the austenite reference
frame and j is the strain tensor associated with ! or ! 0 transfor-

mation. The state of applied stress is classi ed by a tenson ithe austenite
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basis, which for a uniaxial stress becomes;

0

Ho

0

(6.2)

o o O
© 2N

If the shape deformation for any martensite transformationis an
invariant-plane strain on a plane with a unit normal @@; ) = (p 1 P, P3),
with a displacement in the unit direction [ ;d] = [d; d, d3] and with a mag-

nitude of the displacement given bym' then it can be written as follows [10]

0 1
1+ mdip;  mdip, mdip;

(P )= mdyp;, 1+ mdyp, mdyps § (6.3)
mdsp; mdsp, 1+ mdsp;

For ! ,pjj211),dj[l121] andm = pl—§ if there is no volume change
accompanying transformation. There will be 11 other crystigraphically
equivalent variants as listed in Table 6.1.

According to Humbert et al., the strain tensor is obtained as follows:

_( PO+ P
ij - 2

| (6.4)

where as usual, ( P° ) is the transpose of the matrix ( P ), so that:

0 1
md1p, (mdip, + mdyp;)=2 md;p; + mdzp,)=2

i~ %(mdlpl + mdzpy)=2 md;p, mdsp, + Mdyps)=2
(mdsp, + mdi1p3)=2  (Mmdsp, + Mdyp;)=2 mdsps,
(6.5)

In their approach, for a uniaxial tensile stress, the interetion strain energy
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Table 6.1: Calculation of interaction energies associatesith
formation following Humbert et al.

trans-

[7] and Patel and Cohen [12] for

= 200 MPa and austenite grain oriented withg =[128:99 ;4827 ;2427 ].
The ranking is in a descending order of interaction energy. positive value

of interaction energy corresponds to a favourable interaon with the applied
stress andvice versa

Variant | Plane and | Interaction energy| Interaction energy | Ranking
number | direction MIm 3 MIm 3
of shear [7] [12]

1 (111)[L21] -0.77 -1.54 7
2 (111)112] 7.54 15.09 3
3 (111)211] -6.78 -13.55 10
4 (111)211] -11.58 -23.17 12
5 (L11)R12] -5.64 -11.28 9
6 (111)21] 17.23 34.45 1
7 (111)[121] 12.37 24.75 2
8 (111)[112] -2.12 -4.23 8
9 (1112 11] -10.26 -20.51 11
10 (11121 1] 0.13 0.27 4
11 | (111)112] -0.1 -0.2 6
12 | (111)121] -0.04 -0.07 5
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per unit volume is therefore given by:
1
E= émdlp1 (6.6)

This value is now compared against that obtained using Patelnd Cohen's
method.

6.2.1 Patel and Cohen approach

From Fig. 6.1a, the displacement alongl can be resolved into components
normal to the habit plane ( p) and another on the habit plane ée), where p
and e are unit vectors, "' is the dilatational strain and 's' is the shear strain.
The traction  acting on the habit plane is resolved into a normal stressy

and a shear stress parallel to e.

1o 1 0
p1
=%00(§%p§ %o (6.7)
000 p, 0
) i[100].
N= P =(PyPps) P, 00]= pi (6.8)

As \ijip,) w~ = p2p. From Fig. 6.1b it can be written:

0 1 0 1
P1 p3
t N = max = % O§ % p%ng (69)
0 pips

Taking dot product with e in both sides:

= mx €=( p,00)aee] (p7 pip, pipler & &s]= pi&
(6.10)
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@)

(b)

Figure 6.1: (a) Shape deformation associated with the marnsite transfor-
mation. (b) State of stress on a habit plane.

* e

) U pi+ s p.&
p.[ p; + sei]

md1p; (6.11)
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This di ers by a factor of 2 from equation 6.6, because the I&dr incorrectly
assumes that the stress-strain relationship is elastic wigas in fact the trans-
formation strain is plastic. The absolute value of the inteaction energy is
therefore wrong by a factor of exactly 2, as can be seen frombla 6.1. The
proof presented here that the two approaches are equivaleother than the
factor of 2 can be veri ed to be valid for a general stress teasas follows:

0 1
11 12 1P+ 12P> + 13P3
= % 21 22 23§ %p2§ % 21P1 + 2P + 23p3§ (6.12)
32 31P1 + 32P2 t  33P;3
N = t-P
= upi+ PPt 13P1Ps
+ 21PiP t 2P5+  23P.Ps
T 31PiP3 T 32PP3 t 33p§
x3 X3
= i PiP; (6.13)
i=1 j=1
.. Ps P
As njipy) N = 4 i=1 i PiPjP-
t N = max - (6.14)
So can be written as:
= max €= ¢ n]ie= e (6.15)
x3 x3 x3
) = 1iPiér + 2iPi€ + 3iPi€s
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x X3

i Pj& (6.16)

i=1 j=1

Form here the interaction energy can be written as:

X e
U = [ ipip +sjap]
i=1 j=1
= i [ P+ sel
i=1 j=1
X e
= ij pymd
i=1 j=1
i (6.17)
6.3 Texture prediction, single crystal

Humbert et al. reasonably assumed that the most favoured variant should
correspond to the highest interaction energy. They arguedhat from a single

variant it is possible to generate 6 °variants of which only three variants
are favoured when interacting with a uniaxial tensile stres Fig. 6.2 shows
their measured and model predicted pole gures for the® transformation
reaction. The poles are distributed in three di erent groug designated here
as ‘A', 'B'and "C'. According to Humbertet al. "C' corresponds to the \main
variants”, presumably on the basis of the observed intengiis. Fig. 6.2b shows
that the poles from region "A" are not reproduced theoretidly.

Humbert et al. assumed di erent variant selection criteria for !

and ! Oreactions. Forthe rsttransformation a \strong" variant s election
criteria was used. In this case all the variants having lesian 90% of the
highest interaction energy were considered to be not favable. On the
other hand for the ! O reaction variants having more than 20% of the

highest interaction energy were assumed to be forming. Vant selection
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(@)

(b)

Figure 6.2: 1 0 0 pole gure of °martensite for an austenite grain having
orientation g = [128:99 ;4827 ;2427 ] (here the angles represent Euler
angles), (a) measured (b) model by Humbergt al. [7].

criteria in this case was much \weaker" than the previous oneThe reason
behind choosing a di erent criteria for variant selectionm two reactions are
not clear.

The texture of °phase from the same austenite grain has also been
modelled here using the method described in Chapter 4 dirgctor the trans-
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formation !  © neglecting any intervention of martensite. Taking the
parent austenite grain orientation from [7], the interactbn energies associated
with the 24 possible variants of martensite have been calatéd as shown
in Table 6.2. The crystallographic data used to de ne the ° are shown in
Table 6.3, the data have been obtained following the procedudescribed in
[13].

The rst 13 most favoured variants listed in Table 6.2 are allssumed
to form. Fig. 6.3 shows the comparison between experimentaid model pre-
dicted 1 0 00 pole gure. It is obviously possible to explain all the obseed

intensities.

6.4 Summary

The results show that it is not necessary to considermartensite in order
to predict the “martensite transformation texture in austenitic stainless
steel. Furthermore, that the Patel and Cohen method, whicharrectly treats
the transformation strain as plastic can be directly used taalculate the
interaction energies. The two-step method in contrast reagues additional

assumptions.
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Table 6.2: Calculation of interaction energy associated thi
formation following Patel-Cohen [12].

Ranking | Variant No. | Interaction energy
Jmol !
1 2 110.64
2 10 108.68
3 21 100.36
4 20 88.80
5 3 79.43
6 8 72.52
7 23 61.11
8 18 60.21
9 19 59.17
10 24 41.87
11 17 37.87
12 22 23.94
13 11 5.70
14 4 -4.72
15 13 -9.68
16 5 -18.51
17 16 -22.90
18 14 -36.34
19 7 -45.22
20 6 -52.25
21 9 -74.18
22 12 -86.10
23 15 -106.72
24 1 -120.73

0 trans-



Table 6.3: Cryallographic data set for ° martensite in 304 stainless steel.

