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THE MICROSTRUCTURE OF WELD METALS IN LOW ALLOY STEELS
SUMMARY

The microstructure of High Strength Low-Alloy steel weld metals has been
investigated .using a variety of techniques including transmission electron
‘microscopy, incorporating energy dispersive X-ray analysis, and high- speed
dilatometry.

The nature of the constitutent commonly termed acicular ferrite, which
is known to confer good toughness and strength in these materials, has been
shown to comprise intragranularly nucleated Widmanstatten ferrite. Weld
metal inclusions have been demonstrated to be the primary sites for the
intragranular nucleation events and it is believed that the inclusions act to
redyce the energy barrier to nucleation by providing a high energy interface
which is- destroyed- during nucleation. The fine interlocking nature of the

icroétructure is attributed to sympathetic nucleation of ferrite on
inclusion nucleated laths.

The proportion of the acicular ferrite constituent in the final
microstructure is found to be a complex function of cooling rate, alloy
composition, inclusion content and the austenite grain size of the weld
deposit. These latter three parameters appear to be interrelated in many
instances due to the nature of the alloying elements considered.

The dilatometric investigation of the decomposition of austenite in
H.S.L.A. weld metals, under both isothermal and continuous cooling
treatments, seems to be consistent with recent fundamental theories of phase
transformations in steels. The general concept that two 'C' curves exist
(ie. describing diffusional and shear transformations respectively) and can
accurately describe transformations in steels is supported. The application
of a thermodynamic analysis to transformations occufring on continuous
cooling has introduced the concept of an 'effective' bainite start
temperature to describe the condition of the austenite remaining
untransformed during heat treatment,

At the cooling rate and alloy composition considered in these weld
materials, transformation has been shown to proceed at temperatures
consistently higher than this calculated Bainite start temperature at all
stages of transformation. The morphology of the uvpper bainite microstructure
has been investigated and shown to be consistent with a mechanism involving

displacive sub-units of bainitic ferrite.
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CHAPTER I

INTRODUCTION

1.1. INTRODUCTION

The fusion welding of steels encompasses one of the broadest fields
of Metallurgy. It brings together many aspects of Science and
Engineering design placing these disciplines at the front of commercial
development. The principles of steelmaking, casting technology and
, physical metallurgy all combine to produce a complex problem which must
be éolve&.uﬁy. the consumables manufacturer. As if not content,
technology has then demanded of these materials stringent mechanical
properties and set them to work often in extremely severe operating
conditions.

The development of High Strength Low Alloy (H.S.L.A.) steels has
been one of the major breakthroughs in metallurgy over the last ten
years. Combinations of controlled rolling and microalloying additions
have systematically improved the mechanical properties in these low
carbon steels to meet the rigorous demands of the pipeline and offshore
industries. The next section will describe the metallurgical background

to the welding of these steels.

1.2 METALLURGICAL BACKGROUND

In response to the development in wrought steels, welding

technology has so far kept pace with the ever increasing demands for



improved mechanical properties in weld materials. This has been.
achieved in H.S.L.A. weld metals by promoting the development of the so
called 'ACICULAR FERRITE' microstructural constituent, as shown in
Fig.l.1.r This fine grained component has been shown to be both stronger
and tougher than predominantly grain boundary nucleated microstructures)
as illustrated in Fig. 1.2. Since in these materials, the study of
microstructure is synonymous with investigations into their mechanical
properties any fundamental study into the development of microstructure
can contribute directly to achieving the goals of stronger, tougher weld
materials.

| An ;&&itional factor in determining the toughness of these
materials is the presence of a significant volume fraction of
non-metallic inclusions.

Since the early metallographic studies of wrought iron revealed the
presence of numerous and often large inclusions, as for example shown in
Fig.l.3, metallurgists have sought to reduce the total numbers present
in structural materials. In wrought steels, the overall relationship
which has been determined in many studies linking the volume fraction of
inclusions with toughness is given in Fig.1l.4. Typically, decreasing the
inclusion volume fraction has usually been associated with increasing
toughness. In marked contrast, however, this is not generally the case
in weld materials. Ito & Nakanishi (1976) detailed a unique
relationship,_linking inclusion volume fraction and toughness in
submerged arc weld metals, which is given in Fig.1l.5. 1Initially, as in
wrought materials, a decrease in inclusion volume fraction is associated
with increasing toughness. Ma%imum toughness is achieved at a critical

inclusion volume fraction,and,if further reduced, toughness is impaired.
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(Courtesy D.J. Abson, The Welding Institute)

tructure commonly termed 'ACICULAR

Fig.1.2 Typical example of the microstructure previously termed 'FERRITE

SIDE PLATES' or more recently 'FERRITE WITH ALIGNED M-A-C'
(martensite -austenite-~carbide).

(Courtesy D.J. Abson, The Welding Institute).



Fig.1l.3 Microstructure of a wrought iron girder supporting the central

arch, Corn Exchange, Cambridge. The inclusions comprise sulphide,
phosphide and silicate types.
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content on impact toughness in toughness and inclusion content
wrought steel. determined experimentally in

submerged arc weld metal, after
Ito and Nakanishi (1976).



