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Abstract.

Little is known about the effect of stress on the development of microstructure in steel welds.
This paper contains an assessment of published data together with a description of the theory
that is available for dealing with stress–affected transformations in steels. Attention is focused
on those transformations which have the greatest potential for interaction with an externally
applied stress. These include the solid–state transformation products of austenite, such as
Widmanstätten ferrite, acicular ferrite, bainite and martensite.

INTRODUCTION

The ability of an external stress to influence the development of microstructure during solid–
state transformation is well established in theory. There is also a great deal of research describing
the contrary process, in which phase transformations induce the development of stresses; these
are the so–called residual stresses, whose effects are particularly pronounced in constrained
assemblies. In fact, residual stresses can arise even in the absence of any phase transformation.
All that is required is that the temperature varies with position [1]. It is nevertheless true
that experimental observations on steel weldments cannot be fully accounted for without a
consideration of the phase changes which occur during the cooling of the weldment to ambient
temperature [2,3].

The purpose of the work presented here is to describe the relevance of these concepts to the
welding of steels. There is a need for this subject to develop further before serious quantitative
applications become viable, although very useful general principles already exist which can help
in the assessment of weld phenomena. We therefore consider first the basic principles which are
applicable to both the heat–affected zone and fusion zone of a weld, and which are useful in
phase transformation theory per se.

PLASTIC DEFORMATION

The familiar mechanisms of plastic deformation are slip, mechanical twinning and diffusion–
induced creep. For very small plastic strains, the first two of these deformation modes are
conservative – i.e., they preserve an atomic correspondence between the deformed and unde-
formed parts of the crystal so that the crystal contains a memory of its original shape. All
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of these deformation modes are lattice–invariant because although they cause a change in the
shape, the crystal structure remains as it was prior to deformation.

Phase transformations, by contrast, refer to changes in the crystal structure. However, like
lattice–invariant deformations, they can also be associated with changes in the shape of the
transformed regions [4–7]. The transformation can have a pronounced interaction with an ex-
ternally applied stress only if it is accompanied by a shape change (a strain).

In steels, austenite transforms into many varieties of ferrite, which can be classified into two
broad categories according to the mechanism of transformation (Fig. 1). Reconstructive trans-
formations occur with the uncoordinated diffusion of all of the atoms, including iron [8,9]. They
need not be accompanied by a change in chemical composition, but it is worth emphasising
that reconstructive transformations cannot be sustained without the diffusion of all atoms. For
example, the freezing of water to ice is a reconstructive transformation where there is mass
transport but no change in composition. Similarly, austenite in pure iron can transform into
ferrite, either by a reconstructive mechanism involving diffusion, or by a martensitic mech-
anism. The latter case represents displacive transformations, in which the pattern of atomic
arrangement is altered by deformation. There is no diffusion of iron or substitutional solutes
during displacive transformations in iron alloys.

Both kinds of reactions lead to changes in shape (Fig. 2a). The simplest of these occurs during
reconstructive transformations in which the densities of the parent and product phases are
different. Hence, when austenite transforms into grain boundary allotriomorphic ferrite, there
is a uniform expansion, and vice–versa.

Much more interesting deformations are associated with displacive transformations, where the
shape change is in general described as an invariant–pane strain with a large shear component.
Such a deformation leaves the plane of contact between the parent and product phases undis-
torted and unrotated. This plane is called the habit plane. The strain energy associated with a
constrained invariant–plane strain (IPS) is minimised when the product phase has a thin–plate
shape. This is why Widmanstätten ferrite, bainite, acicular ferrite and martensite in steels grow
in the form of plates. The distinguishing features of a variety of deformation modes are com-
pared in Table 1, and the detailed characteristics of the shape change due to transformation
are emphasised in Table 2. The latter also includes some data for mechanical and annealing
twins in ferrite and austenite respectively. These are not, of course, transformation products,
so that they do not cause any volume change; however, their growth mechanisms are analogous
to those of displacive and reconstructive transformations respectively. The shear component of
the IPS for the mechanical twin is seen to be substantially larger than all of the transformations
listed. Indeed, it is only in iron–beryllium alloys (Fe3Be) that martensitic transformation has
a shear strain which is as large as that for mechanical twins in ferrite [10–12]. These empirical
observations show that in general, the shear associated with transformations in steels tends to
be smaller than that caused by mechanical twinning.

The permanent strain caused by any transformation is called transformation plasticity. A phase
change in a stress–free material is usually triggered by heat treatment, when the parent phase
passes through an equilibrium transformation temperature. Alternatively, the application of
a stress in isothermal conditions can trigger transformation in circumstances where it would
not otherwise occur. Unusual effects can occur when stress and temperature work together.
The transformation may occur at remarkably low stresses or at very small deviations from
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Table 1: Characteristics of different modes of deformation

Slip Mechanical Displacive Reconstructive
deformation twinning transformation transformation

Causes permanent change in shape Yes Yes Yes Yes
Invariant–plane strain shape change

with a large shear component Yes Yes Yes No
Changes crystallographic orientation No Yes Yes Yes
Changes lattice type No No Yes Yes
Can lead to a density change No No Yes Yes

Table 2: Shape change due to transformation. An invariant–plane strain here implies a large shear
component as well as a dilatational strain normal to the habit plane. s and δ refer to the shear and
dilatational strains respectively. The values stated are approximate and will vary slightly as a function
of lattice parameters and the details of crystallography

Transformation Shape Change s δ Morphology
Allotriomorphic Ferrite Volume change 0.00 0.02 Irregular
Idiomorphic Ferrite Volume change 0.00 0.02 Equiaxed, facetted
Pearlite Volume change 0.00 0.03 Spherical colonies
Widmanstätten ferrite Invariant–Plane Strain 0.36 0.03 Thin plates
Bainite Invariant–Plane Strain 0.22 0.03 Thin plates
Acicular Ferrite Invariant–Plane Strain 0.22 0.03 Thin plates
Martensite Invariant–Plane Strain 0.24 0.03 Thin plates
Cementite Plates Invariant–Plane Strain ? 0.21 ? 0.16 ? Thin plates

Mechanical Twins (α) Invariant–Plane Strain 1/
√

2 0.00 Thin plates
Annealing Twins (γ) 0.00 0.00 Facetted
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Fig. 1: Classification of the transformation products of austenite [9]. All of the displacive transformation
products cause a shape change on transformation. This shape change is an invariant–plane strain with a
large shear component. The much smaller dilatational component of strain is directed normal to the habit
plane (invariant–plane). The reconstructive transformations involve a lot of diffusion. Their formation is
only accompanied by a volume change and unlike the displacive transformation products, they do not
grow with a plate shape. Cementite and ε–carbides are not included in the above classification, but it is
believed that they grow by a displacive transformation mechanism at low temperatures.

the equilibrium temperature. This is why even minute stresses can have a large influence on
the development of microstructure. It is not surprising that transformation plasticity can be
obtained at stresses which are much smaller than the conventional yield stress of the parent
phase.
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Fig. 2: The shape changes accompanying unconstrained transformations. Note that the horizontal scale
bars are all of the same length. (a) The two kinds of changes in shape that occur when a single crystal
of austenite transforms to a single crystal of ferrite, as a function of the mechanism of transformation.
(b) A polycrystalline sample of austenite. (c) A polycrystalline sample of austenite which has partially
transformed by a displacive transformation mechanism into a random set of plates of ferrite. (d) A poly-
crystalline sample of austenite which has partially transformed by a displacive transformation mechanism
into an organised set of plates of ferrite.

RESIDUAL STRESSES & RELATED PHENOMENA

The plasticity associated with phase transformations has relevance in a wide variety of fields.
Some of the important theory of transformation plasticity has its origins in the nuclear industry,
where the thermal cycling of uranium through phase changes can lead to large deformations
[13,14]. The deformations occur under the influence of very small external stresses, leading to
the popular interpretation that there is a mechanical weakening of materials as they undergo
a change in crystal structure. Another example of transformation plasticity is when a suicidal
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virus infects a bacterium with its DNA information. It does this mechanically using a “hypo-
dermic needle” consisting of a cylindrical crystal. The crystal on transformation changes shape
and hence penetrates the bacterium so that the virus can inject the bacterium with its DNA
[15]. The virus thus ceases to exist!

A great deal of research followed the exploitation of transformation plasticity in TRIP steels
[16], which are designed to make a propagating crack do work in stimulating transformation
[17-25]. This greatly increases the work of fracture. Recent applications include the design
of automobile steels containing retained austenite, which transforms and plasticises the steel
during the forming process [18,19]. The research on TRIP steels has led to one of the few
promising mechanisms for the toughening of ceramics [20–22]. The subject of transformation
plasticity is of fundamental interest [17,23–27] and of use in the design of heat–treatments
[28–32].