Habit plane ( 0:183989 696344 0:781359)

0
0:991342 (@28064

Shape deformation matrix ( P ) @0:028064 09040
0:029429 0:095386

0
0:579356 42586

Coordinate transformation matrix ( J ) @ 0:014470 €133650
0:552000 @®72979

1
0:036770
0119180A
1124979

1
002537
0:788984
086936

Arewwns 9

6T
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(@)

(b)

Figure 6.3: Model predicted 1 0 G pole gure for °martensite. Coloured
areas corresponds to experimental observation of Humbest al.. Open cir-
cles represent model predictions. (a) Shows the details akgicted variants,

(b) without detail.



Chapter 7

Alloy design

7.1 Introduction

Signi cant progress has been made in the development of weld alloys
which lead to an improvement in the fatigue strength of weldk structures
[2, 48, 49]. The alloys exploit transformation plasticity,which compensates
for thermal contraction stresses, thereby reducing the leis of residual stress
in the welded construction as it reaches ambient temperater[4]. A low
transformation temperature is essential in this process bause if transfor-
mation becomes exhausted prematurely then residual stressdue to con-
traction strains are able to accumulate during subsequenboling to ambient
temperature. In some cases, a state of compressive stresadsieved at the
end of the cooling process.

Previous welding alloys have achieved the required reduati in residual
stress but have exhibited poor toughness [2, 48, 49]. Thews are essentially
martensitic; the achievement of a lonMs (martensite-start) temperature
whilst maintaining toughness requires a di cult alloy desgn procedure; cost
is another factor which must be considered. That aim of the psent work

was to optimise the composition of the weld metal without copromising

131
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the toughness of the weld metal or the fatigue properties ofelded joints.
The search conducted to nd appropriate weld metal composdns was much
wider than reported here; only the narrow search-range assated with the
nal choices is documented.

7.2 Mechanical properties

The e ects of various solutes and heat treatment on the mech&al properties
of welds have been studied by Murugananth [88]. This work wased as a
starting point for the present studies, although calculabns were carried out
over a much broader range of compositions in order to avoidas. The alloy
compositions selected for detailed study are listed in Tabl7.1, based on
the use of established neural network models to estimate tghness, yield
strength, tensile strength, elongation and the martensitstart temperature
[89]. The Mg temperatures were also calculated using a thermodynamic
model [90, 91]. The heat treatment and other input parametesrare listed in
Table 7.2. The sequence A, B, and C in Table 7.1 represents arokition of
the input parameters towards an optimum composition.

Figs 7.1 and 7.2 show the calculated variation in toughnesa@M s tem-
perature with composition in the Series A alloys. It is cleafrom the contour
plot that in the composition range where an acceptable impatoughness of
50 J is achieved, theMs temperature is too high to take advantage of any
transformation plasticity.

The results of Series B alloys are more promising. A reasomalamount
of toughness is obtained along with a lowls temperature. Figs 7.3 and 7.4
show that an alloy with 0.4 wt % Mo has an impact toughness of 5%
at -60 C with an Mg temperature of 240C. The marked region shows the
composition range of interest (12Ni,1Cr, wt %) where the deable properties
can be achieved. The uncertainty in the Charpy impact valuesiabout 30-35
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Table 7.1: The chemical compositions of trial alloys.

Alloy composition | Series A| Series B| Series C
(Wt%)

C 0.03 0.03 | 0.03-0.07
Mn 0.5 0.5 0.5
Si 0.4 0.65 0.4
Cr 0-2 0-2 0.25
Ni 1-10 2-14 6-18
Mo 0.25 0.4-1.0 0.4
\Y 0 0.011 0.011
Co 0 0.009 0.009
Al 0 0.02 0.02
w 0 0.005 0.005
Cu 0 0.03 0.03
Nb 0 0.001 0.001
Ti 0 0.008 0.008
B 0 0.0001 | 0.0001
N 0.005 0.018 0.018
O 0.038 0.038 0.038

Table 7.2: Details of heat treatment and testing conditions

Condition Value
Heat Input / kJ mm 1! 15
Interpass Temperature / C 250
Post weld heat treatment temperature / C 250
Post weld heat treatment time / h 16
Testing temperature for Charpy toughness /C | -60
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Figure 7.1: E ect of chromium and nickel on impact toughnesgJoules) of
Series A alloys at -60C.

Figure 7.2: E ect of chromium and nickel onMs temperature (K) of Series
A alloys.
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J ( 1 ); the corresponding uncertainty inMg is about 60 C.

@)

(b)

Figure 7.3: E ect of chromium and nickel on the Charpy toughess (Joules)
of Series B alloys at -60C. (a) Predictions (b) 1 uncertainty.
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@)

(b)

Figure 7.4: E ect of chromium and nickel concentration orM s temperature
(K) of Series B alloys. (a) Predictions (b) 1 uncertainty.

Fig 7.5 shows the variation of yield strength of the welded jots with
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Figure 7.5: E ect of chromium and nickel concentration on tle yield strength
(MPa) of Series B alloys.

composition in series B alloy. It is seen that in the compositn range of
interest the yield strength is around 1000 MPa.

Series C is conceived on the basis of these results (Figs M@ &.7).
The alloys with 0.045 wt % carbon and 14 wt % Ni, can achieve a @ipy
toughness of 50 35 J with an Mg temperature of 220 70 C.

The e ect of alloying elements on the yield strength of the Sees C
alloys is also assessed in Fig. 7.8. As expected the yieldestyth increases
with the Ni concentration. However, when the concentratioexceeds 12 wt%,
an increase in carbon causes a reduction in the yield strehgtThis might
be caused by the retention of a greater amounts of austenite.

As the results of theMs temperature predictions are associated with
a large amount of uncertainty, the temperatures were calcated again for
the Series B and C alloys using a thermodynamic model. Fig.97compares
the two methods (neural network and thermodynamic); theresi in general
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(@)

(b)

Figure 7.6: E ect of carbon and nickel concentration oM s temperature (K)
of Series C alloys. (a) Predictions (b) 1 uncertainty.
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@)

(b)

Figure 7.7: E ect of carbon and nickel concentration on Chay toughness
(Joules) of Series C alloys at -6@. (a) Predictions (b) 1 uncertainty.
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Figure 7.8: E ect of carbon and nickel concentration on yiel strength (MPa)
of Series C alloys.

reasonable agreement, indicating that the large uncertdies associated with
the network are simply warnings that the calculations are beg conducted in
regimes where knowledge is sparse, but that the predictiomgy nevertheless
be reasonable.

The e ect of welding heat input and the temperature for the Clarpy
test on the toughness values have been analysed. A greatemath@put
leads to a better toughness but the improvement is marginalThe analy-
sis also shows that the Charpy value is insensitive to the tetkemperature
(Fig 7.10). Fig 7.11 shows that as the interpass temperaturi@creases so
does the strength. An increased heat input slightly reducethe strength.
For the last two analyses (Fig 7.10 and Fig 7.11) series C haedn used.

From this discussion it can be concluded that both Series C drseries
B alloys seem to have a good combination of transformationrtgerature and

toughness and may therefore enhance the fatigue life of thelded structures
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@)

(b)

Figure 7.9: Comparison oM s temperature predicted using neural network
model and thermodynamic model. (a) Series B alloys (b) Sesi€ alloys.
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Figure 7.10: E ect of test temperature and heat input on the bughness
(Joules) of the weld.

Figure 7.11: E ect of interpass temperature and heat input o the yield
strength (MPa) of the weld.
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whilst maintaining toughness. However, it is important to ompare the prop-
erties of these materials with some alloys in which the low dnsformation
temperature has already been exploited successfully witkspect to fatigue
properties [2, 48, 49, 92].

7.3 Comparison of properties

A comparison of the chemical composition and various mechaal properties
of three recently developed welding alloys with the Series &d Series B
alloy is presented in Table 7.3. In a few cases where the datavie not been
provided by the original authors, they have been calculatedith the help
the neural network and/or the thermodynamic models used inhe present
study.

Although the composition of the alloy B206 is quite similar @ that
of alloy 13Cr/LC35, it has much higher impact toughness tharthe latter.
This is because B206 is welded using a gas tungsten arc wajdiachnique
which keeps the oxygen concentration very low. Based on tleemodel pre-
dicted results experimental weld have been made at ESAB AB\{&den) and

mechanical properties have been evaluated.

7.4 Restriction on the lowering of Ms tem-
perature

From the above discussion it may appear that a lowl s temperature is bet-
ter for the utilisation of transformation plasticity; however there may be a
di culty. The lowering of the Mg below a certain level may not allow the
austenite to martensite transformation to be completed; tb untransformed
austenite clearly cannot contribute to transformation platicity. The Ta-

ble 7.4 shows theM s temperature of the alloy along with the temperature



Table 7.3: Properties of various welding alloys developed take advantage of transformation plasticity.