Ito & Nakanishi (1976) noted that the microstructural component
present in a given weld metal was dependent on the inclusion volume
fraction - the acicular ferrite constitutent being present only over a
limited oxygen range. It is the explanation of this so-called 'OXYGEN
EFFECT' i.e. the relationship between microstructure, toughness and
inclusion volume fraction, that is central to the work described in this
investigation.

The conference 'TRENDS IN STEELS AND CONSUMABLES FOR WELDING'
(1978) focussed attention on recent developments in welding and material
_requifements for the 1980's. 1In particular, the discussion sections
follbwing £ﬁa£ conference highlighted many of the points which needed
clarifying with respect fo microstructure.

Both North (1978) and Garland (1978) pointed to the confusion
regarding the terminology used. to describe the microstructure of as-
deposited steel weld metals. It was clear that the terms acicular
ferrite, Widmanstatten ferrite and bainite had often been almost
interchangeable in previous investigatiqns;ﬂwaawm was a need for a
systematic study of microstructure per se. Such an investigation is
described in Chapters 2, 4 and 5, where the techniques of weld
quenching, transmission electron microscopy and high speed dilatometry
have ali been used to characterise commercial weld metals. In addition,
Chapter 5 presents a thermodynamic analysis based on the recent work of
Bhadeshia,which attempts to quantify, thermodynamically, the development
of microstructure in these weld materials.

Experimental evidence presented at the conference suggested that
weld metal inclusions were having a pronounced effect on the development
of microstructure. However, it was clear [viz the written contributions
of Cochrane (1978) and Abéon (1978.1)] that no general consensus of

opinion could be established between the various authors



as to the role of inclusions, and,as Garland commented'....THE WHOLE
OXYGEN SITUATION NEEDS VERY CAREFUL ATTENTION'. Since the medium bxygen
regime (CIRCA 0.03% 02) is known to confer the optimum mechanical
properties in weld materials, the whole of Chapter 6 is devoted to a
study of the nature and development of acicular ferrite. A model is
- described to assess the relative free energy barriers for the possible
modes of formation of this constitutent and T.E.M. is used to clarify
its microstructural development.

Work published during the course of this research, Farrar & Watson
A (1979), suggested that inclusions could have a role to play in
deférminiﬁé'métrix chemistry. This possibility is examined in Chapter 7,
where a STEM/EDS technique has been used to characterise both the
inclusion chemistry and its effect on local and matrix composition.

Finally, having established the major parameters involved in the
development of microstructure in H.S.L.A. steel weld metals)the work in
Chapter 8 examines several factors which can promote the development of
the desired acicular ferrite constituent. Specifically, the role of
oxygen and manganese will be reviewed in both manual metal arc and
submerged arc weld metals. The role of preheat, parent plate
deoxidation practice and facetting of inclusions will be briefly
examined, and possible crystallographic aspects of ferrite nucleation on
inclusions discussed. Chapter 9 will present the conclusions and

suggestions for further work.

1.3 _SOLIDIFICATION STRUCTURE OF WELD METALS

Any investigation into the study of microstructure in ferrous
materials must include an accurate description of the parent austenite.

In the case of weld materials, this also involves describing the



solidification process which has been summarised recently by Widgery
(1974), whose work will form the basis of this brief review.

Because of the high thermal gradient present, cellular
solidification is usually favoured in submerged arc and manual metal arc
weld deposits. This results in the familiar columnar structure usually
found in the final microstructure. An additional factor which has been
established in these materials is the epitaxial growth of solidifying
grains from those in the base materials.

The solidification process of these low' carbon weld metals can best

be summarised in Fig.1l.6. Initially, the delta ferrite grains form
.epifaxiaiifbaﬁ the fusion boundary. They grow in a columnar manner
towards the centre of the weld pool, separated by high angle boundaries,
and accompanied by solvent segregation (e.g. sulphur). These columnar
delta ferrite grains are highly textured, since <100> directions are
favoured growth directions in these cubic materials. As the temperature
falls, austenite nucleates on these boundaries and also grows in a
columnar manner. Thus, in the final as-deposited microstructure of a
weld metal, two columnar grain structures are present. Using solute
sensitive etches, Widgery (1974) showed (Fig.1.7) that prior delta
boundaries could be revealed (arrowed) and that these boundaries were
independent of the prior austenite boundaries which are generally
outlined by the presence of proeutectoid ferrite (e.g. at A and B). The
relationship between these delta and austenite boundaries is still not
clearly understood,and is one of the areas where a detached study is
recommended.

Summarising, the result of the solidification process 1is to
establish a series of columnar austenite grains prior to the
decomposition reaction, which is the subject of the research described

in this thesis.
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Fig.1.6  The solidification sequence for low carbon weld metals deposited
using submerged arc or manual metal arc welding processes.



Fig.1l.7 Microstructure of a typical submerged arc weld etched in Klems
reagent. Following a light pre-etch in nital, the solute sensitive
reagent reveals prior delta ferrite boundaries (as arrowed) in
addition to the prior austenite grain boundaries, eg at A and B.
(After Widgery (1974), courtesy D.J. Abson, The Welding Institute).



