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SUMMARY

Carbide precipitation in austenitic Fe-Mn-V-C alloys has been
studied using transmission electron microscopy of carbon extraction replicas
and thin foils. Particular attention has been focussed on a discontinuous
reaction involving the formation of very fine vanadium carbide precipitates,
the principle objective being to delineate the conditions leading to the
observed precipitate morphologies and distributions. In order to achieve
this objective, it was necessary to relate these microstructural features
to the nature of the advancing grain boundary at which precipitation occurs.
Accordingly, detailed crystallographic analyses of a number of grain
boundaries of interest were undertaken, the results of which were then
interpreted in terms of the Coincidence Site Lattice Model of grain

boundary structure.

The precipitates which form at the advancing boundary during this
discontinuous reaction were found to be present as either discrete
particles (particulate precipitates) resulting from repeated nucleation or
as long, thin fibres (fibrous precipitates). Whereas particulate precipi-
tation occurs at boundaries which, according to the CSL model, contain a
low density of atoms shared by both neighbouring grains, i.e. low
coincidence boundaries, fibrous precipitation was found to take place at
comparatively high coincidence boundaries. This correlation is believed
to be due to the effect of grain boundary structure on the ease of
precipitate nucleation, with nucleation being more difficult at the high
coincidence boundaries due either to their lower energy or because solute

diffusivity is lower at these sites.

The discontinuous reaction displays classical behaviour in that

it begins at the austenite grain boundaries and proceeds as a result of



boundary migration in conjunction with precipitation to form extensive
nodular regions of transformation product. Some nodules consist only of
particulate precipitates in an austenitic matrix and these were found to
develop when the misorientation between neighbouring grains was such that
irrespective of its orientation, the boundary plane contained a low
density of coincidence sites. More commonly, however, the nodules were
found to contain both particulate and fibrous precipitates and when this
occurred, two different precipitate distributions could be distinguished.
These two distributions result from different nodule growth mechanisms
which can be accounted for, at least in large part, if boundary migration
proceeds in a manner leading to boundary energy minimization. In the
first distribution, particulate precipitates occupy a region extending
from the low coincidence portions of the advancing boundary to its original
site, while the fibres lay behind, and normal to, comparatively long
boundary segments containing a high density of coincidence sites. In the
second, bands of particles alternate with bands of fibres which are
associated with a series of short, inclined steps (ledges) on the nodule

boundary, each of which lies in a high density coincidence orientation.

The sequence of events leading to the evolution of each of these
distributions was determined deductively and has been described in detail.
In short, the first of these distributions arises when the direction of
nodule growth is everywhere normal to the plane of the advancing boundary,
while in the case of the second distribution outward growth of the nodule

occurs by the sideways movement of the ledges.
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CHAPTER 1 O\

INTRODUCTION

In recent years there has been much interest in the structures
produced when austenite containing strong carbide forming elements trans-
forms directly to ferrite (see, for example, the reviews by Honeycombe
(1976, 1979)). It is well established that during transformation, alloy
carbide precipitation takes place at the advancing austenite/ferrite (Yy/a)
boundaries and that in the main, this occurs in one of two ways. In the
first, termed 'interphase precipitation', sheets of very fine discrete
particles are formed, the precipitate being nucleated at successive
positions of the transformation front (Davenport and Honeycombe (1971);
Campbell and Honeycombe (1974); Howell et al. (1979a)). These particles
may be present in either a series of planar sheets which lay parallel to
the advancing boundary or in a series of curved sheets, in which case the
individual precipitates can sometimes be distributed in a seemingly random
array. In the second mode of precipitation, alloy carbides with a markedly
fibrous morphology develop behind and in contact with the advancing
boundary, the fibre growth direction being approximately parallel to the
local direction of boundary migration (Berry and Honeycombe (1270);

Edmonds (1972); Edmonds and Honeycombe (1973)).