As far as welds are concerned, residual stresses in engineering structures can determine the
stability and safety of components. There is considerable activity in the experimental determi-
nation of these stresses and on computation methods which include a role of transformation
plasticity in the development of residual stresses [2,3,33,34].

Since the classical papers by Greenwood and Johnson [13,14], the way in which transformation
plasticity is included in the solution of engineering problems has focused on the role of the
volume change. For a longitudinal stress σ, Greenwood and Johnson found that the longitudinal
plastic strain is given by:

ε =
5

6

∆V

V

σ

σY

(1)

where σY is the yield stress of the weaker phase and ∆V
V

is the transformation volume strain.
Clearly, it is the volume strain which is assumed to enable a transformation to interact with an
externally applied or internally generated stress. This is a reasonable approach when consid-
ering reconstructive transformations. However, the most desirable microstructures in steels are
those which are generated by a displacive transformation mechanism, with large shear strains
(Table 2), which are not incorporated in the Greenwood and Johnson approach. This has reju-
venated some exciting areas of research, traces of which can be found in literature published as
long ago as 1930 [35], but highlighted particularly by the work of Magee and Paxton [36,37],
with more recent work by Fischer [38], Leblond et al. [39–43] Olson [44] and Bhadeshia et al.

[45]. The work presented here is not therefore a review of the general area of residual stress
development, a subject which has been covered in many excellent articles [2,3,29,39–44]. In-
stead, it deals with the micromechanics of phase transformations. How applicable is this to
large assemblies? There is convincing evidence that particles which grow under the influence of
stress form in an organised way, even when the parent phase is random polycrystalline. They
consequently act in concert to greatly influence the dimensions and isotropy of large samples,
to an extent which is far greater than might be expected from mere density changes. This is
illustrated schematically in Fig. 2b–d.
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THE DEFORMATION SYSTEM

It is common, during discussions of slip, to refer to the crystallographic indices of the slip plane
and direction. We have seen that a reconstructive transformation occurs by diffusion. This
diffusion involves the uncoordinated movement of atoms. It is then not possible to relate the
combined macroscopic effect of all the atomic motions, to the details of the crystal structure in
the manner just described for slip. Deformations caused by reconstructive transformations are
more analogous to fluid flow than conservative slip.

The situation is quite different for transformations where there is a coordinated displacement
of atoms to achieve the new crystal structure. Just as a combination of a plane and a direction
constitutes a deformation system for slip or twinning, the habit plane and displacement vector
of the invariant–plane strain accompanying transformation completely describe the deformation
system responsible for transformation plasticity. The displacement vector describes the sense of
the macroscopic displacements accompanying transformation, and along with the habit plane
indices, also contains information about the magnitude of the shear component and dilatational
component of the displacements. Typical data for the deformation systems associated with
transformations are listed in Table 3.

Table 3: The deformation systems associated with transformations. Typical habit plane and displace-
ment directions for low–alloy steels. The indices all refer to the austenite phase. Note that the indices
stated are approximate since the habit plane and displacement direction are usually irrational. The dis-
placement vector does not quite lie in the habit plane because the dilatational strain is directed normal
to the habit plane. The magnitude of the displacement, is given by m, which is the total displacement
including the shear and the dilatational components.

Phase Habit Plane Indices Displacement Vector m
Martensite (0.363 0.854 0.373) [0.195 0.607 0.771] 0.185 Dunne & Wayman
Bainite (0.325 0.778 0.537) [0.159 0.510 0.845] 0.27 Ohmori
Widmanstätten ferrite (0.506 0.452 0.735) [0.867 0.414 0.277] 0.36 Watson & McDougall

Given the cubic crystal structure, and the fact that habit planes tend to be irrational, there
will in general be 24 of these systems per austenite grain, and they may operate simultaneously
to varying extents. Of course, unlike ordinary slip, the different deformation systems within an
austenite grain cannot intersect, except in special circumstances where inter–variant transfor-
mations are possible, as is the case with some shape memory alloys. It follows that the ordinary
notion of work hardening does not apply. Work hardening nevertheless manifests itself via a
different mechanism, in which the stability of the austenite increases as it becomes ever more
finely divided.

The Taylor/von Mises criterion [46,47] states that in any given crystal, a minimum of five
independent slip systems are necessary to produce an arbitrary shape change. A crystal in
a polycrystalline aggregate has to accommodate the arbitrary deformations of neighbouring
grains. Therefore, a polycrystalline material is brittle unless each grain contains at least five
independent slip systems. Similar logic can be applied to the crystallographic variants of a phase
generated by displacive transformation. The habit plane is predicted theoretically [48,49] and
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found experimentally [50] to have irrational indices. This means that there exist in principle,
24 possible variants of the habit plane per grain of austenite (i.e., 24 independent deformation
systems). Given this large number of transformation variants available per grain, the Taylor
criterion leads to the conclusion that transformation plasticity can cause, or accommodate any
externally imposed, arbitrary shape change assuming that a sufficient quantity of parent phase
is available. It follows that polycrystalline samples can remain intact at grain boundaries when
transformation plasticity is the sole mode of deformation.

THE MECHANICAL DRIVING FORCE

The interaction of an externally applied stress (which is below the yield strength of the parent
phase) can manifest in two ways:

(i) The stress can alter the driving force for the transformation.

(ii) It can change the appearance of the microstructure by favouring the formation of those
variants which best comply with the applied stress.

Both of these factors are illustrated in Fig. 3, where a fine grained polycrystalline sample of
austenite was stressed at a temperature above its normal martensite–start temperature [51].
The amount of martensite obtained is seen to vary directly with the magnitude of the applied
stress. The stress manifests as a mechanical driving force whose contribution assists the chemical
driving force, which on its own is inadequate to trigger transformation. Not only does the stress
induce the formation of martensite, but only those variants which comply with the tensile stress
grow in profusion (FIg. 3b). Thus, most of the plates are tempted to grow on those planes which
are close to the plane of maximum shear stress (45 ◦ to the tensile axis). The microstructure
would have been much more chaotic in the absence of the stress. The stress caused the alignment
of plates, and a more ordered, organised microstructure.

These considerations are dependent on the mechanism of transformation. For reconstructive
transformations, it is only the hydrostatic component of stress that can interact with the shape
change (which is due to just a density change). The response to an arbitrary stress is therefore
not expected to be as large as that for displacive transformations in steels. In that case, the
shear component of the IPS is relatively large and so is the corresponding mechanical driving
force component.

We now focus on displacive transformations, using a method which is based on Patel and
Cohen’s work [52]. In the above discussion, the total driving force was partitioned implicitly
into a “mechanical driving force” and the more familiar chemical driving force [26,52]. This is
based on the reasoning that the movement of a glissile interface is a combined deformation and
transformation process. The work done by the external stress may be added to the chemical
free energy change in order to obtain the net free energy difference.

The mechanical driving force is assumed to be given as the work done (∆GMECH) by the
external stress in producing the macroscopic shape deformation:

∆GMECH = σNδ + τs (2)
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Fig. 3: Stress affected martensitic transformation in a Fe–28Ni–0.4C wt.% alloy tested at a temperature
above the martensite–start temperature. (a) Volume fraction of martensite as a function of stress. (b)
Optical micrograph from a low stress region. (c) Optical micrograph from a high stress region. The arrow
indicates the direction of the tensile stress.

where σN is the normal stress on the habit plane and τ is the component of the shear stress
on the habit plane which is parallel to the direction along which the shear displacements of
the shape deformation occur (Fig. 4). 1 The strains δ and s are the dilatational and shear
components of the shape deformation. Some typical values of the mechanical driving force
terms are given in Table 4. Given a free choice of some 12 to 24 crystallographic variants of
the transformation product in each grain of austenite, the work done by the shear stress is
always expected to be positive, whereas that due to the dilatational component depends on
the sign of σN . For steels, this latter component is relatively small. Any observed consequences

1It was pointed out by Delaey and Warlimont [53], that the Patel and Cohen treatment [52] assumes incor-
rectly that it is the maximum shear stress on the habit plane that interacts with the shape deformation, rather
than the component of the shear stress resolved parallel to the shear displacements of the shape strain.
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of stress must therefore reflect the dominant role of the shear component unless the stress is
purely hydrostatic.

Fig. 4: Resolution of the applied stress σA. The normal stress σN , and the shear stress τ , both act on the
habit plane. The vector d is the direction along which the shear displacements of the shape deformation
lie. τMAX is the maximum shear stress on the habit plane, but τ is given by resolving τMAX along d.
Note that d differs slightly from the displacement vector of the invariant–plane strain, which includes a
dilatational component in addition to the shear.