CHAPTER 2

THE DECOMPOSITION OF AUSTENITE IN FERROUS ALLOYS

2.1 INTRODUCTION

The decomposition of austenite is probably one of the most
important phase transformations in physical metallurgy. The industrial
significance of iron-based alloys reflects the degree of scientific
intefest;<in the various transformation mechanisms by which this
decompositiqn can occur and the various morphologies and mechanical
properties so produced.

This chapter will review the literature concerning the austenite
decomposition reactions in ferrous alloys. Particularly relevant is the
recent literature regarding the proeutectoid ferrite transformation in
low alloy steels. This is the predominant microstructure observed in
H.S.L.A. steel weld metals and therefore central to the work described
in this dissertation. The fefrite morphologies observed in commercial
weld metals formed dumng continvous ' cooling will be compared with
those obtained in isothermal heat treatment in comparable wrought
steels.

As further background)it is useful to consider the general
characteristics of solid state transformation,as summarised by Christian

(1965). These are best termed CIVILIAN and MILITARY and are as follows:

(a) Civilian Processes

The characteristics of thermally activated reactions are:-
(1) There is usually an incubation period before transformation

commences.



(2) The degree of transformation is independent of temperature and
will continue until equilibrium is reached.

(3) There is no correspondence between the initial and final sites
of atoms, since diffusion during the transformation destroys any such
correspondence.

(4) The final composition of the product phase may differ from the
parent phase because of the diffusional processes involved.

(5) The effect of applied stress is to increase the rate of

reaction.

(b)'Milifary Processes

The characteristics of these reactions are:-

(1) The degree of transformation is dependent on temperature.

(2) There is a definite correspondence between the product and
parent phases, since no diffusion occurs during the transformation and
atoms are transferred across the interface in an orderly manner.

(3) There is no change in chemical composAtion between the product
and parent phases during transformation.

(4) The effect of applied stress is to increase the degree of
transformation.

In the light of recent research, it is important to note that such a
strict division is not always permissible,as 'SOLDIERS MAY SOMETIMES BE
OUT OF STEP AND CIVILIANS MAY SOMETIMES FORM PARAMILITARY ORGANISATIONS'
(Christian, 1965).

2,2 THE DECOMPOSITION OF AUSTENITE IN FERROUS ALLOYS

2.2.1. THE PROEUTECTOID FERRITE REACTIONS

Aaronson (1962) has provided an extensive survey of the early
literature regarding the proeutectoid ferrite and cementite reactions in

ferrous alloys, which will form a framework for this review. It is now



generally accepted that, initially, nucleation of proeutectoid ferrite
will occur at austenite grain boundaries. Classically, following the
proposal of Smith (1953), nucleation was thought to take place with the
ferrite *nucleus forming a partially coherent interface with one of the
adjacent austenite grains. The orientation relationship across this low

energy interface would be the kumﬁumoﬁ—Sachs (1930) relationship, where
111 110
(i), 0 (110),
[ 110 ] /] [111],

The growth of ferrite subsequently occurs into the other austenite
grain by the movement of the more mobile incoherent boundary. Zener
(1949) and subsequently Atkinson et al (1973) showed that the thickening
rate of these allotriomorphs was consistent with growth involving the
volume diffusion of carbon in austenite. Though it is now recognised (eg
Hillert (1962)) that, in many cases, the ferrite nucleus has an
orientation relationship with both austenite grains, the classical model
still forms a useful basis for further discussion.

The various morphologies which ferrite develops during the
proeutectoid reaction were examined by Mehl and Dube (1951) and finally
summarised by Aaronson (1962) in the form of the Dube morphological
classification system. This scheme is shown in Fig.2.1,6 where the
following components can be described. (It should be noted that this
scheme is quite arbitrary and therefore does not contribute directly to

a study of mechanisms.)

(a) GRAIN BOUNDARY ALLOTRIOMORPHS

- nucleating and growing preferentially along grain boundaries.

" (b) WIDMANSTATTEN SIDEPLATES




a) grain boundary allotriomorphs

—

b) Widmanstatten  sideplates

i

c) Widmanstatten sawteeth

WAVANEREEE

d)idiomorphs

O —O—o-
e)intragranular Widmanstétten plafes

-  ——

f)massive structure

)

Fig.2.1
The Dube morphological classification system
OVERALL
MOBILE GROWTH
INCOHERENT DIRECTION
FACET
= | LEDGE_MOVEMENT
IMMOBILE PARTIALLY =
COHERENT FACET
Fig.2.2

The ledge mechanism (Aaronson, 1962)



-nucleating directly at grain boundaries (primary plates) or from grain
boundary allotriomorphs (secondary plates ).

(c) WIDMANSTATTEN SAWTEETH

- having triangular cross-section in the plane of polish which again can
be primary sawteeth or secondary sawteeth.

(d) IDIOMORPHS

- equiaxed ferrite which can be intragranularly or grain boundary
nucleated.

(e) INTRAGRANULAR WIDMANSTATTEN PLATES

- nuéleating within the austenite grains.

(£) MASSIVE STRUCTURES

- not constituting a fundamental morphology, being the result of
impingement.

The relative proportion of these variants in any given system can
be rationalised as follows. At relatively high temperatures (slow
cooling rates in continuous cooling), incoherent growth is favourable,
since the supersaturation is low. At lower temperatures (faster cooling
rates in continuous cooling), partially coherent growth modes are
favoured, since the supersaturation is high.