Series C| Series B| Ohta [2] | B206 [50]| 13Cr/ OK
LC35[50]| 75.78
C 0.045 0.03 0.025 0.01 0.04 0.05
Si 0.4 0.65 0.32 0.4 0.5 0.29
Mn 0.5 0.5 0.7 1.8 0.8 2.09
Comp- Ni 14.0 12.0 10.0 6.7 12.3 3.04
osition Cr 0.4 1.0 10.0 12.5 7.3 0.43
| wt% Mo 0.4 0.5 0.13 2.5 2.2 0.59
Vv 0.03 0.011 0.019
N 0.018 0.018 0.01
O 0.038 0.038 0.03
Ms=C | Neural | 223 70| 242 60
Network
Thermo- 193 238 218 200 214 388
dynamic
Charpy | Neural 50 55 39 100 30 65
Tough | Network |at-60C |at-60C |at-20C | at-40C | at-40C | at-60C
-ness / J

J0 BULIBMO| BY) UO UONDLISAY 7/

alnesadwal SN
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Table 7.4: Variation of Tgg with Ms.

Ms/ C| T/ C
400 175
350 125
300 75
250 25
200 -25
150 -75
100 -125

at which 90% martensite is obtained Tgo), assuming that the Koistinen-
Marbuerger equation [51] appliesTgg should be as close as possible to room
temperature, but not below it.

Note that the austenite, when constrained, plastically defms prior to
the martensitic transformation. It is possible that this can a ect the devel-
opment of the martensite, either by accelerating transforation (due to a
greater number density of nucleation sites), or by retardm it through me-
chanical stabilisation [39]. It is also possible that martesite which forms in
deformed austenite may not be randomly oriented [41], withomsequences on
the transformation plasticity. Fig. 7.12 represents scheatically how trans-
formation strain evolves with cooling.

The data presented in Table 7.4 show that aM s temperature 250 C
would be ideal for the present purposes. The variation of rielsial stress with
Ms temperature of the welding alloy is shown in Table 7.5. The da for
the rst two alloys (10Cr-10Ni and MSG-63B) are taken from tle work done
by Ohta et al. [2] and for the alloy 9CrMo data is taken from the work of
Jones and Alberry [3]. Itis clear that the residual stress abom temperature
gradually decreases with lowering of the transformation teperature of the
alloy. It is also clear from the trend that at su ciently low t ransformation

temperatures it is possible to have a residual stress which compressive in
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Table 7.5: Variation of residual stress (at room temperat#) with Mg tem-
perature as calculated by Ohteet al. [2] and Jones and Alberry [3].

Alloy Mg or Bs / C | Residual Stress
/ MPa
10Cr-10Ni 210 -180
MGS-63B 620 400
9CrMo 510 220

nature. The reappearance of the tensile residual stress dodurther lowering
of Ms (Tgo less than room temperature) could not be tested due to lack of

data.

Figure 7.12: De nition of strain due to transformation.

7.5 Alloy preparation and properties

Based on the predicted properties presented in Table 7.3,rde alloys have
been prepared. The rsttwo are the Series B and Series C as delsed earlier
and the third one was prepared based on the work done by Wasegj al. [92]
and Lixing et al. [93], designated as LTTE3 in Table 7.6. A fourth alloy,

which has been widely used as ller material with a mixed miastructure
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(bainite and martensite) called OK75.78 has also been mad®K75.78 was
prepared primarily to compare its properties with the newlydesigned alloys.
All these alloys mentioned here are used as the electrodel¢d) material. An

ISO 2560 type joint has been prepared by welding a low carbotesl plate
with the help of the newly developed ller materials. The comosition of the
welded plate (Weldox 960) and the chemical composition ofldr alloys are
given in the Table 7.6.

Table 7.6: Measured composition (wt%) of the ller materialand the base
plate.

Material Name Fe C Si Mn Cr Ni Mo
Plate Weldox 960 bal. 0.2 05 16 0.7 20 0.7
Filler 1 OK75.78 bal. 0.05 0.19 2.01 0.41 3.14 0.63
Filler 2 LTTE3 bal. 0.07 0.2 125 9.1 85 -
Filler 3 seriesB bal. 0.03 065 05 1.0 120 0.5
Filler 4 seriesC bal. 0.03 055 057 0.34 12.3 0.48

The welding was done after buttering the sides and the baseapt to
avoid chemical dilution. After welding, a 15 15 150 mm section was cut
from the middle of the welded zone and used for preparing tharaples for
mechanical testing as well as for the synchrotron studies. h& details are
shown in Fig. 7.13.

Figure 7.13: Preparation of the welded joints.

The micrstructures of Series B, Series C and LTTE3 are quitensilar
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Table 7.7: Hardness value of Series-B alloy.
Alloy Hardness Average
/HV hardness
Series-B | 375 353 401 368
(as received)| 366 358 357
Series-B | 365 365 358 364
(quenched) | 358 365 371

and shows typical dendritic structure containing very ne pates of martensite
(Figs 7.14 and 7.15). Fig. 7.16 show the photograph obtainé@m a scanning
electron microscope of the Series B alloy, at a higher magoation. It is
clear from the gure that the microstructure consists of matensite plates.
To further prove the presence of martensite in this alloy haness values
have been taken from the welded specimen made from Seriesi®r metal
and compared with the same obtained from a sample prepareaifin Series-
B alloy after austenitising and quenching it in water. This leat treatment
is certainly going to produce martensite and Table 7.7 showbke hardness
obtained from the quenched Series-B alloy is almost the saras in the weld
specimen. This proves that the new alloys are martensitic.

Tables 7.8 and 7.9 summarise the mechanical properties okthalloys.
It shows that the newly developed alloys have satisfactory eshanical prop-
erties including a very low bending angle (described in Fig.20 in Chapter
2) which is an indication of lower residual stress generatio The calculated
transformation temperature values are presented in Table§. The Mg tem-
peratures were calculated following a thermodynamic modgll] and theBg
temperatures are calculated using an empirical equation4p It can be seen
from Table 7.8 that apart from that of alloy OK75.78, all othe alloys are
having bainite start temperatures lower than the martensi start tempera-
tures. It clearly indicates that these alloys are predomiraly martensitic in

nature, however for OK75.78 a mixed microstructure is expesz, which has
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@)

(b)

Figure 7.14: Optical image of (a) Series B alloy. (b) Series &loy.
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Figure 7.15: Optical image of LTTE3 alloy.

been experimentally observed by Lord [95]. It can be seen rinathe given
data (in Tables 7.8 and 7.9) that although newly designed als (LTTES3,

Series B and Series C) have got good properties in general the toughness
of these alloys are much lower than widely used welding alkjike OK75.78.
The percentage elongation obtained for these alloys are @lgoor. The frac-
tographs obtained for Series B and Series C alloy are presahtin Fig. 7.17.
Fractographs for both alloys show predominantly cleavagegpe fracture.

7.6 Summary

Neural network and thermodynamic models have been used toteenine the
chemical composition of welding alloys with su ciently low transformation
temperature and good toughness. Taking clues from the alebapublished
literature three di erent alloys have been proposed. Due ttheir low transfor-
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Figure 7.16: Scanning electron micrograph of Series B alloy

Table 7.8: Mechanical properties and transformation tempature of various
ller materials.

Alloy Ms=C Bs=C Yield Tensile % Elongation
(calculated) (calculated) Strength Strength
/| MPa | MPa

OK75.78 388 421 951 957 19
LTTES 200 -264 1135 1287 6
Series C 193 169 790 958 3

Series B 238 214 600 600 0
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@)

(b)

Figure 7.17: Fractographs of (a) Series B alloy (b) Series Qay.
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Table 7.9: Charpy toughness and bending angle values for mars ller ma-

terials.
Alloy Charpy energy / J Bending angle
-60C -40C -20C +20C
OK75.78| 65 79 90 96 6
LTTE3 15 17 15 20 5
Series C| 28 30 32 37 3
Series B| 28 22 27 28 0-3

mation temperatures these alloys are expected to give comegsive residual

stress in the welded joints and thereby improve the fatiguafé¢. However,

actual tests show that these alloys have relatively poor t@hness and elon-

gation, although better than previous low transformation emperature alloys

[2]. The microstructure of these alloys are predominantly artensitic as ex-

pected from the calculated transformation temperature andhardness, the

fracture surface of the broken tensile specimen for Seriesadd Series C

alloy show cleavage type fracture.