Table 4: Typical values of the mechanical driving force coefficients [44]. The stress state for the crack tip
is multiaxial, but the coefficient is calculated by expressing the stress in terms of the von Mises equivalent
tensile stress.

Nature of Stress ∂∆G/∂σ J (mol MPa)−1

Uniaxial Tension −0.86
Uniaxial Compression −0.58
Elastic crack tip −1.42

It follows from the Patel and Cohen analysis, that since the shear stress remains positive irre-
spective of whether the sample is pulled in tension or uniaxially compressed, and since the shear
component of the shape change is large, a uniaxial stress will always cause an increase in the
temperature for displacive transformations in steels. Hydrostatic stress, on the other hand, has
no deviatoric components and consequently only interacts with the dilatational component of
the shape change. Thus, hydrostatic compression is expected and found to lead to a decrease in
the transformation temperature (Fig. 5); some data [27] on the sensitivity of the transformation
temperature to applied stress are presented in Table 5.

A reservation to the methodology described above is that shear stresses, unlike pressures, can
not strictly be considered as state variables so that their use in thermodynamic equations can
be uncertain [26]. This difficulty is, however, unimportant in the analysis as long as irreversible
processes, such as diffusion or the multiplication of dislocations, do not act to relieve any of
the shear stresses during the interval in which the experiment is conducted. What this means
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Fig. 5: (a) An indication of how the transformation–start temperature (for Widmanstätten ferrite,
bainite, acicular ferrite or martensite) should vary as a function of the nature and magnitude of an
applied stress whose magnitude is less than that of the the yield stress.

Table 5: Sensitivity of transformation–start temperatures in steels, to applied stress [27].

Phase Nature of Stress Sensitivity / K MPa−1

Martensite Pressure −0.06
Bainite Pressure −0.09
Eutectoid Pressure −0.011
Martensite Tensile +0.06

in practice is that in the absence of transformation, the state of the system is not altered if the
shear stress is changed and then restored to its original value.

A second complicating factor could arise if the stress influences the very nature of the trans-
formation product, either by stimulating the formation of some metastable phase, or by decou-
pling groups of self–accommodating variants which would form in the absence of stress [26].
This could lead to a large modification of the chemical driving force term. As discussed later,
there is some evidence to show that there are significant microstructural changes when bainite,
acicular ferrite or martensite grow under the influence of an externally applied stress. Similar
effects are expected for Widmanstätten ferrite (and carbides which occur at low temperatures)
but they have not yet been confirmed experimentally.

Assuming that the interaction of the applied stress is with the macroscopic shape deformation,
the stress must tend to favour the growth of those particular variants for which ∆GMECH is
maximised. Hence, for a tensile stress, plates which have their habit planes inclined at approxi-
mately 45◦ to the tensile axis will tend to be favoured. The angle will not be exactly 45◦ because
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the displacement vector of the IPS is not quite parallel to the habit plane whenever there is a
volume change accompanying transformation.

This assumes that the applied stress interacts only with the growth process. Its interaction
with nucleation events could lead to a different criterion for variant selection [26]. Indeed,
efforts at predicting the martensitic transformation texture from the crystallographic texture
of the parent austenite, are apparently more successful if it is assumed that variant selection
depends on the Bain strain rather than on the macroscopic shape deformation [54]. The IPS
deformation is unlikely to have developed at the nucleation stage, where the particle might be
too small to sustain the lattice–invariant deformation that is necessary to convert the effects
of the lattice deformation into what is macroscopically an invariant–plane strain. On the other
hand, since the Bain strain is necessary to accomplish the lattice change, the texture prediction
work indicates that variant selection may depend on the interaction of the applied stress with
the nucleation process.

LIMITS TO STRESS–ASSISTED TRANSFORMATION

At temperatures close to that at which the equilibrium transformation occurs, an applied stress
can assist reaction when the chemical driving force is insufficient to achieve the change on its
own. There must exist a point, however, when the applied stress simply cannot provide enough
mechanical driving force to complement the chemical term to give a driving force large enough
to induce transformation. After all, the magnitude of the stress that can be applied is limited
by the yield point of the parent phase. There are, therefore, limits to what can be achieved by
the application of stress as a stimulus to transformation (Fig: 6). In fact, work hardening may
also limit the influence of stress, since transformation can actually be retarded by plastically
deforming the parent phase. This is known as mechanical stabilisation.

Fig. 6: An illustration of the typical magnitudes of the chemical and mechanical driving forces for stress–
affected transformation. The mechanical driving force is estimated for an applied stress which is equal to
the yield stress of austenite. Since this yield stress decreases and becomes very small as the temperature
rises, the contribution of the mechanical driving force becomes negligible at high temperatures. Therefore
transformation becomes impossible as the temperature exceeds about 700 ◦C.
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The highest temperature at which martensite forms during the cooling of austenite is the MS

temperature. This can be raised by the application of a suitable stress [52]. The maximum tem-
perature at which martensite grows under the influence of stress is called the MD temperature
[55]. These phenomena are also revealed by studying the tensile strength of a sample containing
austenite ([44], Fig: 7). At first the stress assists martensite formation so that the sample de-
forms readily. The formation of martensite at increasing temperatures above MS becomes more
difficult so that the strength rises towards that of austenite. Eventually, at Mσ the austenite
begins to yield by slip. Finally, transformation becomes impossible above MD.

Fig. 7: Stress–assisted and strain–induced martensitic transformation [44].

There are no similar experiments for the other transformation products, but it is possible to
piece together a lot of circumstantial evidence to show that the behaviour of bainite is probably
similar to that of martensite.

Goodenow et al. [56] showed that the transformation stresses associated with the growth of
lower bainite stimulated the growth of upper bainite at temperatures just above BS, showing
that stress can indeed raise the bainite–start temperature. It should in principle be possible to
define a BD temperature. Early work by Cottrell [57] gives some support to the BD concept. He
found that the maximum volume fraction of bainite obtainable by isothermal transformation of
unstressed samples, can be increased with the application of a tensile stress during transforma-
tion, but that the effect of the applied stress diminished as the bainite–start temperature was
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approached. Drozdov et al. [58] demonstrated that at a high enough transformation tempera-
ture above BS (at which the austenite is still metastable), no amount of deformation causes the
austenite to transform to bainite, a result which can be interpreted easily if it is assumed that
the temperature concerned was higher than BD.

These concepts are illustrated schematically in Fig: 8, which illustrates bainite but is based on
similar ideas for martensitic transformations; the details have yet to be established systemat-
ically for bainite or other displacive transformation products. The net driving force available
for transformation, ∆G, is given by:

∆G = ∆GCHEM − ∆GMECH (3)

The model for the influence of stress assumes that the critical driving force needed to trig-
ger bainitic transformation at zero stress (i.e., ∆GCHEM at BS) remains constant over the
temperature range of interest. The application of a tensile or compressive stress assists the
transformation by boosting the overall driving force ∆G with the term −∆GMECH , so that the
BS temperature rises continuously with the magnitude of the applied stress.

Fig. 8: Illustration of the stress-modified transformation temperatures, BS, Bσ and BD.
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It is convenient to define a temperature Bσ, beyond which the austenite can no longer elas-
tically support the applied stress prior to transformation. Clearly, beyond Bσ, the notion of
using τ in the thermodynamic equations becomes highly dubious since the austenite inevitably
undergoes plastic deformation prior to transformation. The deformation induced defects might
then influence the progress of transformation, perhaps by providing additional nucleation sites,
although this kind of stimulation does not seem prominent in bainitic transformations where
the predominant site for sheaf nucleation is almost always an austenite grain boundary. Fol-
lowing the terminology established for martensitic transformations, the region below Bσ is said
to represent stress–assisted transformation, whereas strain–induced transformation describes
the regime where the yield stress of the parent phase is exceeded.

As the stress is increased further, beyond the yield stress of the austenite, the bainite–start
temperature continues to rise. When the T ′

0
temperature 2 is reached, the chemical driving

force actually opposes transformation so that the mechanical component has to be larger than
∆GCHEM at BS. Of course, as the temperature rises, the yield stress of the austenite decreases,
until it is no longer able to support a stress large enough to stimulate bainitic transformation;
that temperature corresponds to BD (Fig. 8).

GENERAL OBSERVATIONS

The effects of stress on martensitic transformations have been researched extensively, especially
in the context of the shape memory effect [55]. Because the data on other higher temperature
transformations are much more limited, but nevertheless important in welding, it is worth dis-
cussing how general observations on the next best researched transformation product (bainite)
can give confidence in the interpretation that all of the displacive transformations of interest.