The mechanism of growth of Widmanstatten ferrite (ie. primary and
secondary sideplates and intragranular plates) remains controversial.

One school of thought considers that the plates develop by a
diffusional ledge mechanism which is illustrated in Fig.2.2. This was
initially proposed by Aaronson (1962) and subsequently refined (1969) to
form a general theory of precipitate morphology. The interphase
boundary between austenite and ferrite was considered to comprise of
partially coherent regions and incoherent ledges. The partially
coherent regions were considered immobile and to offer a barrier to
growth normal to the boundary)whereas the disordered structure of the

ledge allows it to migrate along the immobile boundary, displacing it
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perpendicular to the interface. The rate of growth of these ledgés was
modelled by Jones and Trivedi (1971) as a function of the ledge height
and interledge spacing. The development of secondary Widmanstatten
sideplates was modelled by Townsend and Kirkaldy (1968), who extended the
complex perturbation theory of Mullins and Sekerka (1965). 1In this
manner, Widmanstatten plates were thought to develop from protuberances
in the austenite/ferrite interface. The overall features of the
reaction were controlled by carbon diffusion in austenite moderated by
the effect of surface tension.

"Kinsman et al (1975) studied the formation of ferrite sideplates in
iroﬁ—carﬁbh: élloys) usipg thermionic electron emission microscopy.
Experimentally  they observed growth ledges on the broad faces of
Widmanstatten ferrite plates,and claimed that the measured vélocity of
vthese ledges corresponded to those calculated using the analysis of
Jones and Trivedi (1971). Further, since the ledges were observed to
lengthen at rates controlled by the diffusion of carbon in austenite,
they claimed that the disordered nature of the riser was justified.
Fig.2.3 shows the thickening kinetics they observed for the growth of
Widmanstatten plates in a low carbon steel. The observed rate was
clearly less than that allowed by the theoretical diffusion controlled
rate (upper curve) and was clearly discontinuous, which they attributed
to the passage of superledges along the broad faces of the plates. They
concluded that the F.C.C./B.C.C. interface was indeed partially coherent
and represented a barrier to growth normal to the interphase boundary.
In the case of secondary sideplates, they proposed that the most
important source of ledges was the concave junction between the
sideplates and the gréin boundary allotriomorphs from which they
developed. It should also be noted that their experimental evidence
included excellent examples of the surface relief which accompanied the

transformation products investigated. They concluded that the



35

Theoretical
(diffusion controlled)

30

79 oo
E Experimental
5 )

v

w

v

{ =

X

s

£ 15

©

T
1.0 Temperature : 710°C

Fe-0-22°%¢C

05

1 ] | L
0 1 2 3 4 5 6 7
Reaction time (sr

Fie.2.3 Thickening kinetics observed for the growth of Widmanstatten
plates in a low carbon steel, after Kinsman et al., (1975).

840

L
800— §/§/

760

|
/§/§—§

°C
|

X" 720

680

640 —

I A N
GOOO 2 4 6 8 10 12 14 16 18

Austenite Grain Radius, cm x 103

Fig.2.4  The influence of austenite grain size on the Widmanstitten
ferrite start temperature (WS) » after Krahe et al., (1972).



11

observation of these surface tilts was not necessarily indicative of a
military type of transformation, and only indicates the presence of a
partially coherent boundary.

The influence of austenite grain size on the Widmanstatten ferrite
start temperature has been the subject of many investigations. Early
work in this field has been reviewed by Krahe et al (1972) and these
experimental observations are summarised in Fig;2.4 for a plain carbon
steel. The Widmanstatten ferrite start temperature was observed to vary
between 600°C and 840°C over a range of austenite grain sizes between
10 ym and 200 pm. It should be noted that over the range generally

}en¢ountefé& in weld materials, 100 pym, there is little variation with
temperature. Krahe et al (1972) have claimed that these observations
can be incorporated into the general theory of precipitate morphology,
Aaronson (1962) (1969). i

The nature of the partially coherent austenite/ferrite interface
has been investigated by Aaronson and co-workers. Atkinson et al (1973)
showed that the F.C.C./B.C.C. interface could be modelled geometrically
and that for‘the N-W or K-S orientation rélationshipsnoted that only 8%
of the atoms in the boundary could be regarded as coherent. However,
with the introduction of monatomic steps in the interface, the proportion
of coherent atom sites increased to 25%. Subsequently, Russell et al
(1974) introduced a series of misfit dislocations beteeen the areas of
coherency,resulting in a classic partially coherent boundary. Neither
the structural ledges (which were coherent) or the misfit dislocation
(whose Burgers vector lay in the boundary plane) could participate in
the growth process.

Rigsbee and Aaronson (1979.1) extended the results of Hall et al
(1972) and Russell et al (1974) for a spread of orientations in the N-W
to K-S region and a range of lattice parameter ratios between the FCC

and BCC phases. Summarising, they concluded that regions of good atomic
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matching exist in the interface for all orientation relationships in the
N-W to K-S orientation regions and for a wide range of lattice parameter
ratios. They proposed that these structural ledges can account for the
irrational habit plane observed (see Lui et a1(197@) for Widmanstatten
ferrite. Further, they show that the introduction of triatomic
structural ledges increases the overall coherency of the interface.
.Finally, since the misfit dislocations and structural ledges are
immobile) they conclude that FCC - BCC transformation cannot be
displacive in nature.