It is now well established (Barbacki and Honeycombe (1976) ;
Howell et al. (1979b)) that, other things (e.g. transformation kinetics
and precipitate/matrix crystallography) being equal, the nature of the
advancing boundary is the determining factor influencing which of these
precipitate morphologies will develop. The association of the planar
sheets of interphase precipitate with facetted boundary segments which

appear to advance by a ledge mechanism has led to the view (Campbell and



Honeycombe (1974)) that these precipitates develop at the partially
coherent boundary, i.e. {lll}Yll{llO}d’ between Kurdjumov-Sachs (K-S)
orientation related phases. This idea is in accord with the general
theory of precipitate/matrxix interfacial structure proposed by Aaronson
(1962) on the basis of morphological and kinetic studies of ferrite growth
in austenite, and has recently received some support from the preliminary
crystallographic studies of Howell et al. (1979b). On the other hand,
fibrous precipitates and the less regular arrays of discrete particles are
believed to form at boundaries which, according to Aaronson's theory,
ought to be characterized by a structure considerably less ordered than
that of their partially coherent counterpart and have thus been assumed
(e.g. Howell et al (1979a)) to be incoherent. Boundaries of this type are
those which are either K-S related but whose interfacial plane does not
conform to the {lll}Y habit, or those which are not characterized by a

rational and well-defined orientation relationship.

Since the time of Aaronson's work, various theoretical and
experimental developments have enabled significant advances to be made in
our understanding of interphase boundary structure (see, for example, the
reviews by van der Merwe (1974); Kinsman and Aaronson (1974) and Laird and
Sankaran (1979)). As Purdy (19278) has recently emphasized, according to
the present concept of interfacial structure based on the lattice matching
approach - which can be best formally expressed in terms of the O-lattice
model (Bollmann (1970)) whose applicability to the particular case of the
Y/0 boundary has been recently demonstrated (Howell et al. (1979c¢c)) -
neither close proximity to the K-S orientation relationship nor of the
interfacial plane to {lll}fcc are necessary conditions for fcc/bee
boundaries to exhibit some degree of lattice matching; moreover, because
of the intrinsic complexity of the fcc/bec system, there should exist a

whole range of orientation relationships and boundary plane orientations



at which the extent of lattice matching is not insignificant. It is
clear, then, that in order to delineate the precise conditions under
which both fibrous and particulate carbides precipitate during the Y0
transformation, a full description of the crystallography of the
boundaries at which the different morphologies develop is required. It
should be noted that a similar comment also applies to the conditions
leading to the diverse and quite complex distributions in which these
different morphologies are found; here again the nature of the advancing
boundary is thought to play a major role, in this case through the
influence it exerts on the ferrite growth mechanism (Berry and Honeycombe
(1970) ; Edmonds and Honeycombe (1973); Campbell and Honeycombe (1974)).
Further progress towards establishing these conditions is hampered,
however, by the difficulty in carrying out detailed crystallographic
studies of the Y/o boundaries associated with the different morphologies
due to the parent austenite transforming to martensite on being cooled to

room temperature.

Dippenaar (1970), in a study of the austenite to pearlite
reaction, overcame this same difficulty by using a steel containing
sufficient manganese and carbon (Fe - 13% Mn - 0.8%0)* to render the
parent austenite stable to room temperature. On addition of a small amount
of vanadium to this basic alloy he noted that under certain heat treatment
conditions (namely, a solution treatment at 12500C, followed by water-
quenching and then ageing in the range 450-700°C) vanadium carbide
precipitates with a markedly fibrous morphology are produced. Miller
(private communication) later reported that under these same conditions

discrete vanadium carbide particles can also form. The reaction giving

* All compositions given in this thesis are quoted in weight %



rise to these precipitates does not, however, accompany the austenite to
ferrite transformation but rather, as pointed out by Dippenaar, can be
classified as a 'discontinuous precipitation' reaction (Smith (1953)) and

can be expressed as follows:

Y, * Y, + VC

where Y, refers to the austenite, supersaturated with respect to vanadium
carbide (VC), into which the boundary migrates and Yo in the solute
depleted austenite containing the precipitates. 1In this mode of precipi-
tation, which occurs and has been extensively studied in a wide variety of
alloy systems (Hornbogen (1972)), the reaction begins at the grain
boundaries and proceeds by the growth of nodular regions of transformation
product resulting from precipitation in conjunction with grain boundary

migration.

Clearly, the discontinuous reaction in the Fe-Mn-V-C alloy system
offers a very convenient opportunity to relate the nature of the
precipitate and the mechanism of nodule growth to the crystallography (and
through this the structure) of the boundary at which precipitation occurs.
The interrelation between these various aspects of the reaction has been
investigated in the present work which aims to examine the conditions

leading to the observed precipitate morphologies and distributions.