Externally Applied Stresses It is well known in the context of thermomechanical process-
ing, that deformation accelerates the rate of the bainite reaction [57–63]. There is also good
evidence that the rate of reaction under stress increases with the rate of deformation [58,63].
The degree of transformation to bainitic ferrite at any temperature is limited by the incomplete
reaction phenomenon [9], but the application of a tensile stress during transformation has been
shown to stimulate further reaction beyond the limiting value [57]. The rate of reaction is also
found to accelerate under the influence of a tensile stress as long as the stress exceeds a thresh-
old value whose magnitude decreases with increasing temperature, although the significance of
the threshold stress is not clear [64]. Umemoto et al. [65] have demonstrated an acceleration of
transformation even when the applied tensile stress was rather small (Fig: 9).

Internally Generated Stress The stress influencing transformation need not be applied
externally; internal stresses generated due to other transformations also have an effect. Early
studies indicated an acceleration in the rate at which upper bainite forms in specimens which are
first transformed partially at a lower temperature [66,67]. Martensite is the first phase to form
on cooling a steel below the MS temperature, but after the initial burst of martensitic trans-

2At the T0 temperature, γ and α of the same composition have identical free energies. The T ′

0 temperature
is calculated in the same way, but allowing also for the stored energy of ferrite [9].
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Fig. 9: The overall kinetics of bainitic transformation as a function of an externally applied tensile stress.
Assuming that the degree of transformation is related to the elongation, the data show an increase in
the rate of reaction as a function of the magnitude of the applied stress [65].

formation and a suitable incubation period, the austenite undergoes accelerated decomposition
to bainite [68]. This is because the austenite is deformed by the martensitic transformation.
Supporting evidence is found in magnetometric studies, which have revealed that isothermal re-
action below the MS temperature leads first to the formation of the usual athermal martensite,
followed by a small amount of isothermal martensite, and then some of the residual austenite
begins to transform at an accelerated rate to bainite [69]. Similar results have been obtained by
Radcliffe and Rollason [70] and it has also been demonstrated that the upper bainite reaction
is accelerated by initial partial (displacive) transformation to lower bainite (Fig: 10). Their ex-
periments also clearly illustrate the “flat tops” of the bainite C–curves as highlighted first by
Zener [71].

Another revealing observation is that both the nucleation and growth rates of bainite are
accelerated by the proximity of a free surface [72,73]. This observation emphasises the role of
the shape deformation of bainite, since any shape change can be accommodated better at a free
surface, where the degree of physical constraint is smaller. In the absence of such mitigating
circumstances, the matrix sometimes cannot tolerate the large displacements associated with
the formation of bainite. It then relaxes by plastic deformation, which is driven by the shape
change due to transformation [74].
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Fig. 10: The influence of internal stresses on the rate of transformation at 410◦C, in a Fe–0.31C–
0.3Si–0.76Mn–3.07Ni–1.22Cr–0.49Mo wt.% alloy. Curve A represents isothermal transformation to upper
bainite; curve B is for a sample which was first partially transformed to lower bainite and then to upper
bainite, showing an acceleration of reaction rate at 410◦C due to the internal stresses generated by the
presence of lower bainite; curve C shows how annealing above the BS temperature removes the stresses,
and their accelerating influence on transformation kinetics [56].

PLASTIC DEFORMATION & MECHANICAL STABILISATION

Deformation does not always accelerate transformation; it is well established for martensitic
transformations that severe deformation causes the mechanical stabilisation of the austenite.
Mechanical stabilisation is due to the work hardening of the austenite as its defect density
increases. The defects interfere with the motion of glissile transformation interfaces.

There are no systematic studies of mechanical stabilisation for bainitic or other elevated tem-
perature reactions. It has been reported that during the continuous cooling transformation of
a low–alloy steel into a mixed microstructure, the decomposition of austenite to bainite was
retarded when the austenite was deformed prior to transformation [75]. This could be inter-
preted as mechanical stabilisation, but there is unfortunately an alternative explanation for
these particular experiments, an explanation which is consistent with the reported data. The
deformation accelerates the formation of allotriomorphic ferrite, thereby causing an exagger-
ated enrichment of the residual austenite with carbon, and therefore a retardation of both the
bainite and martensite reactions.

Better evidence comes from experiments using hot–rolled samples, which have demonstrated
that the austenite which is deformed to a larger extent, tends to transform to bainite at a lower
temperature during continuous cooling (Fig: 11). This effect can only be interpreted in terms of
mechanical stabilisation because the alloy used had sufficient hardenability to avoid the growth
of allotriomorphic ferrite or other interfering transformation products during cooling.

Perhaps the most convincing evidence for the mechanical stabilisation of bainite comes from
studies of ausformed bainite. Samples of deformed austenite gave smaller maximum volume
fractions of bainitic ferrite when compared with those transformed without any prior deforma-
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Fig. 11: Plots of temperature versus time, for samples undergoing bainitic transformation during cool-
ing. The deviations from linearity indicate the onset of transformation. The reaction is retarded in the
austenite deformed to a greater degree before transformation, indicative of mechanical stabilisation. Data
from Davenport [76].

tion. This is in spite of the fact that the deformed austenite transformed initially at a higher
rate (Fig. 11). This effect did not appear during transformation at higher temperatures, presum-
ably because the total volume fraction of bainite that can form is then reduced. Stabilisation
therefore only manifests itself when the “easy” regions of austenite are exhausted, i.e., those
regions left unchanged by the inhomogeneous deformation. The nonuniformity of stabilisation
is reflected in the microstructure that develops. The sheaves of bainite that do form are found
to be aligned along specific directions within individual austenite grains, in contrast with the
usual bainitic transformation where sheaves grow in many different orientations (Fig: 12).

As is often the case with martensite plates in ausformed alloys, sheaves of bainite are sometimes
found to be curved on a macroscopic scale. This is because of the deformation induced lattice
curvature present in the parent austenite grains prior to transformation (Fig: 16).
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Fig. 12: The effect of ausforming on the kinetics of the bainite reaction in a Fe–0.59C–2.01Si–1.02Mn
wt.% alloy. Data from Tsuzaki et al. [59].

Finally, it is worth mentioning two important experiments by Bhattacharyya and Kehl [77].
They first demonstrated that a tensile stress has little effect on transformation if it is applied
after more than about 30% of bainite has formed. The effect was attributed to the fact that the
overall strength of the microstructure rises during transformation relative to the applied stress.
An alternative explanation could be that it becomes difficult to stimulate variants favoured by
the applied stress once many nuclei have been activated. Any favoured variants that do form
will have a limited scope for development as the amount of austenite decreases.

In the second experiment, Bhattacharya and Kehl showed that the removal of stress after some
transformation has occurred, does not decrease the rate of reaction. This might suggest that the
primary influence of stress is in these experiments to stimulate nucleation rather than growth.

There is no doubt that a constrained weld undergoes plastic deformation in its austenitic state,
as it cools. The strains involved are of the order of a few percent. Hence, the mechanical
stabilisation effects are extremely unlikely. It is not surprising that macroscopically curved
plates as discussed above (Fig. 16) are not found in welded samples. The intriguing question is:
does the small amount of plastic deformation to be found in the austenite influence the kinetics
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Fig. 13: Optical micrographs illustrating the microstructure of an ausformed bainitic steel. (a) Align-
ment of sheaves of bainite in individual austenite grains. (b) Curved bainite sheaves reflecting the
deformation–induced misorientations within the parent austenite grains [59].

of transformations as the weld cools? The probable answer is negative, since for martensitic
transformations, a small amount of plastic deformation enhances the nucleation rate. However,
for the elevated temperature transformations it is unlikely that such dislocations are on their
own terribly effective as heterogeneous nucleation sites. For example, allotriomorphic ferrite
always nucleates at the austenite grain boundaries, as does bainite and primary Widmanstätten
ferrite. Secondary Widmanstätten ferrite grows from allotriomorphic ferrite/austenite surfaces.
Acicular ferrite nucleates at inclusions. It is much more likely that in constrained welds the
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major effects of the stress are via the mechanical driving force and through any changes in the
degree of organisation in the microstructure.

THE EFFECT ON MICROSTRUCTURE

An applied stress will tend to favour the development of crystallographic variants which comply
with that stress. This is analogous to the selective operation of one or more of the available
slip systems in a crystal under stress; it is the systems with the largest Schmid factors which
are favoured. Assuming that variant selection is similarly controlled by the interaction of the
applied stress with the shape deformation, the stress should cause an alignment of the plates at
roughly 45◦ to the tensile axis. This alignment has been observed in many experiments involving
transformations in steels including weld deposits [73].