"In a comparison paper,Rigsbee and Aaronson (1979) investigated the
inférfaci;i-sfructure of the broad faces of Widmanstatten ferrite plates,
using a weak beam technique. They concluded that the interfacial
structure contained a single array of parallel misfit dislocation (20 &
apart) and structural ledges ( 50 & apart). The dislocations were mixed
in character,with their Burgers vectors lying in the habit plane of the
interface, thus again concluding that, since a glissile dislocation
structure is required for a diSplacive mechanism, the transformation was
diffusional in nature.

The opposing school of thought regards the transformation to
Widmanstatten ferrite as having.characteristics which they believe are

unmistakably martensitic in character.

Early work with this view eg Ko and Cottrell (1952% established
that the ferfite transformation product gave rise to relief effects on a
prepolished surface. Further work by Ryder and Pitsch (1966) showed
that the crystallégraphy of this reaction was in general agreement with
the phenomenological theory of martensite formation, Bowles and
Mackenzie (1954). Wa;son and McDougall (1973) established that the
plates produced an invariant plane strain (I.P.S.) form of shape
deformation, and implied that the growth mechanism had martemsitic

characteristics. It should be noted (see Aaronson, (1962)) that the



13

observation of these surface reliefs is itself not disputed for the
Widmanstatten ferrite reaction.. However, there is clear disagreement
over the significance of such effects. Christian (1962) and Bhadeshia
(1979) bBelieve that the existence of an I.P.S. shape change implies
definitive evidence for a displacive growth mechanism. (It must also be
realised ,however, that this does not imply that carbon diffusion cannot
accompany, and even control, the overall transformation.). In contrast}
Aaronson and co-workers, eg (1962) (1969), claim that the I.P.S. shapechmge
does not necessarily define the nature of the transformation mechanisms.
_ They.claim that relief arises due to the existence of a sessile
seﬁi-cohé?éﬁt-interface, though it must be stated that, as Bhadeshia
(1980.2) has pointed out, the diffusional school consistently fails to
explain the mechanism of relief production. ‘Since this point is purely
a matter of interpretation, it is difficult to envisage how it will be
resolved in future.

A further point to be considered is the nature of the
ferrite/austenite interface. Rigsbee and Aaronson (1975.1))(1979.2)
concluded that a diéplacive transformation was impossible, since the
interfacial structure is comprised of coherent structural ledges and
sessile dislocations. In contrast Bhadeshia (1980.2) proposes that
these structural ledges would be better regarded as coherency
dislocations which accompany shear transformation,6 and are therefore
glissile, leading to the formation of an I.P.S. shape change effect.

Though the relief effects and interfacial structure have been
subject to two different interpretations,a third objection to the shear
mechanism for Widmanstatten ferrite formation has recently been
resolved.

Aaronson et al (1975) have proposed that for a displacive mechanism
there is insufficient driving force to account for the strain energy

which arises from the shape change. Bhadeshia (l980.2l,in an effort to
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resolve this question, investigated the existence of a
'crystallographic' degeneracy in_the FCC/BCC system. This was
considered compatible with the simultaneous and back-to-back growth of
mutually accommodating plates. Adjacent plates are of the same
crystallographic orientation but their shape strains mutually accommodate,
giving rise to the tent shaped relief observed. In a further analysis,
Bhadeshia (1981.1) established the precise thermodynamic conditions for
the formation of Widmanstatten ferrite. The strain energy question was
rationalised, and it seems unlikely that this objection itself is a
limifing feature for the proposéd displacive nature of the
traﬁsforﬁékioﬁ.

Summarising, Widmanstatten ferrite formation was considered to
involve the growth of mutually accommodating plates in a back to back
manner. The plates form with an equilibrium carbon content  and hence
the growth rate is carbon diffusion controlled/ but an atomic
correspondence is maintained with respect to the iron atoms.

Recent work on the nature of the FCC/BCC interface, eg Ecob and
Ralph (1980), (1981) and Howell et al (1981L has indicated that the
nature of the partially coherent boundary is considerably more complex
than that proposed by Rigsbee and Aaronson (1979.1).

It is important to note that in their model, Rigsbee and Aaronson
(1979.2) identify the interphase boundary of minimum energy by

maximisation of the interfacial coherency between the phases. They

thus step the interface and introduce misfit dislocations to increase
the degree of interfacial coherency. In contrast ,Ecob and Ralph (1980%
(1981) have shown that a purely geometrical quantity, designated the R
parameter, represents the most appropriate quantity to describe the
lowest energy interface between the phases. This quantity varies as the
energy of interaction of the interfacial dislocations)and can be used to

determine the interface with the overall minimum energy. This
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analysis thus accounts for the contribution of the interfacial
dislocations to the energy of the interface,which is not included in the
Rigsbee and Aaronson model.

The lowest value of R ( corresponding to the minimum interfacial
energy) is predicted to be (111) FCC for orientations in the N-W to K-S
range, and for any deviations from this plane, they concur with Rigsbee
and Aaronson (1979.1) that structural ledges must be incorporated into

the interface.