From recent grain boundary modelling studies using computer
simulation techniques (e.g. Smith et al. (1977); Pond and Vitek (1977); Pond,
Smith and Vitek (1979); Nichols (1979)) and the experiments of Hermann et al.
(1976) and Sautter et al. (1977) which demonstrate the importance of an
electronic contribution to the boundary energy, it is apparent that a
complete understanding of grain boundary structure must await the day when

reliable computations can be made to determine atomic relaxations at grain



5.

boundaries directly from a knowledge of the interatomic forces. For the
most part, our current level of understanding of grain boundary structure
is the result of a geometric approach, in which consideration is
effectively given to the interaction between atomic nuclei at the boundary,
electronic effects being disregarded. It is, perhaps, fair to say that

the prominence with which this approach has figured in our current thinking
is in no small measure due to the fact that the necessary experimental
data required for the application of geometric boundary models can be
acquired simply from microscopical investigation. Of the various geometric
models which have been developed (see, for example, the reviews by Ralph
(1975) and Gleiter and Pumphrey (1976)) the O-lattice model is, in
principle, the most widely applicable and yields the most detailed
description of the boundary structure, which is expressed in terms of the
boundary defect configuration arising from atomic relaxations that serve

to maximize the degree of registry between the two adjoining crystals.

Much evidence from transmission electron microscopy of specially fabricated
bicrystals with predetermined crystallographies (e.g. Schober and Balluffi
(1970) ; Kegg et al. (1973)) supports this model; however, some difficulty
arises in the practical case of applying the model to boundaries in real,
polycrystalline materials due to the need to determine the crystallographic

parameters with greater precision than is usually attainable (Ralph (1975)).

Because of the lower level of precision with which these para-
meters need be obtained, such boundaries can be more readily treated in
terms of the Coincidence Site Lattice (CSL) model (Kronberg and Wilson
(1949); Brandon et al. {(1964); Brandon (1966)), though at the expense of
detailed information on the boundary defect configuration. Despite this
limitation, the CSL model has proved very useful in advancing our under-
standing of the structure of experimentally observed boundaries and in

particular, in providing a framework for rationalizing the crystallographic



dependence of a wide range of boundary properties (e.g. energy (Dimou and
Aust (1974)) and mobility (Demianczuk and Aust (1975)), processes (e.q.
grain boundary diffusion (Ishida et al. (1976)), segregation (Aust and
Rutter (1959); Gleiter (1970a)) and precipitation (Lorimer (1975))) and
reactions (e.g. boundary dissociation (Ranganathan (1969); Goodhew (1979))
and boundary/lattice defect interactions (Dingley and Pond (1979); Clark
and Smith (1979))). In view of this success, it was decided to also use
the CSL model to interpret the crystallography of those boundaries of
interest in the present work. For the benefit of the reader the following
section (1.1) is given over to a detailed description of the model and a
discussion of it's validity in the light of available experimental

evidence.

Insofar as the rolé of boundary crystallography in influencing
the precipitate morphology is concerned, the present study has shown that
the essential distinction between the boundaries associated with the two
kinds of precipitate - fibres and particles - lies in their markedly
different propensity to nucleate precipitates. Accordingly, in seeking
to explain this role, the literature concerning the effect of boundary
crystallography on precipitate nucleation has been reviewed (seqtion 1.2).
It ought to be pointed out that this topic has received some coverage in
a number of other reviews (Aaronson (1956); Aaron and Aaronson (1971);
Aaronson et al. (1971); Lorimer (1975)) and these should be considered as
supplementary reading. It should also be mentioned that as the present
investigation is concerned with precipitation in well-annealed material,
the recent studies (e.g. Jones et al. (1976a,b); Varin (1979)) into the
effect on nucleation of 'non-equilibrium' components of grain boundary

structure have been excluded from the review.