Martensite This is illustrated in Fig. 3 where a fine grained polycrystalline sample of austen-
ite was stressed at a temperature above its martensite–start temperature [51]. The amount of
martensite obtained varies directly with the magnitude of the applied stress (i.e., the mechan-
ical driving force). Not only did the stress induce the formation of martensite, but only those
particular variants of martensite which complied with the applied stress grew in profusion.
Thus, most of the plates attempted to grow on planes close to those of the maximum shear
stress (approximately 45◦ to the tensile axis).

In the absence of an externally applied stress, each austenite grain could have transformed into
one or more of the twenty four possible crystallographic variants, leading to a more chaotic
microstructure. The stress caused the alignment of plates, and a more ordered microstructure.

Bainite The observations are more difficult for bainite, partly because of the rapid rate of
reaction under the influence of stress. The experiments have to be conducted at high tempera-
tures. Further transformation may occur as the sample cools to ambient temperature, confusing
the interpretation of the microstructure. Nonetheless, good evidence for microstructural align-
ment has been reported for bainite platelets especially at relatively large stresses [65,77]. All of
these observations are based on polycrystalline samples, but that does not substantially alter
the conclusions. There are so many variants available per austenite grain, that there is a high
probability of a plate orientation lying close to the optimum with respect to the stress.

There are more subtle effects of stress on microstructure, even in the absence of any obvious
plate alignment, at stress levels as small as 45 MPa. Variant selection leads to the development
of a less chaotic microstructure [60,62,45]. Without stress, each grain of austenite transforms
into many different orientations of bainite. Significantly fewer variants develop per austenite
grain under the influence of stress, so that the selected orientations can grow unhindered and
form thick packets of bainite plates. The sheaves are therefore found to be longer, and their
number density per grain smaller when variant selection operates (Fig: 14).

A further effect on microstructure is when the austenite has been plastically deformed prior to
transformation. Heterogeneous nucleation then occurs not only at the original austenite grain
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boundaries, but apparently also intragranularly on slip bands or other deformation hetero-
geneities [62].

Fig. 14: Light micrographs of bainitic microstructures generated in a Fe–0.12C–0.27Si–0.84Mn–0.14Ni–
1.48Mo–2.86Cr wt.% alloy, by isothermal transformation at 400 ◦C under the influence of stress. (a) Zero
stress; (b) 95 MPa. [45].

Acicular Ferrite There is a lot of activity in the steel industry on the subject of “acicular
ferrite”, for both welded and wrought alloys. Acicular ferrite is essentially intragranularly nu-
cleated bainite [78]. The heterogeneous nucleation sites are known to be nonmetallic inclusions,
either added deliberately, or present as impurities. The microstructures of conventional bainite
and acicular ferrite differ significantly: clusters of bainite plates (called sheaves) grow as a se-
ries of parallel plates in identical crystallographic orientation emanating from austenite grain
surfaces. By contrast, acicular ferrite plates nucleate intragranularly at point sites so that there
is no room for parallel formations of plates to develop.

It is believed that the toughness is enhanced when the plates do not form packets, but lie on
many differently oriented planes, like acicular ferrite. The feeling is that the latter microstruc-
ture causes the cleavage cracks to deflect frequently since a new crystallographic orientation is
presented as each plate is encountered.

The dismantling of packets of parallel ferrite plates in bainitic or martensitic microstructures,
into more chaotically orientated acicular ferrite plates, improves toughness. The increased chaos
can only be achieved by introducing inclusions as intragranular nucleation sites. The greatest
success in inducing the formation of acicular ferrite in this way has been achieved in weld
deposits, which under normal circumstances contain relatively large concentrations of trace
elements such as oxygen (about 300 ppm), aluminium, titanium, etc. introduced during fusion.
The gain in toughness achieved in this manner seems to overcome any loss due to the presence
of inclusions, in welds and low–strength steels.

It is important in the present context to note that the growth of acicular ferrite causes an
invariant–plane strain shape deformation which has a large shear component [79]. And its
response to an applied stress is as expected (Fig: 15). The number of variants which form in
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the presence of a uniaxial stress is reduced considerably, and the transformation strains become
correspondingly anisotropic [80].

Fig. 15: (a) Surface relief due to acicular ferrite [79]. An illustration of the acicular ferrite microstructure
generated without stress (b), and under the influence of a small compressive stress (c). The micrographs
represent longitudinal sections containing the stress axis which is identified as an arrow. (d) Anisotropic
strains during the formation of acicular ferrite under the influence of a uniaxial compressive stress. [80]

An interesting observation is that the number of crystallographic variants of acicular ferrite, as
found in the as–deposited microstructure of steel welds, is far less than the twenty four that
are theoretically possible in any given austenite grain [80] Fig: ??. It is speculated that this is
because of the stresses that develop as the weld cools, so that the growth of acicular ferrite
occurs under the influence of some complex stress system. More work is needed in this area of
welding metallurgy.

Carbides There is circumstantial evidence that the carbides which form during the tempering
of martensite grow by a displacive mechanism. Such a mechanism must naturally involve the
diffusion of carbon, but not of substitutional solutes or iron atoms. This is consistent with a
large amount of data which show that the carbides associated with bainite and martensite do
not partition substitutional solutes during transformation [81–83]. It is particularly interesting
that the precipitation of cementite from martensite or lower bainite can occur under conditions
where the diffusion rates of iron and substitutional atoms are incredibly small compared with the
rate of precipitation (Fig: 17). The long–range diffusion of carbon atoms is of course necessary,
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Fig. 16: An example of the primary weld metal region of a Fe–Cr–C weld, showing non–random orien-
tations of acicular ferrite plates. The total number of variants observed is far less than what is in theory
achievable [80].

but because of its interstitial character, substantial diffusion of carbon remains possible even at
temperatures as low as –60 ◦C. Thus, the formation of cementite in these circumstances must
differ from the normal reconstructive decomposition reactions, which become sluggish at low
temperatures. It has been believed for some time that the cementite lattice may be generated
by the deformation of the ferrite lattice, combined with the necessary diffusion of carbon into
the appropriate sites. The Fe/X ratio thus remains constant everywhere and subject to that
constraint, the carbon achieves equality of chemical potential; the cementite is then said to grow
by paraequilibrium transformation [84]. The way in which the ferrite lattice could be deformed
to produce the right arrangement of iron atoms needed to generate the cementite has been
considered by Andrews [85] and Hume–Rothery et al. [86], and the subject has been reviewed
by Yakel [87]. Further high–resolution evidence supporting the idea that the carbide particles
grow by displacive transformation (involving the diffusion of just carbon) has been published
most recently by Sandvik [88], Nakamura and Nagakura [89] and Taylor et al. [90,91].

Fig: 18a shows the microstructure obtained after tempering the quenched steel at 300 ◦C for
30 min, without any externally imposed stress. Most of the martensite plates were found to
contain more than one crystallographic variant of ε–carbide particles. These observations con-
firm the general feeling that a Widmanstätten array of carbides is obtained when carbon–
supersaturated martensite is tempered. However, the number of carbide variants observed is
surprisingly small, given that the orientation relationship between ε–carbide and the matrix is
that of Jack [92]. Similarly, given that the ferrite/cementite orientation was always Bagaryatski,
the number of possible variants should be larger than has been observed.

Recent work by Taylor et al. [91] has shown that the precipitation of transition carbides is
influenced by a variety of precursor events. Thus, it is found that the number of carbide variants
that form is less than that expected from an examination of just the crystallography, because
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Fig. 17: An illustration of the inconceivably small diffusion distances at the temperatures where some
carbides precipitate.

precipitation is preceded by spinodal decomposition which causes carbon concentration waves
which are exaggerated along the elastically soft directions of the matrix. The number of these
soft directions is limited by the tetragonal symmetry of the martensite lattice. It has been
suggested that the carbides then nucleate and grow by a displacive paraequilibrium mechanism
along the carbon–enriched bands. They therefore observed only two carbide variants in any given
martensite plate, even though the plane of precipitation {0 1 2}α has a higher crystallographic
multiplicity. A further factor which could limit the number of variants is of course the internal
stresses arising due to the shape change of the martensite plates themselves.

Fig. 18b shows the striking change in carbide precipitation behaviour, caused by tempering the
martensite at 300 ◦C under the influence of a compressive elastic stress of 700 MPa. The vast
majority of martensite plates revealed only a single variant of ε–carbide

It is evident that an externally applied stress can reduce the number of variants of carbide
particles that precipitate in any given martensite plate. It follows that any internal stresses,
due for example to the invariant–plane strain (IPS) shape change accompanying the growth of
martensite can have a similar effect. Furthermore, it is now generally accepted that the carbide
particles formed during the tempering of martensite probably themselves grow by a displacive
transformation mechanism which may involve the diffusion of carbon. This makes it even more
probable that the precipitation of carbides should be influenced when it occurs in a stress field.