2.2.2 THE PROEUCTECTOID CEMENTITE REACTION
| | The;ﬁbfpﬁology and kinetics of the proeutectoid cementite reaction
has received relatively little attention in comparison with the ferrite
reaction. Aaronson (1962) has documented the major morphological
variants of proeutectoid cementite, indicating some of the similarities
with the ferrite microstructures. However, he also noted the confusion
that existed (and still does) in the factors controlling the mechanism

of growth of the various constituents.

2.2.3. _THE PEARLITE REACTION

The pearlite reaction is most conveniently described as a lamellar
eutectoid reaction occurring by the co-operative growth of ferrite and
cementite behind an incoherent boundary. It has been the subject of
many extensive reviews,eg Hillert (1962% since Sorby first identified
the constituent in plain carbon steels.

Since the two product phases have different carbon contents, a local
rearrangement can be achieved in three principal ways.

(1) Diffusion of carbon in austenite ahead of the interface.
(2) Diffusion of carbon in the austenite/pearlite interface

(3) Diffusion of carbon in the ferrite behind the interface.
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Quantitative analysis of the growth rates of pearlite, eg. Cahn and
Hagel (1962), indicated that the transformation proceeded faster than
that allowed by volume diffusion of carbon. These observations led
both Cahn and Hagel (1962) and Hillert (1962) to conclude that an
interfacial diffusion pathway was likely. The view of Darken and Fisher
-(1962) that a ferrite gap existed between the cementite lamellae and
austenite interface, which led then to conclude that the transformation
was controlled by the diffusion of carbon in the ferrite behind the
interface, has been refuted by Dippenar and ‘Honeycombe (1973). 1In this
latter study, cementite was shown to be continuous up to the austenite
intérfacé:“

Nucleation of pearlite, like that previously discussed for
proeutectoid ferrite, occurs preferentially at austenite grain
boundaries. It now seems accepted that either cementite or ferrite can
nucleate the initial pearlite nodule. Two main ferrite/cementite
orientation relationships are observed in pearlite (Dippenar and
Honeycombe (1973)), depending on the condition of the prior austenite
boundary. If pearlite nucleated directly on the austenite grain
boundary, a Pitsch-Petch orientation relationship was observed; however,
when the austenite boundary was coated with a proeutectoid layer of
cementite a Bagaryatski orientation relationship was observed.

2.2.4. THE BAINITE TRANSFORMATION

For many years, the mechanism of formation, and even the
identification, of the bainite constituent in steel represented one of
the great debates in metallurgical literature,eg. Hehemann et al (1970),
Kennon (1974), Christian (1965). The choice of mechanism lay again
between a diffusional mechanism proposed by Aaronson and co-workers and

a displacive mode of transformation as discussed by Oblak, Hehemann and

Wayman and co-workers.
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Classically two variants are generally recognised, designated upper
and lower bainite,which reflects the difference in carbide distribution.
At high temperatures, interlath cementite was observed between the
bainite .ferrite laths, whereas at lower temperatures, intralath cementite
was present within the bainite ferrite laths. Other bainite
morphologies have been observed, eg. granular bainite reported by
Habraken énd Economopoulos (1967), and the confusion regarding
definitions and terminology prompted Aaronson (1969) to propose three
principal definitions, which can be summarised as follows.

1. MICROSTRUCTURAL DEFINITION

. Micfaéfrﬁcturaly, bainite was defined as a non-lamellar eutectoid
reaction.

2. KINETIC DEFINITION

Kinetically, bainite was regarded as having a distinct'C'omwiand
above a critical temperature (the bainite start temperature), the product
was not observed.

3. SURFACE RELIEF DEFINITION

In this last definition, bainite was loosely described as any
product which, under isothermal heat treatment conditions}gave rise to
surface tilts on a prepolished surface.

Much of the early literature on the mechanism of formation of this
constitutuent has been recently reviewed in a complete and definitive
study of the bainite reaction (Bhadeshia (1979)). The basis of this
present review will be to consider briefly the early work in this field,
before considering the implications of the more recent work in detail.
It must be noted that the problems discussed in section 2.2 regarding

interpretation of surface relief effects and the nature of the

interfacial structure also apply to the following section.
Observations by Ko and Cottrell (1952) that the formation of

bainite was accompanied by surface relief effects led . to the proposal
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that the reaction was displacive in character. Further work by Matas
and Hehemana (1961) and Goodenow et al (1965) concluded that in both
up?er and lower bainite, the baintic ferrite formed initially with a
carbon supersaturation. In lower bainite, this was subsequently relieved
by precipitation of initially e-carbide (resulting finally in cementite)
within the bainitic ferrite whereas in upper bainite carbon diffusion to
the remaining austenite resulted in precipitation of cementite at the
bainite ferrite boundaries. Goodenow et al (1965) and subsequently
Oblak and Hehemann (1967) reported that the morphology of bainite
comprised individual sub-units, which were the elementary growth units
whoée reﬁééfe& nucleation and martensitic growth could account for the
overall reaction kinetics. The development of microstructure was
considered to be controlled by either the removal of carbon from the
bainitic ferrite and/or the relaxation of transformation strain.