1.1 The Coincidence Site Lattice model

1.1.1 The construction, characterization and physical

significance of the CSL

In this model it is noted that when two identical and inter-
penetrating crystal lattices are related by certain angular rotations
about rational directions, a fraction of the atomic sites in each lattice
are coincident. Provided a misorientation of this kind is not a rotational
symmetry operation, these sites lie on a single lattice of larger cell
dimensions. This larger lattice is the CSL and the special misorientations
at which CSLs are generated are commonly referred to as coincidence site
relationships; as an example, fig. 1 illustrates schematically the
formation of the CSIL generated between two primitive cubic lattices
related by [001]/36.90. A CSL is commonly identified in the literature by
an integer I which can be defined as either the reciprocal density of
common lattice sites or the ratio of the volumes of the unit cells of the
CSL and the crystal lattice; the CSL in fig. 1, for example, is
characterized by L = 5. There exists an infinite number of coincidence
site relationships and systematic relations for generating these together
with the associated ¥ values, which vary from unity to infinity, have been
given by Ranganathan (1966); however, only those CSLs for which I is
comparatively low, i.e. the volume density of coincident sites is high,

are considered to have significance in the model.

A boundary between two grains in a coincidence site relationship
becomes the appropriate planar section through the CSL. Because the
latter has three dimensional regularity (due to the periodicity of the
crystal lattices) the boundary therefore contains a two dimensional

periodic array of coincidence sites, i.e. atoms shared by both grains.



FIGURE 1

Schematic illustration of the CSIL formed by a
36.9o rotation of two simple cubic lattices
about an [001] axis normal to the plane of the
figure. ABCD defines the CSL unit cell.

o Grain A

+ Grain B

FIGURE 2

Two dimensional model of a bcc bicrystal in the
coincidence site relationship [1101/50.5°, % = 11.
The boundary follows the path ABCD to maximize the
path with a high density of coincidence sites

(After Brandon et al. (1964)) .
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The periodicity of this array will vary depending upon the plane of
intersection with the CSL and as CSLs tend to be lattices of low symmetry
(Pond (1974)) the coincidence sites in some CSL planes can be very much

more closely spaced than in others (e.g. fig.2).

Brandon et al. (1964) postulated that a boundary lying in a
densely packed CSL plane should have low energy (cf. a boundary with a
comparatively disordered structure) because of its 'good fit' nature and
that a grain boundary can be consequently expected to exhibit a preference
to lie in such a plane; furthermore, when the precise crystallographic
requirements for a boundary to conform to this plane are nearly - but not
exactly - fulfilled, then rather than possessing a high energy 'poor fit'
structure over its entire area the boundary will instead consist of regions
of 'good fit' separated by specific defects which accommodate the deviation
from exact coincidence. Two kinds of deviation from an ideal CSL boundary
can occur; one is a deviation in the orientation of the boundary plane and
the other a deviation in the misorientation of the neighbouring grains from
the exact coincidence site relationship. Both of these can be reasonably
expected to be exhibited by the majority of boundaries in real, poly-
crystalline materials since such boundaries may be subject to a number of
influences that prevent perfect coincidence from being achieved - such
influences include, for example, the establishment of a texture during
fabrication and/or annealing which necessarily places a restriction on the
relative orientations of neighbouring grains, and the requirement at grain
boundary junctions for a boundary configuration that leads to a balance of

the surface-tension forces.

According to Brandon et al. a deviation in the orientation of the
boundary plane will be accommodated by the boundary taking up a stepped

configuration (e.g. ABCD in fig. 2) so as to maximize its area in the
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densely packed CSL plane, the good fit boundary segments so formed being
separated by short and completely disordered steps whose frequency increases
with the deviation. The reduction in the energy of the boundary as a
result of its lying partially in the densely packed CSL plane will to some
extent be offset by the concomitant increase in boundary area and this as
well as the relative energies of the two kinds of boundary segments will

determine the maximum allowable deviation.