The welded joints made with these alloys have been used forutr®n

di raction and synchrotron studies as described in the foiwing chapters.



Chapter 8

Interpretation of Debye rings

from synchrotron X-rays

8.1 Introduction

Crystallographic texture can be revealed using many di raton techniques.
This Chapter deals with X-ray data from synchrotron experirents in which
it is necessary to interpret Debye rings. The high intensityf synchrotron
X-ray permits in situ experiments which makes it possible to obtain X-ray
data at high temperatures. The experimental data come fromllay Series-
B (Chapter 7) which is a weld metal with a martensite-start tenperature
of about 240C. Both stress-free transformation, and transformation oton-
strained samples have been studied and modelled.

The synchrotron experiments have been done by Dr Howard Steron
an alloy designed by the author, who with Dr Stone's help pesfmed the
data analysis. The author also developed the computer modek simulating

the experimental results.
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8.2 Generation of di raction pattern

Polycrystalline specimens when subjected to X-radiationwill have some
crystals oriented to satisfy the Bragg condition for a varig of crystal planes.
Fig. 8.1a shows arf h k Ig re ection from a Bragg oriented single-crystal; in
a polycrystalline sample, this di raction beam becomes a oe of di racted

beams as illustrated in Fig. 8.1b.

Figure 8.1: (a) Re ection from lattice plane of a single crytal. (b) The same
re ection from a polycrystalline sample [24].

A at photographic plate which is placed normal to the incideit beam
will reveal circles when exposed. These Debye circles wikhve uniform
intensities along their circumferences if the crystal in th sample are ran-
domly oriented, assuming there are su cient crystals expaxl to the incident
beam. This will not be the case when sample is crystallograiphlly textured
(Fig. 8.2).

8.3 The Bragg law in reciprocal space

Fig. 8.3 shows the Ewald sphere of radius, where is the X-ray wavelength,
constructed in reciprocal space. Her€O is the incident beam,O is the origin

of the reciprocal space and® de nes a normal to a Bragg oriented plane.



8.3 The Bragg law in reciprocal space 156

() (b)

Figure 8.2: Debye rings obtained from synchrotron radiatio impinging on
a steel specimen. (a) A sample with negligible texture at 900. (b) From
aluminium wire with strong crystallographic texture [96].

Figure 8.3: The Ewald construction to express Bragg's law ineciprocal
lattice space. The Bragg angle is designated as

OP thus has a magnitude of £d,, asP is a lattice point in reciprocal space.
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The Bragg law is satis ed whenOP is also a reciprocal lattice vector since,

_OP=2 (1=2d)

sin = =) 1=

(8.1)

which on rearrangement gives = 2dsin . In vector form Bragg law is
satis ed when
k k
—=—+9g (8.2)
wherek and ky are unit vectors along the di racted and incident beams re-
spectively andg OP is the reciprocal lattice vector representing the di ract-

ing planes.

8.4 Construction of the model

Figure 8.4: Sample orientation with respect to the incidenbeam and forma-
tion of the Debye circle .

In Fig. 8.4, z is the radius of the circle)y is the distance of the sample
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from the receiving screen and is the Bragg angle. The incident beankg is
assumed to always be parallel to the [0 OdHirection of the sample reference
frame identi ed with the basis symbol °S'. Its components gabe transformed
into the crystal reference frame of a grain of austenite ugiNS J ),

(ko; ) =(ko;S)SJ ) (8.3)

Here the symbol * refers to the reciprocal basis. Givet, and gy, equation
8.2 can be used to calculat&. In the computer program equation 8.2 is
assumed to be satis ed if the di racting vectorCP has a magnitude within

2% of the value of £ . The di racted beam is then expressed in the sample
reference frame:

(k;S)=(k; )SJI ) (8.4)

The locus (x,y) of the points like P, Q, R etc have been calculed following
the simple geometry shown in Fig. 8.4. This is done for all thaustenite
crystal to generate points which form the Debye ring. For diraction from
martensite, the di racted beam is rst transformed into the reference frame

and then into that of the sample.
(k;S)=(k; ) I ) IS) (8.5)

For each austenite grain there are 24 possible @ ) matrices originating
from 24 possible martensite variants.

8.5 Experimental procedure

Samples were tested using a thermo-mechanical testing rigopumted on the

ID11 beam line at the European Synchrotron Radiation Factly in Grenoble,
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France. The sample is heated via a direct current applied auss it through
water-cooled brass grips. With a uniform volumetric heat geeration rate,
this should produce a parabolic temperature distribution ®ng the 16 mm
length of the exposed sample.

To control the temperature, a type-R thermocouple was baknded with
an oxy-acetylene torch and spot welded on to the surface asitnid-length.
This is the position at which the peak temperature occurs. Tbhmit the e ect
of temperature gradients across the di raction gauge volumslits positioned
in the incident beam path were used to de ne a 400 micrometerige beam at
the centre of the sample, giving and anticipated Z variation in the region
illuminated by the X-ray beam at a mean temperature of 90@.

To further ensure correspondence between the measured tesrgiure
and that encountered in the di raction gauge volume the sanlp, the test rig
was translated horizontally across the beam until the cengr of the thermo-
couple bead was located from the observed di raction pattes. The sample
was then translated vertically such that the diraction gauge volume was
immersed in the sample directly below the centre of the therotouple bead,
at a point at which no further di raction signal was detectedfrom the ther-
mocouple.

A nominal photon energy of 50.5keV was selected using a doaibl
Sif 111g monochromator. Di raction data were acquired with a FReLoN
(Fast-Readout Low-Noise) camera system possessing 204848 channels of
46.8 481 m. The camera was mounted downstream of the sample with its
centre roughly aligned with the transmitted beam. In this paition the full
Debye-Scherrer rings could be captured for re ections wit@ di raction an-
gles less than 13 This range covered the rst four re ections from ferrite ard
the rst ve from austenite. Incomplete diraction data was also acquired
towards the corners of the eld of view of the camera to a 2di raction angle
of 19.
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To eliminate contributions from the background signal, a Ing exposure
image was acquired in the absence of a sample and the recordgdnsities
scaled for direct subtraction from the subsequent di racttn images acquired.

The camera length and incident beam wavelength were detemed to
be 188.1 mm and 2453 A respectively through calibration against a lan-
thanum hexaboride standard powder sample of known latticegpameter, in
a glass capillary positioned in place of the sample in the tasy rig. This
also enabled the centre of the di raction pattern on the detetor to be un-
ambiguously determined.

To monitor the e ect of applied loads on the development of teure,
samples were subjected to a thermal cycle consisting of a tierg to 900 C at
10 Cs !, an isothermal dwell of 60s at 90@ and continuous cooling back
to ambient at 10 C s *. During the rst part of this thermal cycle, the
mechanical stage was run under load control with a set pointf aero load
thereby permitted free thermal expansion and contraction fothe samples.
During cooling the mechanical stage switched to load confrand a load of
between 90 MPa and 311 MPa was applied to the sample (at410 C). This
temperature is su ciently above the martensite start tempeature to avoid
initiating a stress-induced transformation during loadig and su ciently low
to limit any plasticity in the austenite.

Di raction images were acquired in 1s intervals with 0.5s gosures.
Processing of the raw diraction images were done using thelitED image
processing software [97, 98], correcting for spatial distmn inherent in the
camera system [99, 100] and the e ciency of the detector pile The back-
ground signal was removed by subtraction of the scaled imagathered in

the absence of the sample.



8.6 Results and Discussion 161

8.6 Results and Discussion

Experimental results show that there is no texture formatio in austenite
or martensite at zero load. This is expected as without loadlgy there is no
chance of any deformation texture formation in austenite. Mrtensite will
also not have any texture as the texture of martensite origates from the bias
in the orientation of austenite or due to variant selection de to externally
applied load. A similar result, as observed in the sample trsformed without
external load, has been obtained for the sample transformedder a constant
stress of 222 MPa. The Debye circles obtained from austenédad martensite
(at 400 C and room temperature respectively) are shown in Fig. 8.5,is clear
from this gure that no texture is present in austenite, postble reason behind
this is the applied stress is below the yield strength of the aterial. However
when a 311 MPa stress is applied austenite develops deforioattexture
and subsequently the martensite also developed texture dsosvn in Fig. 8.6.
The stress in this case is beyond the yield stress and plastieformation
leads to formation of deformation texture in austenite. Matensite, when it
transforms from textured austenite also has a bias in orieation.