These results have significant implications on the interpretation of carbide precipitation in
lower bainite. The lower bainite grows at relatively high temperatures where the driving force
for carbide precipitation from supersaturated ferrite is likely to be smaller than that associated
with martensite in the same steel. The chemical driving force will be further reduced since
some of the excess carbon can escape into the residual austenite. It is not therefore surprising
that there is a tendency to find just one crystallographic variant of carbide in platelets of lower
bainitic ferrite.
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Fig. 18: (a) Electron micrograph of a sample of martensite tempered at 300 ◦C, showing the Wid-
manstätten pattern of carbide particles. (b) Electron micrograph of a sample of martensite tempered
at 300 ◦C, under the influence of a uniaxial compressive stress of 700 MPa, showing that the carbide
particles precipitate in an organised array mostly consisting of a single crystallographic variant [93].

To summarise, it appears that an externally applied stress can influence the precipitation of car-
bides in martensite. The number of carbide variants which grow in any given plate of martensite
decreases when the virgin martensite is tempered under the influence of the stress. The effect
becomes more prominent as the magnitude of the mechanical driving force increases relative to
the chemical driving force for carbide precipitation. This explains why lower bainite is usually
associated with a single variant of carbide within any individual plate of bainitic ferrite. It is
speculated that the results may be of significance in the relief of residual stresses during stress
relief heat treatments on welded assemblies.

HYDROSTATIC PRESSURE

There is general agreement that the application of hydrostatic pressure causes a retardation of
the martensite [94] and bainite [95,96] reactions in steels. The effect on the time–temperature–
transformation diagram is illustrated in Fig: 19. The observed retardation is not in itself a
feature unique to displacive reactions. All transformations which are accompanied by a reduc-
tion in density are expected to be retarded by hydrostatic pressure which opposes a volume
expansion. The effect of hydrostatic pressure is two fold: it reduces the diffusion coefficients
by decreasing the available free volume (although the details remain to be established), and it
influences the free energy change for transformation. If ∆Gm is the molar Gibbs free energy
change for a reaction, then since

(

∂G

∂P

)

T

= V (4)
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it follows that

∆Gm{P} − ∆Gm{1} =
∫ P

1

∆VmdP (5)

where ∆Vm is the change in molar volume on transformation, V is the volume and P is the
pressure. The way in which the free energy change for transformation is influenced by the
pressure determines how the transformation temperature changes as a function of pressure. An
alternative way of expressing this relationship is the Clausius–Clapyeron equation, whence the
change in transformation temperature is given by

dT γα = T γα∆Vm/∆Hγα (6)

where ∆Hγα is the enthalpy change on transformation at the transition temperature T γα. The
equation is approximate in that its derivation depends on the assumption that the enthalpy
change does not vary with temperature. With typical values of all the parameters, the variation
in transition temperature with pressure should be approximately –0.01 K MPa−1 [27].

Fig. 19: Isothermal transformation diagrams of Fe–0.82C wt.% at 1 atmosphere and at 30 kbar pressure
[96].

MECHANICAL STABILITY OF RETAINED AUSTENITE

“Microphases” in welds and their heat–affected zones often consist of mixtures of phases such
as martensite, carbides and retained austenite. The latter usually has a carbon concentration
which is much larger than that of the alloy as a whole, since the carbon is partitioned into
the residual austenite during elevated temperature transformations. If this austenite undergoes
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martensitic transformation induced by stress during welding or during service, then the resulting
high carbon martensite is expected to be very brittle indeed. There is in fact a great deal of
work in progress throughout the world, dealing with these local brittle zones.

The problem is likely to be most acute in steels where the precipitation of carbides is relatively
sluggish, the residual austenite becomes enriched in carbon and a large proportion is retained
on cooling to ambient temperature. The austenite, if it decomposes under the influence of
stress, can be detrimental to the steel concerned since the resulting high–carbon, untempered
martensite is expected to be very brittle. The larger blocky austenite is most likely to decompose
to martensite even at relatively small stresses, Fig: 20 [97–102]. The mechanical stability of any
retained austenite is therefore important in obtaining good toughness in bainitic steels.

Miihkinen and Edmonds [103–105] have shown that the mechanical stability of the retained
austenite decreases as the transformation temperature is increased. This is because the austenite
can dissolve less carbon at higher temperatures. Similarly, substitutional solutes which reduce
the solubility of carbon in austenite (such as manganese) is likely to make the austenite less
stable to stress. The substitutional solute is never added in sufficient quantity to compensate
for the loss of austenite stability as its solubility for carbon decreases.

The way to improve local brittle zones consisting of mixtures of austenite and martensite,
therefore, is to design alloys in which the solubility of carbon in the austenite is largest. This
can easily be achieved using widely available phase diagram computation methods.

Fig. 20: Electron micrographs illustrating the effect of applied stress (850 MPa) on a sample which
initially had a microstructure of bainitic ferrite and retained austenite [99]. The larger regions of austenite
transform to martensite but the films are preserved. (a) Bright field image showing a large region of stress–
induced martensite; (b) corresponding austenite dark field image. Note that the sample was tempered
prior to stressing in order to distinguish the martensite which forms during cooling from the bainite
transformation temperature, from that which is induced by stress.

TRANSFORMATION UNDER CONSTRAINT: RESIDUAL STRESS

Residual stresses are mostly introduced unintentionally during fabrication. They are of partic-
ular importance in welded structures which as a consequence become susceptible to hydrogen
embrittlement and other detrimental phenomena. Jones and Alberry [106–107] conducted an el-
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egant series of experiments to illustrate the role of transformations in steels, on the development
of residual stress.

Using bainitic, martensitic and stable austenitic steels, they demonstrated that transforma-
tion plasticity during the cooling of a uniaxially constrained sample from the austenite phase
field, acts to relieve the build up of thermal stress as the sample cools. By contrast, the non–
transforming austenitic steel exhibited a continuous increase in residual stress with decreasing
temperature, as might be expected from the thermal contraction of a constrained sample.

When the steels transformed to bainite or martensite, the transformation strain compensated
for any thermal contraction strains that arose during cooling. Significant residual stresses were
therefore found to develop only after transformation was completed, and the specimens ap-
proached ambient temperature (Fig: 21).

The experiments contain other revealing features. The thermal expansion coefficient of austenite
is much larger than that of ferrite, and yet the slope of the line prior to transformation is smaller
when compared with that after transformation is completed (Fig. 21). This is because the
austenite deforms plastically; its yield strength at high temperatures is reduced so much that the
sample is unable to accommodate contraction strains elastically. On the other hand, when ferrite
forms, its strength at low temperatures is higher, so that the slope of the stress/temperature
curve (after transformation is complete) should be steeper and consistent with the magnitude
of thermal contraction strains. All this has yet to be demonstrated quantitatively.

In the region of the stress/temperature curve where transformation happens, the interpretation
of experimental data of the kind illustrated in Fig. 21 is very difficult. The predominant view
amongst those involved in residual stress calculations, that the volume change during transfor-
mation gives the major contribution to transformation plasticity is almost certainly incorrect
for displacive transformations such as bainite or martensite. The shape change due to trans-
formation has a shear component which is much larger than the dilatational term. Admittedly,
this shear component should on average cancel out in a fine grained polycrystalline sample con-
taining plates in many orientations. However, the very nature of the stress effect is to favour the
formation of selected variants in which case, the shear component rapidly begins to dominate
the transformation plasticity.

Finally, it is interesting to note that if transformation is completed at a higher temperature,
then the ultimate level of stress at ambient temperature is larger, since the fully ferritic sample
contracts over a larger temperature range. To reduce the residual stress level at ambient tem-
perature requires the design of alloys with low transformation temperatures. The sort of high
strength welding alloys used for making submarine hulls tend to have very low transformation
temperatures (< 250◦C). This fact may be fortuitous, but such alloys should be less susceptible
to cracking induced by the development of residual stresses.

ANISOTROPIC STRAIN & TRANSFORMATION PLASTICITY

During their attempts to study the isothermal transformation of austenite using dilatometry,
Davenport and Bain [35] had already noticed that “the volume change (due to transforma-
tion) is not necessarily uniformly reflected in linear change in all dimensions”. They even found
that the thickness of flat disc specimens actually decreased as the volume increased! These re-
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Fig. 21: (a) Plot of residual stress versus temperature for a martensitic (9CrMo), bainitic (2CrMo) and
austenitic steel (AISI 316). [After Alberry and Jones, 106,107]. (b) Interpretation of the Alberry and
Jones experiments. The thermal expansion coefficient of austenite is much larger than that of ferrite.

sults were stated without interpretation; recent work has demonstrated that in polycrystalline
samples which are crystallographically textured, anisotropic transformation plasticity can be
detected even in the absence of an applied stress [45]. When an unstressed polycrystalline sam-
ple of austenite is transformed, the shear components of the individual shape deformations of
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the large number of variants which form along any dimension should tend to cancel out on a
macroscopic scale. Similarly, in the absence of stress, the dilatational component of the IPS
shape deformation should tend to average out so that the volume expansion appears to be
isotropic. Transformation plasticity (the major component of which comes from the large shear
strain of the IPS) should therefore be minimised in a random polycrystalline sample, and due
to volume change only. If on the other hand, the sample is not random, i.e., it is crystallo-
graphically textured, then the possibility of the individual shape deformations cancelling out
over large distances is correspondingly reduced. Transformation will then lead to anisotropic
strains even in the absence of any applied stress (Fig: 22).