On the other hand, a small angular deviation from an exact
coincidence site misorientation is expected to be accommodated by a net-
work of mismatch dislocations embedded in the nearby CSL boundary, in much
the same way that small departures from a perfect crystal orientation
(i.e. 2 = 1) are accommodated by a dislocation network in the Read-Schockley
(1950) model for the 'low-angle' grain boundary. As with the low-angle
grain boundary, the limiting angular deviation at which this description of
a coincidence preserving array of dislocations retains physical significance
is taken to be the point at which the dislocation spacing becomes compar-
able to the periodicity of the boundary structure, i.e. the spacing of the
coincidence sites. Brandon (1966) has estimated that this should occur
when the angular deviation is of the order of 152_%0, and thus the mis-
orientation range over which a coincidence structure can persist is
expected to decrease rapidly as I increases. On the basis of this limiting
deviation, Warrington and Boon (1975) have calculated that for a random,
polycrystalline aggregate only a few percent of all boundaries will possess
a coincidence related structure; in real materials, however, this structure

is usually exhibited by a very large percentage of the boundaries present

as a result of material texture (e.g. Howell, Fleet, Welch and Ralph (1978)).
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1.1.2 The validity of the model

No experimental technique has yet been developed which enables
the precise disposition of atoms at a grain boundary to be determined
unambiguously, and hence a rigorous comparison of the atomic arrangements
at real grain boundaries with those predicted by the model has not been
possible. However, on several occasions direct evidence has been obtained
from electron diffraction studies of grain boundary material for the
existence of a structural periodicity at boundaries lying between grains
whose misorientation satisfies, or at léast approximates, a coincidence

site relationship (Sass et al. (1975); Tan et al. (1975)).

By contrast, information on grain boundary energy is far more
accessible and in many studies where such information as well as details
of the boundary crystallograéhy have been obtained, the expectation that
boundaries conforming to a CSL plane of comparatively high packing density
have lower energy than 'poor fit' boundaries has been confirmed. The most
convincing evidence for this correlation comes principally from the

following sources:

(i) Studies involving the direct measurement of grain boundary energy
(Rutter and Aust (1967); Murr et al. (1970); Gleiter (1970b) ;
Hasson and Goux (1971); Dimou and Aust (1974)). On the basis of
these studies it appears that with the exception of the I =3
coherent twin boundary in low stacking fault energy fcc metals,
where the energy is of the order of .02 - .05 ER (ER = energy of a
fully disordered boundary), boundaries conforming to densely packed
CsL planes have energies of the order of O.7ER.

(ii) Electron and field-ion microscope observations of grain boundaries

containing networks of dislocations whose characteristics (i.e.

spacing, Burgers vector and diffraction contrast) are consistent
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with their accommodating, in the manner described by Brandon et al.,
a small departure in misorientation from one defining a CSL (e.q.

the X = 17 CSL in an Fe-Mn alloy (Ishida et al. (1969)); Z = 3, 9, 11
and 17 in Au (Schober and Balluffi (1970, 197la,b)); L = 33 in Al-Mg
(Ishida et al. (1977)), X = 57 in Cu-Si (Forwood and Clarebrough
(1977)); £ =3, 5, 7, 9, 31, 35 and 93 in stainless steel, L = 17 in

Al, Z =19 in W and 2 = 15, 11 and 19 in Mo (Clark and Smith (1978))).

(iii) The presence in well-annealed metals of grain boundaries which have
minimized their structure - dependent energy by preferentially
facetting onto densely: packed CSL planes. The most frequently quoted
example in the literature of such a boundary is the Z = 3 annealing
twin boundary in fcc metals; in order to completely enclose the
twinned grain this boundary assumes a stepped configuration, with
the majority of the boundary being composed of segments lying in the
most densely packed CSL plane, i.e. the common {111} twinning plane,
and the remainder often lying normal to these segments and in the
second most densely packed plane, i.e. the common {112} (Matthews
(1962) ; Dickson and Pashley (1962); Pashley and Stowell (1963),
Phillips (1972)). Other boundaries which have been observed to
exhibit facetting behaviour in accordance with the orientation
dependence of boundary energy predicted by the CSL model include the
2 = 19 and 41 boundaries in W (Ishida and Smith (1974)), the % = 3
and 5 (Waguer et al. (1974)) as well as the 2~ = 11 and 33 (Goodhew
et al. (1978)) boundaries in Au, and the ¥ = 11, 13, 17, 19 and 29

boundaries in Nb (Andrejeva et al. (1978)).