Deformation texture of austenite is a mixture of various teture com-
ponents and for predicting the martensite texture it is necgsary to know
the percentage of each texture component in austenite. Copp Goss, Brass,
Cube are the common texture components of austenite, for thee components
the orientation relationship between the sample and the csyal axes are also
well known. However it is not known how the Debye circle shadilappear if
it forms from austenite having any one of the texture compomés mentioned
above.

Fig. 8.7 shows the model predicted Debye rings for austenitentaining
either Copper or Goss or Brass or Cube component only. It isear from this

gure that none of these components can fully describe the p&rimentally
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(@)

(b)

Figure 8.5: Debye rings of austenite and martensite obtaideat 400 C and
room temperature respectively with a load of 222 MPa. (a) Atenite. (b)
Martensite.
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(@)

(b)

Figure 8.6: Debye rings of austenite and martensite phasetalmed at 400 C
and room temperature respectively with a load of 311 MPa. (austenite.
(b) Martenisite.
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@) (b)

(© (d)

Figure 8.7: Model generated Debye ring for austenite having@) Brass (b)
Copper (c) Goss and (d) Cube texture.

observed austenite texture. This is because the austenitexture is a mix-
ture of various possible texture components. As in this worthe deformation
texture of austenite is not modelled, to get the match betweethe experi-
mental and the model predicted Debye circle for the austemitphase, many

possible combination of texture component were tried. It cabe seen that
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the experimentally observed texture matches well with the odel prediction
(Fig. 8.8) when the austenite texture is assumed to have a cbmation of
70% copper and 30% Goss component.

This observation is similar to what has been found by Grigul[101]
in a AISI 304 stainless steel. Taking this as the initial aushite texture,
prediction has been made for the martensite phase. The vamniaselection
model follows Patel-Cohen [12] as described in Chapter 3.0fn Fig. 8.9 it
is clear that the model predicted Debye circle for martengthas reasonable
match with the experimental one.

From Table 8.1 it can be seen that in most of the grains rst 7/8/ariants
have mechanical free energies which is within 45% of the hégt mechanical
free energy available for that grain. So it was decided thahithe simulation
rst eight most favoured variants will be considered to formin each grain.

There is an interesting observation. As there is no texturaithe austen-
ite loaded up to 222 MPa, it can be argued that the yield strertg of austenite
at 400 C is at least 222 MPa. Transformation then is stress inducedith
texture formation due to variant selection. However that isnot observed.
The reason behind this is twofold. Firstly, the texture fromstress induced
martensite in randomly oriented austenite will be weak, andgecondly the
technique is not sensitive enough to measure such weak terds. But when
the austenite has some deformation texture and martensiterins under the
in uence of both stress and strain there should be a strongéransformation
texture, which is visible from the Debye rings formed at 311 Fa load. The-
oretical evidence in favour of this argument has also beencstn in section
5.6.
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(@)

(b)

Figure 8.8: (a)Experiental and (b) model generated Debyeng for austenite
having 70%Copper and 30% Goss component.
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(@)

(b)

Figure 8.9: (a)Experiental and (b) model generated Debyeng for martensite
transformed from austenite having 70 %Copper and 30% Gosswuonent.
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Table 8.1: Interaction energyU (J mol 1) for a uniaxial tensile stress of
magnitude 311 MPa, for each of the 24 possible variants of nbansite in four

grains of austenite chosen arbitrarily from an aggregate 600. The energies
are arranged in descending order, with positive values cesponding to a
favourable interaction with the applied stress andrice versa

Grain 1 Grain 2 Grain 3 Grain 4
Variant U Variant U Variant U Variant U
16 235.6 20 109.7] 20 117.8 19 140.8
14 235.5 2 102.4 4 107.7 7 139.1
7 227.3 21 85.8 21 101.9 17 115.2
19 220.4 4 75.7 5 93.1 16 112.1
6 219.7 10 74.1 2 86.3 24 94.4
24 217.6 5 57.4 1 70.1 14 92.4
17 181.9 19 55.6 18 65.5 2 59.9
22 176.9 18 51.0 11 52.4 1 55.1
12 39.0 1 48.4 10 51.0 10 46.8
9 31.9 3 42.7 12 34.4 22 45.4
1 28.5 17 36.3 3 29.4 6 42.7
15 18.2 7 35.6 23 22.6 12 41.7
2 -2.6 12 18.3 19 20.4 20 10.4
10 -3.1 16 8.9 7 14.3 4 7.3
3 -94.3 11 3.6 13 10.8 3 -15.8
8 -97.1 23 3.2 9 9.9 21 -20.4
4 -102.5 8 -7.5 17 1.2 5 -22.4
11 -110.7, 24 -25.4 16 -6.5 9 -23.2
20 -126.8 9 -26.4 8 -23.8 8 -52.2
21 -130.0, 13 -38.5 15 -42.9 15 -59.4
5 -141.6 14 -47.1 24 -74.3 18 -69.4
13 -150.9] 22 -66.5 14 -80.7 11 -74.9
18 -219.1 15 -74.8 22 -111.3] 23 -115.3
23 -223.3 6 -92.2 6 -118.6 13 -119.7
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8.7 Summary

A modelling method to predict the Debye rings obtained from Xay di rac-
tion has been presented. The model is capable of predictinget transfor-
mation texture of martensite from a given austenite texture The variant
selection has been modelled following the Patel and Coheretiry. The re-
sults obtained from the model tally well with the experimenal ndings. This
modelling technique is new and can be of very good use for pang and quick
analysis of texture with synchrotron X-ray. Debye rings oldined from com-
mon deformation textures have been modelled and presentedhish might
be used as a data base for future studies. The experimentasué indicates
that Debye rings are not good enough for presenting weak texe that might
form due to variant selection in martensite. For such textuss it is also nec-
essary to obtain the pole gure or orientation distributionfunction from the
synchrotron X-ray data.



Chapter 9
Conclusions and future work

Models have been developed to show how variant selection ihgy transfor-
mation can lead to transformation plasticity on a macroscdp scale under
di erent types of loading conditions. It is thus possible tocalculate both
the development of crystallographic texture and the macraspic strains due
to selective transformation, in a manner consistent with ta crystallographic
theory of martensite and various criteria for the interacton of stress with
crystallographic texture. These models have been validatevith measured
strains in a bainitic alloy transforming under uniaxial conpressive stress. The
in uence of austenite texture on the strain developed has lea discussed in
detail. It has been shown that transformation strain is equato the volume
strain when all the possible variants form but that the sheastrain manifests
when there is variant selection.

In both polycrystalline and single crystal samples of austée, variant
selection occurs in a manner consistent with Patel and Cohsrtheory [12]
which emphasises a mechanical component of free energy. Atlgeempirical
method has been proposed to estimate the extent of variantleetion, which
shows that the severity of variant selection is a function afhe ratio of the
mechanical to the chemical free energy change.

To predict the crystallographic texture and transformation strain in a
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self-consistent manner a crystallographic data set is relged which includes
the precise orientation relationship, shape deformatiorabit plane and dis-
placements associated with the transformation. These da&@re mathemat-
ically related and a neglect of one or more of these parameteror of the
relationship between them, leads to an improvished analgsi The required
data can be measured or generated using established mariensrystallog-
raphy. It is interesting that some aspects of resulting predtions are not
sensitive to whether the transformation product is marterige or bainite, in
the context of inaccuracies in measurements based on theemtiation imaging
technique.

An e ort has been made to separate out the e ects of stress arstrain
on the texture and variant selection during displacive trasformation. Vari-
ant selection can be governed by stress either externally @i@d or which
resides in the material as a consequence of inhomogeneoast deforma-
tion of the austenite. Strain can have a separate in uence bgleveloping an
orientation bias in austenite.

Transformation texture is naturally sensitive to the nature of the ap-
plied stress-tensor acting on the austenite and its oriertian relative to the
austenite. So for complex rolling conditions a complete metimust be de-
veloped which is capable of realising the e ective stressasé at any point
during rolling. Only then it is possible to predict the nal texture correctly.