The diffusional mechanism, based on the work of Aaronson and
co-workers;proposes that the bainitic ferrite component develops by a
classic ledge mechanism over the whole range of transformation
temperatures. The charactefistic bay in the T.T.T. curve is considered
to arise due to a solute drag concept. Alloying elements which decrease
the carbon activity in austenite, eg Mo, are considered to give rise to
an enhanced drag effect on the austenite /ferrite interface, therefore
reducing the overall reaction kinetics. 1In contrast, elements which have
only a small effect on reducing the carbon activity eg Mn,or raise this
parameter, eg. Si, should not give rise to this drag effect. The
so-called 'incomplete reaction phenomenon' of the bainite is not
considered to be a general characteristic. Finally a thermodynamic
analysis has been presented, Aaronson and Kinsman (1967) , which was

claimed to invalidate the displacive sub-unit mechanism.
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It is now appropriate to review the recent literature regarding the
bainite transformation which has clarified many of the problems
discussed above.

Bhadeshia and Edmonds (1979),(1980) investigated the morphology of
bainite in a medium carbon silicon steel. The advantage of this system
is that due to the presence of 2% Si, carbide precipitation is
inhibited and retained austenite observed in the final microstructure.
The morphology of a complete sheaf of upper bainite which they observed
is shown in Fig.2.5. Each sheaf is comprised of a group of individual
sub-units separated by films of retained austenite. These observations
themselvéé'éré quite convincing evidence for the martensitic sub-unit
mechanism which the authors support. Further, the observation of two
distinct 'C' curves for the upper and lower bainite reactions in this
system (and thus three minima in the overall reaction kinetics) is
clearly incompatible with a solute drag effect, which can only explain
one such bay. A more recent analysis has refuted the solute drag model
on a thermodynamic basis (Bhadeshia (1981.4)). The incomplete reaction
phenomenon the authors observed was shown to be incompatible with a
diffusional mechanism of formation/since/after long holding at the
reaction temperature, a pearlite reaction was observed after the bainite
reaction.

//,__S&bséﬁuent work on this system, eg Bhadeshia and Edmonds (1980) and

P

Bhadeshia and Waugh (1981), has shown that two further characteristics
of the bainite transformation can be directly understood if a displacive
mechanism is involved. Bhadeshia (1979) has established an advanced
thermodynamic analyis of the austenite to bainite transformation. The
principle of this analysis is to define a To temperature where stress
~free austenite and ferrite of the same composition have equal free
energy. Any displacive transformation must therefore occur below this

temperature. Similarly, a no-substitutional temperature can be
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The morphology of upper bainite observed by Bhadeshia
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(A) Optical micrograph

(B) and (D) Electron micrographs indicating
the sheaf substructures of upper bainite

(C) Corresponding retained austenite dark field
image.
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established and the locus of these points is summarised in Fig.2.6 as a
function of temperature and carbon content. Using the dilatometric
data obtained for the upper and lower bainite reactions, the carbon
content «of the residual austenite could be calculated at the termination
of the bainite reaction and plotted with respect to the To and Ae3
curves. Reasonable agreement was achieved between the To curve and the
experimentally determined carbon contents, indicating that the
termination of the bainite reaction occurred when the residual austenite
composition approached the To curve.

"On this basis, the degree of transformation to bainite would
cléérly Bé'éehsitive to carbide precipitation reactions since they would
allow further transformation to bainitic ferrite as the composition of
the residual austenite would again be reduced below the To line.
Further if an inhomogenous distribution of carbon existed (as proposed
by Bhadeshia and Edmonds, (1979)% the degree of transformation would
exceed that calculated on the basis of the average carbon content of the
residual austenite. Direct evidence for the existence-of such an-
inhomogenous distribution of carbon has now been experimentally
determined (Bhadeshia and Waugh, (1981)), further characterising the
incomplete reaction phenomenon. A second implication of this latter
work was that a full supersaturation of carbon existed during the growth
of the bainitic ferrite.

Considering the weight of recent experimental evidence, coupled
with the advanced thermodynamic analysis of the bainite reaction
previously described, it seems reasonable that the characteristics of
the bainite reaction are best described by a displacive mechanism.

The transition from upper bainite to lower bainite,apd indeed the
lower bainite transformation itselﬁ,has also recently received much
attention. The usual morphological features associated with the lower

bainite transformation are plates of bainitic ferrite with internal
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carbides. In general, a single crystallographic orientation of
precipitates is observed such that their habit plane makes an angle of
60° with the major plate axis.

The significance of this carbide precipitation during the lower
bainite transformation has been investigated by Bhadeshia (1980.1). The
conclusions of that investigation can best be summarised as follows.

1). Cementite nucleates and grows from within supersaturated ferrite.

2). The observed cementite crystallography was inconsistent with the
proposed interphase precipitation mechanism; where it was thought that
Precipitation occurred at the bainitic ferrite/austenite interface
(Aé?onsoﬁﬁéf al 1978).

3). The same crystallographic observations suggested that the
characteristic single carbide variant was not directly related to the
lattice in&ariant shear occurring during the transformation (Srinivasan
and Wayman, 1968)

4). The most likely cause of the single carbide variant was thought to
be due to the total transformation strain ;ssociated witﬁ the formation

of the bainitic ferrite plate.