In contrast to these findings, grain boundaries in some
coincidence systems have been found to exhibit no preference to lie in a

densely packed plane. For example, Goodhew et al. (1978) noted that whilst
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a L = 33 boundary in Au exhibits a strong preference to lie in a densely
packed plane, Y = 19, 27 and 59 boundaries do not, even though the most
densely packed plane in these CSLs contain a higher density of coincident
sites (5.53, 4.63 and 3.13 coincidence sites/nm2 of boundary area
respectively) than the most densely packed Y = 33 plane (2.41). Moreover,
there has been a significant number of cases reported of boundaries which
actually exhibit a preference to lie in planes which have no particular
significance in the CSL model (see, for example, Goodhew et al.), It -is
clear, then, that in some instances grain boundary energy is

not determined solely by the density of coincidence sites in the boundary

plane.

Additional evidence in support of this conclusion has been
obtained by Herxrmann et al. (1976) and Sautter et al. (1977), the nature of
which strongly suggests that the inability of the CSL model to account for
the total structure-dependent energy of all possible boundaries arises, at
least in large part, because the model is based on geometrical concepts
and not on the theory of metallic cohesion. Utilizing the idea (Shewmon
(1966)) that if a pair of grains has a misorientation near that of an
energy cusp their free energy will be reduced by the rotation of one grain,
relative to the other until the cusp is reached, these workers were able to
identify low energy boundaries in Cu, Ag and a number of Ag based alloys
from the textures developed upon sintering small single crystal spheres of
the metals onto a planar single crystal substrate of the same material.

In all cases it was found that the strongly preferred orientations
corresponded to low Z coincidence site relationships; however, the
frequency of occurrence of a particular orientation, which was taken to be
a measure of the energy cusp depth, was often found to be different for
the various metals examined. As these metals possess a similar lattice

structure, but differ significantly in their electronic structures, these
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workers concluded that in addition to the density of coincidence sites at
a boundary, electronic factors can also influence the boundary energy.

The precise nature of these factors has not yet been established; however,
it has been suggested (Balluffi et al. (1975)) that the matching of wave
functions across the boundary plane and conduction electron effects may be

important.

Despite the considerable overall success the CSL model has had
in accounting for the crystallographic dependence of grain boundary energy
and behaviour, there is some doubt as to the validity of the shared atom
concept for all grain boundaries. This is because, as Loberg and Norden
(1976) have demonstrated, with the exception of the X = 3 coherent twin
boundary in face centred cubic metals the shared atom configuration
necessarily leads to certain atom pairs across the boundary possessing an
interatomic spacing less than the equilibrium nearest neighbour spacing in
the crystal lattice. Chalmers and Gleiter (1971) have suggested that such
atomic overcrowding ought to be alleviated and the boundary energy there-
fore lowered by a rigid body translation, without rotation, of one crystal
relative to it's neighbour away from the coincidence position. The bubble-
raft experiments of Ishida (1972) and computer calculations of minimum
energy boundary structures (e.g. Weins et al. (1971); Hasson et al. (1972);
Pond et al. (1576)) have given considerable support to this idea, and the
predicted translation at several boundaries has been verified experimentally
using transmission electron microscopy (Pond and Smith (1974)). Although a
translation of this kind eliminates the shared atom configuration, a
periodic boundary structure is preserved in which certain points lying in
equivalent positions in the unit cells of each adjoining crystal lattice
are coincident. It can be readily shown (Bollmann (1970)) that the

periodicity of this relaxed structure is identical to that when the atoms
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are being shared so that despite it's being only an approximate
description of grain boundary structure, the CSL model remains a powerful

tool for investigating the degree of atomic fit at the boundary.

1.2 Grain boundary precipitation: the effect of boundary crystallography

Before proceeding to review the literature, it is appropriate
that the underlying factors responsible for the pre-eminence of grain

boundaries as sites for precipitation be identified.

According to classical nucleation theory, the driving force for
precipitation is proportional to the reduction in Gibbs free energy AG

given by:

AG = AGC + AGS + AGST

where AGC is the chemical free energy term, and AGS and AGST are the
surface and strain energy terms associated with the creation of new inter-
face. When AG is plotted as a function of the nucleus size, it passes
through a maximum which represents the free energy barrier to nucleation.
Clemm and Fisher (1955) were apparently the first to point out that this
free energy barrier can be reduced if nucleation occurs at a grain boundary
because of the energy released by the elimination of a portion of the
boundary area. Thus, it is to be expected that grain boundaries will play
a relatively more important role when the precipitation reaction is
dominated by the surface energy term, i.e. when the chemical driving force
for precipitation is small due to a low level of supersaturation, or when
the nucleus interface is incoherent. Since the free energy of a high
density coincidence site boundary is less than that of a disordered
boundary, it is to be further expected (Pumphrey (1976)) that the former