There have been suggestions that the transformation of aestite should
be caused in two stages, rstinvolving the formation of-martensite, followed
by its decomposition into °martensite. It has been demonstrated that this
is not necessary and that only the austenite and nal °need to be considered
in the calculations. This has the advantage of reducing theomplexity of the
problem and at the same time reducing arbitrary choices in veant selection
procedures.

The in nitesimal elastic deformation approach [7] for calalating an
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interaction energy between martensite and applied stresa$ been shown to
be identical with the Patel-Cohen approach with the provisdhat the former
is incorrect by a factor of 2 since the strains are assumed te lelastic.

Consistent with the published results, welding alloys withow transfor-
mation temperature have been found to be capable of competisg for ther-
mal contraction strains. Further work is necessary to impnee their tough-
ness.

Synchrotron data have been obtained for martensite trangfimation
under stress. The resulting texture has been shown to be catent with

model predictions.



Appendix A

Residual stress measurement

A.1 Introduction

It was possible to reduce the harmful residual stress formah during welding
using low transformation temperature weld ller metals degined by Ohta et
al. [2, 48, 49] and others [92, 93]. Two new alloys have also beasigned
during the course of this project (Series-B and Series-C, asentioned in
Chapter 7) to take full advantage of transformation plastity in order to
reduce the residual stress formation during welding. Expienental welds
have been prepared using ller metals having a variety of trasformation
temperatures and the residual stress was measured with thelp of neutron
di raction technique. The results give a detailed insight 6 the nature of
residual stress generation in welded joints.

The experiments were done in collaboration with the Univeity of
Manchester on three alloys, one of which was designed by thattzor (other
two are well established welding alloys). Drs Howard Stonend John Fran-
cis carried out all the experiments and assisted the authon ithe analysis of

data.
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A.2 Experimental details

A.2.1 Filler metals

Three ller metals were chosen so that their martensite-sta (Ms) temper-

atures varied signi cantly. The rst ller metal, OK75.78; is a relatively

low-alloy product that is available commercially [95], whah should complete
transformation before ambient temperature is reached. Theecond ller

metal, LTTES3, was recently proposed by Wanget al. [92] as being suitable
to achieve a lowMg temperature [3]. Finally, the third ller metal, desig-

nated Series-B, was designed during the course of this stualy an alternative
to the LTTE3 ller metal having an intermediate transformation tempera-
ture. The approximate composition of each ller metal is summarised in

Table A.1 below. The transformation temperatures of thesellays are given
in Table 7.7.

Table A.1: Composition (wt%) of the ller metals and the baseplate.

Material Name Fe C Si Mn Cr Ni Mo Cu
Plate Weldox 960 bal. 0.2 05 16 0.7 20 0.7 0.3
Filler 1 OK75.78 bal. 0.05 0.19 2.01 041 3.14 0.63 -
Filler 2 LTTE3 bal. 0.07 0.2 125 9.1 85 - -
Filler 3 Series-B bal. 0.03 065 05 1.0 120 0.5 -

Bainite does not occur in the LTTE and Series B alloys which ar
martensitic. Note that the shape deformations due to baing and martensite
are essentially identical so for the present purposes it isilg important to

focus on the transformation temperatures.
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A.2.2 Manufacture of the welded plates

Three rectilinear plates (375 200 12mm) were prepared from the high
strength ferritic steel, Weldox 960. Along the centre of e&cplate, a 5 mm
deep V-groove was machined with an included angle of 6@nd in each case
a single weld bead was subsequently deposited in the machingroove by
manual-metal arc welding. On one of the plates the commertidler alloy
OK 75.78 was used, on another the LTTE3 alloy was used, whilen dhe
third one the new candidate ller alloy (series B) was emplad. In all cases
welding was undertaken in the down-hand position and the he@put was
maintained between 1.1 and 1.4 kJ/mm. A preheat temperaturef 125C
was used and the plates were restrained by clamping during ldiag.

Macrographs were prepared so that the measured residualests distri-
butions could be correlated with the di erent metallurgicd zones in each of
the welded plates. One 5mm thick slice was removed from thecenf each
plate by electro-discharge machining (Fig. A.1). Each skcwas then ground
and polished to a 1 m nish prior to etching in 2% nital for 15 seconds.
The macrographs for each weld are shown in Fig. A.2.

It can be seen from Fig. A.2 that the weld bead penetrations arclose
to 6 mm, equivalent to half the plate thickness. Whilst thereare minor vari-
ations from one weld to another, the extent of the fusion zongnd HAZ in
each weld is similar, as the same nominal welding parametexgre used in
each case. The heat-a ected zone (HAZ) reveals two distindtands. The
inner band, which is the darker of the two in the gure, corregonds to the
coarse-grained heat-a ected zone (CGHAZ), while the outepand is dom-
inated by the ne-grained heat-a ected zone (FGHAZ). The fat that the
HAZ is quite extensive when compared with the fusion zone (&ast in the
context of the specimen con guration and welding parameterselected for
this study) means that the phase transformations that occuwithin the HAZ

will also have a signi cant e ect on the resulting stress disibutions. Full
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Figure A.1: Schematic representation of welded plate shavg location of
reference combs, slice extracted for macrograph and locatiof measurement
plane.

austenitisation will occur in the CGHAZ and FGHAZ, and therewill also
be an intercritical region (ICHAZ) that experiences only pdial austeniti-
sation. Of course, the dierent regions within the HAZ will transform at

temperatures that are determined by the composition of thegrent material.

A.2.3 Neutron diraction

Measurements of the residual stresses in the welded platesr&v conducted
be neutron diraction on the L3 spectrometer, which is part & the Na-
tional Research Council of Canada facility at the NRU reacto Chalk River.
Monochromation of the neutron beam was achieved through daction from
the f 1159 planes of a germanium monochromator crystal at 92 The wave-
length of the neutrons was determined to be:3651 0:0001A from calibra-
tion measurements of the rst four di raction peaks from a nckel standard
powder sample. With this wavelength, thef 112 peaks from the ferritic and
maternsitic material in the welded plates could be observedt an angle of

2 84 which, being close to 9Q provided optimal spatial resolution and
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Figure A.2: Macrostructure of the welded joints.
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avoided peak asymmetry arising as a result of axial diverges

Positioning of the sample in the neutron beam was accomplisth with
an XYZ translation stage attached to a 360 rotational drive. With these
drives, the sample could be positioned with an accuracy ofldnm in X, Y
and Z and Q1 in rotational angle. Spatial resolution within the sample \as
achieved with cadmium slits inserted in the incident and diracted beam
paths. For all of the measurements, the slits were positiodevithin 20 mm
of the sample surface to avoid penumbra e ects.

Determination of the full strain tensor at each measuremenposition
requires the measurement of the lattice strain in at least siindependent
directions. However, the orientation of one or more of the prcipal axes
may be assumed from inspection of the geometry of the compaheAs is
typical for measurements of this type, it was assumed that thprincipal axes
were coincident with the axes of the plate. Whilst it may be rasonable to
assume that one of the principal axes lies along the weldingrettion, the
asymmetry of the weld fusion zone may be expected to lead totations of
the principal axes from the transverse and normal directianin this plane. To
test this assumption, additional measurements were made am intermediate
angle in this plane.

Measurements of the lattice strains were made in the plane pen-
dicular to the direction of the weld across the centre of eacplate. For
measurements in the transverse and normal directions, tharaples were ori-
entated on the translation stage with the welds vertical. 8 1 mm wide and
10 mm long were employed, providing a gauge volume of 11  10mm in
the sample. The use of these slits presupposes that the stsiare invariant
over the length of the slits. For the measurement of the lonidinal strains
the samples were orientated with the transverse directionettical and the
welds parallel to the scattering vector. For these measuremts, slits 1 mm

wide and 2 mm long were used.
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A.2.4 Determination of stress-free lattice spacing

As the composition of the ller material is di erent from that of the base
metal the lattice spacing is expected to vary at di erent deghs in any welded
joint. To eliminate this e ect from the measurement of the rsidual stress,
stress-free samples were cut from the weld so that the refiece lattice pa-
rameters could be determined. The samples were cut by elestlischarge
machining from the last 30mm of each welded plate as a seridcombs with
teeth 2mm by 2mm in section and 20mm long (Fig. A.1). The dimesions
of the teeth were chosen to allow the diraction gauge volum#éo be fully
immersed in the sample. The long direction of the teeth wasighed parallel
with the welding direction in order to avoid incomplete strgs relaxation as
a result of stress gradients in the plane perpendicular to ¢hweld. This also
provided maximum spatial resolution of lattice parameter ariations in the
transverse plane. Combs were extracted from each plate atpdles of 1, 3.5,
5, 8.5 and 11mm from the top surface of the plate. Measuremsrof the lat-
tice parameter (designated asl,) were made on these samples to a distance
of approximately 60 mm from the weld centre-line, beyond wbi no further

variation in lattice parameter was observed.