To summarise, the observed plastic strain will be anisotropic when transformation occurs under
the influence of stress. For reconstructive transformations, the maximum amount of plasticity
cannot exceed the volume strain, as long as the stress does not exceed the yield strength of
the weaker phase. For displacive transformations, the plasticity can be much larger and more
anisotropic when the microstructure becomes non–random. For both cases, useful information is
to be gained by measuring the transformation strains along more than one direction. Otherwise,
for displacive transformations, it is not possible to separate the contributions from volume
strain and shear strain. A deconvolution of the observed strain into these components is needed
because it is only the volume strain which can be easily related to the extent of transformation
in a dilatometric experiment. It is necessary to monitor the extent of transformation because
it does not in many cases reach completion.

Deconvolution of Strains It has been emphasised that when studying the evolution of
microstructure under the influence of stress, it is useful to monitor the strains along more than
one direction. The following analysis is for displacive transformations and assumes that the
volume strain will be isotropic. Transformation plasticity is therefore attributed solely to the
shear strains associated with displacive reactions. This does not follow convention, in the sense
that the Greenwood and Johnson (and related methods) deal only with volume change effects.
However, the purpose here is to focus on the effects of the shear component of strain due to
displacive transformations.

For the case of radial symmetry, the radial and longitudinal strains (εR and εL respectively)
can be related by [45]:

∆V

V
= (1 + εL)(1 + εR)2 − 1

' εL + 2εR

the approximation being valid only for small strains. Assuming that the volume change is
isotropic, it follows that transformation plasticity in the longitudinal direction is given by:

εP = εL − ∆V

3V
(7)

Note that the sign of εP is negative for uniaxial compression, the state of stress relevant for the
present experiments.
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Fig. 22: Dilatometric curves showing the dimensional changes during transformation to bainite in a
cylindrical sample. T–0 and T–90 refer to the strains monitored along orthogonal transverse directions,
and L to the strain along the longitudinal direction. (a) Transformation in the absence of an applied
stress; (b) transformation under the influence of a tensile stress of about 45 MPa; (c) 90MPa. [45].

In fact, the volume change due to the growth of a bainite plate is not isotropic; the dilatational
component of the shape deformation is directed normal to the habit plane. However, in a sample
containing many randomly orientated plates of bainite, the overall macroscopic effect of stresses
lower than the yield stress of austenite, may still be one in which the volume change appears

isotropic. Furthermore, when the applied stress is larger than the yield stress, the magnitude of
the transformation plasticity εP becomes much larger than the volume strain. Thus, the effect
of any anisotropy in the volume strain becomes negligible by comparison.
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MODELLING ANISOTROPIC TRANSFORMATION STRAINS

Consider a distribution of variants along all radial directions in a circle with the compression
axis as its diameter [109]. The circle is divided into eighteen equal segments (i = 1 → 18), each
segment representing a particular orientation of bainite habit plane. The choice of eighteen
segments is convenient and arbitrary. The compression axis of the sample is taken to be the z
direction, the x and y directions being radially orientated; the unit vectors x, y, z define the
orthonormal basis X of the sample, giving a corresponding reciprocal basis X ∗. The shear and
dilatational components of the invariant–plane strain accompanying the growth of bainite are
approximately s = 0.22 and δ = 0.03 [9]. Thus, the 3 × 3 deformation matrix describing the
shape deformation is given by [48,49,108–110]:

P =







1 + fse1p1 + fδp1p1 fse1p2 + fδp1p2 fse1p3 + fδp1p3

fse2p1 + fδp2p1 1 + fse2p2 + fδp2p2 fse2p3 + fδp2p3

fse3p1 + fδp3p1 fse3p2 + fδp3p2 1 + fe3p3 + fδp3p3





 . (8)

where p is the unit normal to the habit plane, and e is the unit direction along which the shear
occurs. This can be written more succinctly as:

P = I + fs
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where I is a 3×3 identity matrix. A further reduction of notation is achieved using the Mackenzie
and Bowles [48] notation:

(X Pi X) = I + fis[X; ei](pi
; X∗) + fiδ[X; p

i
](p

i
; X∗) (10)

where the subscript i identifies a particular segment of interest and X and X∗ represent the
real and reciprocal bases of the coordinate system in which the deformation is described. The
notation due to Mackenzie and Bowles [48] is discussed in detail in references [108,109].

The components of the shear direction and the dilatation direction are given by:

[X; ei] = fi[− cos(θi) 0 sin(θi)] (11)

[X; p
i
] = fi[sin(θi) 0 cos(θi)] (12)

where θi represents the orientation of the habit plane of variant i. fi is the volume fraction of
bainite located in segment i.

A unit vector along the z direction changes to a new vector z ′ given by:

[X; z′] =
18
∏

i=1

(X Pi X) [0 0 1] (13)
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whereas a unit vector along x changes to

[X; x′] =
18
∏

i=1

(X Pi X) [1 0 0] (14)

where (x′ − 1) and (z′ − 1) give the strains along the x and z directions. These are assumed to
be equal to the strains εR and εL respectively.

It is expected that those segments which comply best with the applied stress transform most
rapidly, whereas the others do so at a smaller rate, or not at all. This can to some extent be
incorporated into the model by calculating the energy change Ui as the stress interacts with
the shape deformation of a particular variant (i). Patel and Cohen’s method [52] gives:

Ui =
σ

2
[s sin 2θicosφi + δ(1 + cos 2θi)] (15)

where φ is the angle between the shear direction and the direction of the shear component
of the applied stress as resolved on to the habit plane. To facilitate a 2–dimensional analysis,
the value of φi is taken to be zero. A positive value of Ui adding to the chemical driving force
(∆Gαγ = Gγ − Gα) for transformation; a negative value thus opposes transformation. Using
these values of interaction energies, the model can be modified so that the segments transform
in an order of decreasing Ui. There is, however, a further complication. The effect of stress
should be largest when the interaction energy is large compared with the chemical driving
force. To allow for this, the volume fraction fi of each segment can be scaled according to the
value of Ui + ∆Gαγ .

Note that for the model calculations, the transformation occurs with the most favoured variants
growing first (Fig: 23). The model thus exaggerates the effect of stress, since in reality, for the
sort of stress levels considered experimentally, no variant is likely to be entirely suppressed.
In addition, the grains in a polycrystalline sample are “randomly” orientated, so that perfect
compliance with the applied stress is impossible. Nevertheless, the trends revealed by the model
are expected to be correct.

The experimental data which need explaining, and their interpretation in terms of the model,
are summarised in Fig: 24 and may be stated as follows:

1) Without any stress, in a random polycrystalline sample, the transformation strains are
isotropic – this is easily understood since the shear components of randomly orientated
plates tend to cancel out (Fig. 24 a).

2) The application of a small stress at a high transformation temperature (i.e., small chemical
driving force) causes the development of anisotropic strains, the transverse strain first
being negative and then positive (Fig. 24 b). The same effect is observed for a large stress
and low temperature (i.e., a large driving force). The model explains this effect when it
is assumed that the favoured variants form first, but that the stress is not large enough
to suppress the eventual formation of other variants. The signs of εL and εR are always
opposite for the favoured variants, but are identical for the rest of the variants. Therefore,
the transverse strain is initially negative but then becomes positive as transformation
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Fig. 23: Illustration of the transformation behaviour inherent in the model [110]. The dots are intended
to illustrate the area fraction of each segment, which in the calculations is scaled according to the value of
Ui +∆Gαγ . (a) Zero stress. All segments have equal area fraction, and the order in which they transform
is irrelevant. (b) Applied stress of 40 MPa and ∆Gαγ = 400 J mol−1. The area fractions of the segments
are no longer equal. The segments in which the distance of the dot from the origin is largest transform
first.

progresses. The low stress/high temperature situation is equivalent to the high stress/low
temperature case because in both of these circumstances, variants which are not favoured
cannot be suppressed. In the former case, the stress is too small for suppression whereas
in the latter case, the chemical driving force is too large to permit suppression.