will be a less favoured site for precipitate nucleation.
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Grain boundaries are also preferred sites for precipitation
because of their ability to sexrve as high diffusivity paths. Accelerated
diffusion in the boundary plane both assists in the assembly of atoms to
form a stable nucleus and is important in promoting precipitate growth
following the nucleation event. As there is good evidence that the
diffusivity is lower at high coincidence boundaries than at disordered
boundaries (Gleiter (1971); Ishida et al. (1976)), the former should be

less favoured sites for precipitation on this basis also.

Unwin and Nicholson (1969), in a study of the nucleation and
growth of grain boundary precipitates in Al-Zn-Mg and Al-Mg alloys, appear
to have been the first to investigate the effect of grain boundary structure
on precipitation using the CSL model to interpret the boundary crystal-
lography. At high supersaturations (i.e. when precipitation took place at
temperatures well below the solvus) precipitate densities and hence
nucleation rates were found to be the same on all boundaries. These
workers attributed this result to the boundary structure being of
secondary importance in controlling nucleation when the chemical driving
force for precipitation is high, i.e. when precipitate nucleation is easy.
On the other hand, at low or moderate supersaturations (when nucleation
occurred during the quench from a high temperature solution treatment) a
large disparity in precipitate density from one boundary to another was
observed. Specifically, it was found that when the boundary misorientation
was within 4° of that defining a CSL for which I < 19, and thus a
misorientation lying approximately within the range of allowable deviations
(Brandon (1966)) for the CSL model to retain significance, the density of
precipitation was much lower than for grain boundaries deviating further

from CSLs. No satisfactory correlation was found, however, between the

precipitate density and the orientation of the boundary plane. It should be
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pointed out, though, that the criterion for such was based on the
assumption that only boundaries conforming to a close packed CSL plane
contain a comparatively high density of coincidence sites whereas, in
fact, if ¥ is low a similar distinction may also apply when the CSL plane

is one of rather modest packing density (Pond (1974)).

Butler and Swann (1976) have also studied grain boundary
precipitation in the Al-Zn-Mg system and, in common with Unwin and
Nicholson, found that very little precipitation occurred at boundaries
between CSIL related grains; moreover, this was the case regardless of any
changes in the orientation of the boundary plane. As Butler and Swann
gave no details of the crystallographic parameters defining the boundaries
they examined, it is not altogether clear whether this apparent insensi-
tivity to the boundary orientation signifies the absence of a correlation
between the precipitate density and the density of coincidence sites at
the boundary plane. On the grounds that the strong solute segregation
during quenching Al-Zn-Mg (Doig and Edington (1975)) should occur
preferentially to non-CSL boundaries in order to reduce their strain
energy, Butler and Swann argued that the energies of the CSL and non-CSL
boundaries should not differ significantly. Thus, they concluded that the
lower precipitate density at the former boundaries was most probably due
to the lower solute diffusivity and segregation levels at these, both

effects making it more difficult for stable nuclei to form.

That the structural details as expressed in the CSL model can
have a significant influence on precipitation has also been recently
demonstrated by Williams and Edington (1976) in a study of the occurrence
of discontinuous precipitation in Al-Li. In all cases examined, boundaries
at which this reaction failed to initiate were found to lie between low X

(X £ 11) CSL related grains, while a significant departure from this
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condition characterized boundaries at which the reaction was well
established. As this discontinuous reaction simply involved coarsening

at the grain boundary of a pre-existing dispersion of fine, general matrix
precipitates, rather than the nucleation and growth of a new phase as is
usually observed, it was concluded that the inhibition of the reaction at

the CSL boundaries must be the result of a low boundary diffusivity.