A.3 Results

A.3.1 Calculations of strains and stresses

The measured diraction peaks were tted with a Gaussian funtion on a
constant background. From the Bragg angle,r1124, determined, the lattice

spacings,d: 1124 Were obtained from the Bragg equation

= 201129 SIN 1129 (A1)
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With these lattice spacings, the corresponding strain 1,y Were obtained

with reference to the measured stress- free lattice paraneetfrom
"f1129 = (Or1129 d)=d (A.2)

The measured lattice strain is the resolved component of thetrain compo-

nent, "; onto the measurement direction

X
f1129 = i (A.3)
all i)
where ; and ; are the direction cosines between the measurement directio
and the principal axes.
With the principal strains acquired by matrix diagonalisaion the

stresses may be obtained from

— EfllZg "o fllZgEfllzg X "
I+ f1129) o+ f112g)(1 2 f112g) :

all j

i (A.4)
where ; is the principal stress in thei direction and Ef1159 and 1124 are

the plane speci ¢ Young's modulus and Poisson's ratio.

A.3.2 Results and discussion

Figs A.3 to A.8 show the results of the residual stress analgsn three welded
joins made using three di erent ller metals. There is a genal trend ob-

served in all these plots, that is, the value of the stress iswest in the fusion
zone, it reaches its peak at the end of the HAZ and then it deases again.
The reason behind this is, the fusion zone or the HAZ undergophase trans-
formation and as a result there is a transformation strain. Tis reduces the
thermal contraction stress in this region. However outsidéhe HAZ there

is very little or no thermal contraction nor any transformaton strain due
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to phase transformation so the residual stress remains ato® zero. At the

border of these two zones the residual stress is maximum dwestrain mis t.
It is clear that the nature of the residual stress in welded jats made

with OK75.78 ller metal is quite di erent from that of weld j oints made

with low transformation temperature ller metals LTTE3 and Series-B.

Figure A.3: Variation of residual stress in the longitudinadirection in welded
joints made at a depth of 1 mm from the surface.

It can be seen from Figs A.3 to A.8 that for OK75.78 ller meta)
the residual stress remains almost constant as the depth s although
substantial change occurs in the lateral direction. The stiss is low at the
centre-line region but increases rapidly and reaches itsgleat the boundary
of the HAZ. This ller metal is having a transformation temperature which is
much higher than the room temperature. So the transformatimexhaust long
before the room temperature is reached and as a result the fisformation
strain can not be utilised fully to reduce the tensile residal stress.

For Series-B and LTTE3 ller metals, however, the nature of esid-

ual stress within the fusion zone is very dierent (Figs A.3 ® A.8). As
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Figure A.4: Variation of residual stress in the longitudinadirection in welded
joints made at a depth of 2.5 mm from the surface.

Figure A.5: Variation of residual stress in the longitudin&direction in welded
joints made at a depth of 4 mm from the surface.
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Figure A.6: Variation of residual stress in the longitudin&direction in welded
joints made at a depth of 6 mm from the surface.

Figure A.7: Variation of residual stress in the longitudin&direction in welded
joints made at a depth of 8.5 mm from the surface.
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Figure A.8: Variation of residual stress in the longitudin&direction in welded
joints made at a depth of 11 mm from the surface.

these alloys are having far low transformation temperatusethey suppress
the harmful tensile residual stress to a much higher degre@adias a result
the stress in the fusion zone becomes compressive. But theuma of the
stress changes with the depth unlike in the case of weld mad@éwOK75.78.
The compressive stress is observed at lower depths (in thesitn zone, A.3
to A.5), however outside fusion zone the stress becomes iEnsgain (A.6
to A.8). This is because below 5/6 mm from the surface it is thbase metal
that cools after welding which has a much higher transformatn temperature
than the ller metal. However, even for these low transformion temper-
ature ller metals stress in the HAZ remains tensile, peak Jae of which
might reach more than 700 MPa which is just about 100 MPa lestan that
for OK75.78.

It is evident from these results that the transformation tenperature
of the ller metal does not have any signi cant e ect on the residual stress

development outside the fusion zone. Although the harmfukensile residual
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stress is somewhat less in the case of a low transformatiomgerature ller
metal. However the newly developed ller metal could be moraseful for
multi-pass welding. In such joints, the characteristics ahe ller metal may
take on increased signi cance. Firstly, with more substaml substrates the
extent of the HAZ for each weld pass reduces. Perhaps more ionfantly
though, the HAZ for many of the weld passes will be located wiin previ-
ously deposited weld metal, and thus will have a transformatn temperature
more closely aligned with the ller metal than that of the sulstrate material.
Whether or not this is likely to translate to increased redutions in the peak
tensile residual stresses is still unclear.

There could be another situation in which solid state phaserdnsfor-
mations may provide an avenue for signi cant reductions in elding residual
stresses, this is during welding of components made from #arstic stain-
less steels. If, for example, it were possible to use a feritmartensitic low
transformation temperature ller metal for austenitic alloys, then the asso-
ciated bene ts for residual stresses would not be masked byyasolid-state

transformations occurring within the HAZ.

A.4 Summary and future work

1. It has been shown that for all ller metals where transformation takes
place during welding residual stress decreases. For lowrtsformation
temperature ller rods, residual stress in the fusion zoneoeld be com-

pressive.

2. Although low transformation temperature of the ller metals reduces
the residual stress in HAZ but the e ect is not as signi cant & in the

fusion zone.

3. The transformation strain might be more e ectively utilised in case
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of multipass welds as in this case the HAZ for a particular paswill
reside within the fusion zone of the previous pass. Howevarrther

experimental evidence is required in this aspect.

4. In case of a base metal where there is no transformation tag place
during welding, transformation strain can be better utili®d. This is
because in such cases the HAZ will not mask the transformatidoe-

haviour of the fusion zone.

5. The modelling of residual stress development in ferritialloys would
require a coupled stress and heat-transfer model with a pleagansfor-

mation model.



Appendix B

Computer programs

These programs can be obtained from

http://www.msm.cam.ac.uk/map/mapmain.html

B.1 Subroutine MAP _STEEL BAIN _STRAIN

(a) Provenance of code.

(b) Purpose of code.

(c) Speci cation.

(d) Description of subroutine's operation.
(e) References.

(f) Parameter descriptions.

(g) Error indicators.

(h) Speci cation.

(i) Accuracy estimate.

() Any additional information.

187
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(k) Example of code
() Auxiliary subroutines required.
(m) Keywords.

(n) Download source code.

Provenance of Source Code

Saurabh Kundu and H. K. D. H. Bhadeshia

Materials Science and Metallurgy, University of CambridgeU. K.
E-mail: sk459@cam.ac.uk

Added to MAP: March, 2007.

Purpose
Calculation of habit plane and displacement direction durig displacive
transformation. It also calculates the orientation relatbonship matrix

between gamma and the ferrite phase.

Speci cation
Language: FORTRAN

Description

This program takes the lattice parameters of ferrite and atsnite as
the inputs. It also takes the correspondence matrix, latte invariant
plane and lattice invariant directions as inputs. It follows the phe-
nomenological theory of martensite crystallography and ézaulates the

crystallographic set for any transformation.

Inputs when running the program
PUT THE AUSTENITE LATTICE PARAMETER:
3.619092
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PUT THE FERRITE LATTICE PARAMETER:
2.882

Name

bain_strain.for. This is a source code of this program. For the
execution, it needs to be compiled.

Compile example : g7bain_strain.for -0 name.out

References
H. K. D. H. Bhadeshia, Worked examples in the geometry of crigs ,
University of Cambridge.

Parameters

HABIT : double precision array of dimension 243, Matrix that stores
24 habit planes.