3) When a large stress is applied at a high temperature, the favoured variants dominate. The
strains are therefore always of opposite sign (Fig. 24 c).

The model is therefore capable of qualitatively explaining all of the essential features of the
formation of bainite under the influence of a small tensile stress. A uniaxial compressive stress
(as used in the experiments described below) simply causes a reversal of the signs of the longi-
tudinal and transverse stresses; there is also a minor effect from the unfavourable interaction
between the compressive stress and the dilatational component of the IPS shape deformation.

The most interesting conclusion to emerge from the comparison of the model with experimental
data is that transformation under the influence of a mild stress occurs sequentially. Variants
which comply with the applied stress grow first, followed by those which do not. This also
carries the implication that the interaction of the stress is with the growth process (i.e., the
IPS shape deformation) rather than the strain field of the nucleus, which is likely to be different.
It is worth noting that there are similar results for martensite, that most favoured variants grow
first in the sequence of transformation under stress [36,45].
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Fig. 24: Schematic illustration of the reported [45] variations in longitudinal and radial strains during the
isothermal formation of bainite under the influence of a tensile load, presented alongside predictions [110]
from the crystallographic/thermodynamic model. The stresses are all intended to be below the austenite
yield strength, and the data refer in this case to uniaxial tension. (a) Zero stress, any temperature; (b)
small stress, low temperature; (c) small stress at high temperature or large stress at low temperature;
(d) large stress, high temperature.

MAXIMUM STRAIN DUE TO SHEAR

An interesting observation illustrated in Fig: 25 is that the transformation plasticity increases
disproportionately with the the extent of reaction as the stress becomes larger. As the volume
fraction of favoured variants increases with stress, the shear component of the IPS manifests
itself more prominently in the measured transformation strains, since it is the randomness of the
microstructure which leads to an overall cancellation of the shear strains. Thus, as increasing
stress leads to more selective growth, transformation plasticity is expected to become more
pronounced.

It is possible to estimate the maximum value of transformation plasticity that can theoretically
be obtained if the entire specimen is induced to transform into the most favoured variant.
Given that s ' 0.22 and δ ' 0.03, the orientation θ of this variant is given by tan{2θ} = s/δ
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[37]. It follows that θ ' 49◦ for uniaxial compression. For this orientation, the model described
earlier yields 1 + εL = 0.920 and 1 + εT = 1.125, giving a transformation plasticity value of
εP = 2

3
(εL−εT ) ' −0.14. It follows that the transformation plasticity can in principle produce a

strain as large as 14%, which compares with a value of less than 5.5% observed experimentally
(Fig. ??). Thus, there exists a much greater potential for the microstructure to respond to an
applied stress than has been possible to achieve in the present experiments. The difficulty is
that with relatively high temperatures associated with bainitic reaction, the applied stress is
limited to a rather small value because of the low yield stress of austenite at high temperatures.

Fig. 25: The relationship between the volume strain (which is a reflection of the amount of bainitic
ferrite), the transformation plasticity and the applied compressive stress.

From the above discussion, and judging from previous studies, it appears that the microstruc-
tural changes induced by transformation under the influence of stress are often not expected to
be very pronounced. The best measure of the microstructural response to stress is the anisotropy
of the longitudinal and transverse transformation strains, rather than direct observations.

AUSTENITE YIELD STRENGTH

Relatively small stresses can at high temperatures be expected to cause some dislocation yield-
ing of the austenite at the temperatures of interest. The measured proof stress of the austenite
(0.2% plastic strain) in a low alloy steel [110] at 420 and 550 ◦C, is approximately 80 and 50 MPa
respectively (Fig: 26). It follows that for many of the reported experiments, the austenite must
undergo some plastic deformation before and during transformation. For comparison purposes,
a compression curve for bainite at 420 ◦C is also presented in Fig. 26.
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Fig. 26: Experimentally determined stress–strain curves for austenite (prior to transformation) and for
bainitic ferrite [110].

SUMMARY

There is little doubt that transformations in steel are affected by both externally applied
stresses, and those generated internally by prior transformation or heat–treatment. Alterna-
tively, the occurrence of transformations helps determine the state of stress in welded or heat–
treated samples.

For reconstructive transformations, i.e., those in which there is mass transport at least over the
scale of the transformation product, the interaction with stress depends largely on the differ-
ence in density between the parent and product phases. The maximum permanent strain due
to transformation is then close to the volume strain given by the density change. The Green-
wood and Johnson model of transformation plasticity is appropriate in these circumstances.
The effects of stress on microstructural development during reconstructive transformation are
rather small when the stresses are elastic. The stress may thermodynamically assist or oppose
transformation, but because the austenite is weak at high temperatures where these transfor-
mations occur, the contribution to the driving force for transformation is always likely to be
minor.

This interaction with stress for displacive transformations, is rather different, and depends
very much on the associated invariant–plane strain shape deformation with its large shear
component. The shear component is much larger than the strain due to volume change. The
transformation plasticity can therefore be much larger, if the shear components do not cancel
out because of randomness in the microstructure. The fact that they do not do so in practice
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is manifested in large changes in the microstructure that develops under the influence of stress.
For example, the growth of ferrite plates that best comply with the applied stress is favoured.
The microstructure thus becomes nonrandom over the scale of the specimen, with considerable
alignment of plates along planes of maximum shear stress.

The primary effect on microstructure during transformation under stress is that of variant
selection, which at low stresses reduces the number of sheaves per austenite grain. Variant
selection does not lead to an obviously aligned microstructure until larger stresses are applied,
in which case the sheaves probably form on habit plane variants which are most parallel to the
planes of maximum shear stress. Although deviations from the random microstructures that
form in the absence of applied stress are often not easily detectable, especially at low stresses,
they reveal themselves unambiguously in the form of anisotropic dimensional changes during
transformation.

Although transformation plasticity always tends to be anisotropic, the degree of anisotropy is
potentially much larger with displacive transformations.

SUGGESTIONS FOR FUTURE WORK

There are three key areas which need focused research if the micromechanics of phase trans-
formations can be incorporated successfully into models for residual stress development. A
possible route towards making such research useful in the problem of welding is illustrate in
Fig: 27. Firstly, it is necessary to develop experimental techniques which reveal the role of the
deviatoric components of the transformation strain. Secondly, the role of the applied stress in
altering the degree of organisation in the microstructure needs to be investigated quantitatively.
It is already established qualitatively that the microstructure becomes less chaotic when only
favoured crystallographic variants grow under the influence of applied stress. Finally, it is nec-
essary to further develop the model for the detailed interaction of the shape deformation due
to transformation, with stress.

Any new research on the overall kinetics of stress–affected transformation should involve the
measurement of at least two orthogonal transformation strains simultaneously during isothermal
transformation. Conventional dilatometry measures just one. In addition, the volume strain
could also be measured indirectly using electrical resistivity measurements. The resistance data
can then be converted to the volume fraction of the product phase, and hence to a volume
strain.

Measurements are necessary, using light microscopy, to monitor the extent of microstructural
alignment as a function of stress and transformation temperature. The easiest method would
involve the measurement of sheaf traces on longitudinal sections, but it is important to develop
a computer model to better account for stereological factors. The model must allow different
distributions of plates in three dimensions, and the effect of sectioning on the distribution of
traces can then be examined numerically. This will enable the development of better metallo-
graphic techniques for the assessment of microstructural alignment, and the techniques should
be confirmed using two–surface analysis.

Some samples should be metallographically polished prior to transformation under stress in an
environmental chamber of a thermomechanical simulator, giving unique data on the stress/crystallography
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Fig. 27: Flow chart illustrating a possible route towards the investigation and incorporation of stress
effects into the modelling of steel weld deposits.

interaction. Such data are of importance in choosing variant selection criteria, and hence in cal-
culating the mechanical driving force. Experimental data should be collected for a number of
designed alloys, including those giving carbide–free transformations, and others in which mixed
allotriomorphic/bainite microstructures are obtained. In this way, the effects of mixed reactions
(which inevitably happen in “real” situations) can also be characterised.

Mechanical Properties There are some interesting experiments to be done. Bainite and
acicular ferrite plates normally develop in many crystallographic orientations (a chaotic mi-
crostructure), but stress can make entire austenite grains transform into just one set of parallel
plates in identical crystallographic orientation (an organised microstructure). It is widely be-
lieved that the toughness in welds is enhanced when the plates do not form packets, but point
in many different directions. The feeling is that the latter microstructure causes the cleavage
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cracks to frequently deflect since new crystallographic orientations are presented each time a
new plate is encountered.

By producing chaotic and organised microstructures by transforming without and with the
application of stress, respectively, it should be possible to verify using simple mechanical tests
whether the toughness is significantly higher for the chaotic structure.
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