2.2.5 THE MARTENSITE REACTION

The martensite reaction in steels is a classic example of a
displacive transformation. The characteristics are therefore:-
1) No diffusion of atoms occurs.
2) There is a lattice correspondence between the parent and product
phases.
3) There is an invariant plane strain deformation associated with the
transformation.

Two morphologies are usually recognised (Kelly and Nutting, (1960))
in steels, determined essentially by the carbon content of the system

considered. Lath martensite (or low carbon martensite) generally forms
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in packets of parallel laths with a high dislocation density. The habit
planeusually ascribed to this martensite is (111) . Twin martensite
(or high carbon martensite) comprises of heavily twinned plates with a
(225)¢; +<or (259)y habit plane. A more detailed review of the
crystallography and observed habit planes in steels can be found

elsewhere eg. Bhadeshia (1979).

2.2.6. THE DECOMPOSITION OF AUSTENITE IN ALLOY STEELS

This section will review the literature concerning the role of
alloying elements on the various austenite decomposition reactions
deééribealbfeﬁiously. Particular emphasis will be placed on recent work
which has contributed directly to a better understanding of the overall

operative growth mechanism. This review can not therefore summarise the

extensive liferature regarding either the hardenability aspects of the
various alloying elements or the resultant structure/property
relationships, even though they have extremely important industrial
significance. The reaction  of greatest interest is again the
proeutectoid ferrite reaction, with the other four reactions being
considered only briefly.

Alloying elements in steels are generally referred to as either
austenite stabilisers, eg. Ni, Mn, or ferrite stabilisers eg. Cr, Mo,
depending on whether they expand or contract the austenite phase field.
A further distinction can be made between those elements which are
usually termed carbide formers/eg. Cr, and those which are not eg. Ni.
It is the study of this former group - the carbide forming elements -
which has provided further information regarding the growth mechanism of
proeutectoid ferrite.

A useful starting point is to consider the categories reported by
Honeycombe and Pickering (1972) in their review of the ferrite and

bainite reactions in alloy steels.
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1) Pearlite - type structures
2) Fibrous carbide-ferrite structures
3) Interphase precipitation

The first two categories have received relatively little attention
since the alloying levels required for both of these reactions are
generally high and the morphology of the lamellar product would seem to
preclude any useful industrial application. The subject has been
recently investigated by Ricks (1979) in Mo containing steels and
Parsons (1981) in medium carbon, V containing steels.

"It is the investigation gf the final category, interphase
precipitéfibn; which has provided new and detailed information regarding
the growth mechanism of proeutectoid ferrite. Initially the use of
niobium and vanadium in microalloyed steels provided an impetus for the
study of.the interphase precipitation reaction,but it has been now
observed in carbon free alloys, eg Ricks (1979). The extensive work in
this field by Honeycombe and co-workers has shown that this mechanism is
operating in many systems eg. WC (Davenport, Berry and Honeycombe,
(1968)) Mozc (Berry and Honeycombe (1970)).

In an extensive reviewJ Honeycombe (1976) summarised four
characteristics of interphase precipitation.
1) Sheets of precipitate form parallel to the interphase boundary and
are therefore sensitive to any change in direction of the boundary.
2) The.precipitate phase nucleates on the interphase boundary.
3) The ferrite/precipitate crystallography is generally that encountered
in tempered martensite.
4). Typically only one variant of the orientation relationship is
observed in a single ferrite grain.

The precipitate sheet spécing and precipitate size was observed to
be a sensitive function of transformation temperature (eg. Batte and

Honeycombe (1973)).
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Campbell and Honeycombe (1974) provided definitive evidence for
interphase precipitation in chromium steels, occuring in association with
a ledge mechanism. Schematically, as shown in Fig.2.7, precipitation
was shown to occur on the planar interphase boundary, with the ledge
itself remaining free from precipitation. As previously discussed in
section 2.2.1 this implies that a partially coherent interface exists
between the austenite and ferrite and under these circumstances
precipitation would be expected on the high energy ledge itself.
However, this has been rationalised since the ledges are too mobile for
nucleation to occur on these sites. This mechanism has now been
observed in other systems, as shown in Fig.2.8 where Ricks (1979) has
noted precipitation of MoZC behind a stepped interphase boundary in Mo
containing steels.

These observations have provided perhaps the most vivid evidence
for the operation of a ledge mechanism between austenite and ferrite in
the growth of proeutectoid ferrite.

Though the above reaction mechanism (generally termed coherent
precipitation) has now been widély observed, at least two other
mechanisms have been observed to account for arrays of discrete
precipitates in ferrite. Heikkinen(1973) and recently Howell and Ricks
(1981) have described the operation of a bowing mechanism where/hﬁtiallx
the interphase boundary is pinned by precipitates. Depletion ahead of
the interface allows it to 'bulge' between the precipitates, bypassing
them, and finally being pinned again when the interface became planar.

On this basis, there is clearly a limiting sheet spacing below which it
is unlikely that this mechanism can operate, and in the case of vanadium
containing steels,Ricks (1979) concludes that the observed spacing is
too small for the operation of this mechanism.
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