DIRECTION : Double precision array of dimension 243. Matrix
that stores 24 displacement directions for 24 variants of m@nsite.
GM _J_AL : Double precision array of dimension 723. It contains 24
matrix representing orientation relationship between maensite and
austenite, following Bowles and MacKenzie notation can beritten as
( J ).

AL _J_GM : Double precision array of dimension 723. It contains 24
matrix representing orientation relationship between mdensite and
austenite, following Bowles and MacKenzie notation can beritten as
( J).

CORRSP _MAT : Double precision array of dimension 33. This is
the correspondence matrix.

BAIN : Double precision array of dimension 33. Matrix represents

the bain strain.
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INV _LN _STRN : Double precision array of dimension 33. This
matrix represents the invariant line strain.

ROT _MAT : Double precision array of dimension 33. This matrix
represents rigid body rotation.

LAT _INV _PL: Double precision array of dimension 31. Stores the
indices of the plane for lattice invariant deformation.

LAT _INV _DI: Double precision array of dimension 13. Stores the
indices of the direction for lattice invariant deformation

Error Indicators

None.

Accuracy

No information.

Further Comments

None.

Example

None.

Auxiliary Routines

No auxiliary routines.

Keywords
Martensite crystallography, martensite, steels.

Download

Download source code.
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B.2 Subroutine MAP _STEEL TRANS _PLAST

(a) Provenance of code.

(b) Purpose of code.

(c) Speci cation.

(d) Description of subroutine's operation.
(e) References.

(f) Parameter descriptions.

(g) Error indicators.

(h) Speci cation.

(i) Accuracy estimate.

() Any additional information.

(k) Example of code

() Auxiliary subroutines required.
(m) Keywords.

(n) Download source code.

Provenance of Source Code

Saurabh Kundu and H. K. D. H. Bhadeshia.

Materials Science and Metallurgy, University of CambridgeU. K.
E-mail: sk459@cam.ac.uk

Added to MAP: March, 2007.
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Purpose
Calculation of transformation strain when austenite tranfrms into
martensite/bainite.

Speci cation
Language: FORTRAN

Description
This program has the inputs consisting of the habit planes, ist
placement direction and the crystallographic orientatiorrelationship

between various gamma grains.

(a) It assumes three unit vectors in the principle directios of the

applied stress.

(b) It calculates the interaction energies for each variarnn every grain
and rank all the variants according to the interaction enengs.

(c) Assuming n number (n vary from 1 to 24) of variants formingn
each grain it allows the unit vectors to get deformed by the sipe

deformation matrix of each variant.
(d) The nal vector is calculated.

(e) The ratio between the nal and initial length of the vectas give
the strain.

(f) User can change the number of grains and amount of martetes
/ bainite.

Inputs when running the program
WRITE THE NUMBER OF GRAINS:
500

FRACTION OF MARTENSITE/BAINITE:



B.2 Subroutine MAP _STEEL _TRANS _PLAST 193

0.63

INITIAL TEXTURE:
0=RANDOM
1=COPPER
2=BRASS
3=GOSS

4=CUBE

5=f 110y 11
6=MIXTURE

0 FIRST ELEMENT OF THE STRESS TENSOR;
200.0

Name

trans_plasttensor.for. This is a source code of this program. For the
execution, it needs to be compiled.

compile example : g7irans_plasttensor.for -o name.out

References
S. Kundu, PhD Thesis University of Cambridge.

Parameters

HABIT : double precision array of dimension 243, Matrix that stores
24 habit planes.

DIRECTION : Double precision array of dimension 243. Matrix
that stores 24 displacement directions for 24 variants of m@nsite.
GM _J_AL : Double precision array of dimension 723. It contains 24
matrix representing orientation relationship between madensite and

austenite, following Bowles and MacKenzie notation can beritten as

( J)
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AL _J_GM : Double precision array of dimension 723. It contains 24
matrix representing orientation relationship between madensite and
austenite, following Bowles and MacKenzie notation can beritten as
( J).

DEF _MAT : Double precision array of dimension 33. This matrix
stores stress tensor of the applied stress in the crystal axi

STRESS -TENSOR : Double precision array of dimension 33.
Matrix represents the stress tensor in trhe sample axis.

TRANS _MATRIX : Double precision array of dimension 33.
Rotational matrix represnting the orientation relationshp between
any austenite grain with the sample axis.

SH, VOL, TOT : Double precision. The shear, volume and total

strain associated with any martensite/bainite variant.

Error Indicators
None.

Accuracy

No information.

Further Comments

None.

Example

None.

Auxiliary Routines

No auxiliary routines.
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Keywords

Transformation strain, martensite, steels, crystallograhy.

Download

Download source code.

B.3 Subroutine MAP _STEEL TEXTURE

(a) Provenance of code.

(b) Purpose of code.

(c) Speci cation.

(d) Description of subroutine's operation.
(e) References.

(f) Parameter descriptions.

(g) Error indicators.

(h) Speci cation.

(i) Accuracy estimate.

() Any additional information.

(k) Example of code

() Auxiliary subroutines required.
(m) Keywords.

(n) Download source code.

Provenance of Source Code
Saurabh Kundu and H. K. D. H. Bhadeshia.
Materials Science and Metallurgy, University of CambridgeU. K.
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E-mail: sk459@cam.ac.uk
Added to MAP: March, 2007.

Purpose
Calculation of the crystallographic texture obtained whenaustenite

transforms into martensite. The austenite itself can be taured.

Speci cation
Language: FORTRAN

Description
This program has the inputs consisting of the habit planes,isplace-

ment direction and the crystallographic orientation ( J ).

(a) It rst calculates the angle theta (between applied stres and habit
plane normal and beta (between the maximum shear stress and

the shear stress component resolved on the habit plane).

(b) Then it calculates the mechanical free energy availabl®r each

martensite variant.

(c) It also measures the angle between trace of habit plane dne
plane of observations with the applied stress direction. linust
be noted that by default the sample X-Y plane is taken to be the
plane of observations.

(d) The plot is made with respect to the principle sample axisvhich
are taken as (100),(010) and (001).

(e) This program plots the martensite pole gure and also theole

gure for the habit planes active.

(f) User can plot as many variants as desired.
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Inputs when running the program

IF AUSTENITE PUT O IF FERRITE PUT 1:
1

WHAT IS THE STARTING TEXTURE OF AUSTENITE:
0=RANDOM

1=COPPER

2=BRASS

3=GOSS

4=CUBE

5=f110ghL11i

6=MIXTURE

3

HOW MANY VARIANTS WORKING?

8

FIRST ELEMENT OF THE STRESS TENSOR:
200.0

FOR (100) POLE FIG PUT 100 :

FOR (111) POLE FIG PUT 111:

FOR (110) POLE FIG PUT 110:

100

HOW MANY GRAINS?

500

Name

crystal_habit_poly.for. This is a source code of this program. For the
execution, it needs to be compiled.

Compile example : g7€rystal_habit poly.for -0 name.out

References
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S. Kundu and H.K.D.H. Bhadeshia, Transformation Texture in
Deformed Stainless StegBcripta Materialia, 55 (2006), 779-781.

Parameters

HABIT : double precision array of dimension 243, Matrix that stores
24 habit planes.

DIRECTION : Double precision array of dimension 243. Matrix
that stores 24 displacement directions for 24 variants of mnsite.
GM _J_AL : Double precision array of dimension 723. It contains 24
matrix representing orientation relationship between madensite and
austenite, following Bowles and MacKenzie notation can beritten as
( J ).

AL _J_GM : Double precision array of dimension 723. It contains 24
matrix representing orientation relationship between madensite and
austenite, following Bowles and MacKenzie notation can beritten as
( J).

DEF _MAT : Double precision array of dimension 33. This matrix
stores stress tensor of the applied stress in the crystal axi

AL : Double precision array of dimension 303. It stores all the plane
indices for plotting pole gure.

STRESS _TENSOR : Double precision array of dimension 33.
Matrix represents the stress tensor in trhe sample axis.

TRANS _MATRIX : Double precision array of dimension 33.
Rotational matrix represnting the orientation relationshp between
any austenite grain with the sample axis.

X _ST, Y _ST: Double precision. X and Y corordinate of any point in
the pole gure.

Error Indicators
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None.

Accuracy

No information.

Further Comments

None.

Example

None.

Auxiliary Routines

No auxiliary routines.

Keywords
Transformation texture, martensite, stainless steels, gsttalography.

Download
Download source code.
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