In contrast to the behaviour expected when grain boundary
structure is the determining factor influencing precipitation, on some
occasions high density coincidence site boundaries have actually been
found (Le Coze et al. (1970a,b)) to contain a higher density of
precipitates that non-CSL boundaries, while in other cases a marked
variation in the nature (Vaughan (1970)) or density (Butler and Swannl
(1976)) of precipitates at non-CSL boundaries has been observed. Vaughan
(1970), for example, found that the few high angle grain boundaries in
A1-4%Cu at which the transition phase 9' formed in preference to the
equilibrium 6 phase were 'normal' in the sense that their structure could
not be described in terms of a low X CSL. The boundaries were, however,
found to be special in one sense; namely, that the misorientation and
grain boundary plane were such as to enable low energy ' /matrix interfaces
to be established with both neighbouring grains, hence bringing about a
sizeable reduction in the free energy barrier to 9' nucleation. This
finding was consistent with the results of an earlier study (Vaughan (1968))
in which it was observed that only one variant of the 0'/matrix orientation
relationship was selected at a given low-angle grain boundary and that when
the inclination of the boundary plane varied so did the orientation of 6'.
Together, these observations were taken to indicate that the detailed
crystallographic fit between the precipitate nucleus and one, or both of

the adjacent grains was an important parameter governing the nucleation of

the boundary precipitate.



19.

On the basis of these observations, Pumphrey (1973) concluded
that if a low energy interface (i.e. a well-defined habit plane) between
precipitate and matrix exists, then it is the interfacial plane of the
grain boundary rather than its structure that is the important factor
influencing nucleation, which he argued would be favoured when the habit
plane lies parallel to the boundary plane. Clough et al. (1974), while
disagreeing with some of the steps in Pumphrey's argument, agreed in
principle with his conclusion; however, in the light of a detailed
theoretical investigation (Lee and Aaronson (1975)) into the effect of
the nucleus boundary configuration on nucleation energetics, Clough et al.
proposed that this conclusion should be broadened to 'the smaller the
angle between low energy precipitate/matrix interfaces and the boundary
plane, the more will precipitate nucleation be favoured'. Experimental
evidence in support of this proposition has recently been obtained by
Forest and Biscondi (1978) in a study of the precipitation of semicoherent
f' platelets at low angle grain boundaries in Cu-Al. As the angle between
the precipitate habit plane and the plane of the boundary decreased, a
marked increase in nucleation kinetics was observed and on the basis of
thermodynamic considerations, this was attributed to a decrease in the

free energy barrier for nucleation.

The foregoing experimental observations have been made during
studies of precipitation at stationary grain boundaries. Although precipi-
tation at migrating boundaries (as in the discontinuous precipitation
reaction) has been the subject of many studies, only a few of these (e.g.
Tu and Turnbull (1967); Liu and Aaronson (1968)) have been concerned with
the influence of boundary crystallography on the precipitation reaction and
then only insofar as was necessary to test the implied relationship

(Smith (1953)) between the misorientation across the boundary and its
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mobility - i.e., when the misorientation is small enough so that the
discrete dislocation structure of the 'low-angle' grain boundary replaces
a randomly disordered one, the boundary mobility (usually) becomes
negligibly small and the discontinuous reaction will no longer take place.
Whilst it would seem reasonable to expect that precipitation at migrating
boundaries is influenced by both boundary structure and crystallographic
matching at the precipitate/boundary plane in the same way as occurs at
their static counterparts, it should be pointed out that at least two
additional and essentially opposing factors, both related to the boundary

mobility, may be important in influencing discontinuous precipitation.

The first is the effect of grain boundary migration on solute
diffusion in the boundary, which is the principle means by which changes
in composition occur during discontinuous precipitation (Sundquist (1973)).
Recent work (Hillert and Purdy (1978); Smidoda et al. (1979)) has shown
that the rate of solute diffusion at boundaries with appreciable mobility
can be several orders of magnitude higher than at stationary or at least
comparatively slow moving boundaries. The reason for this distinction is
not yet clear; according to Hillert and Purdy it implies significant
structural changes when grain boundaries become appreciably mobile; on the
other hand Smidoda et al. suggest that it may be due to different solute
transport mechanisms in the two cases, with diffusion in the latter
boundaries occurring by the movement of the diffusing atom from one site
of low potential energy to a neighbouring site while in the former
pboundaries by long range jumps of the diffusing atom which, according to
their theoretical analysis, would require a much lower activation energy.
Besides catalyzing nucleation through more rapid transport of solute to
the nucleation site, it has been suggested (Westengen and Ryum (1978))

that this enhanced solute diffusivity may further aid the nucleation
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process by enabling the criteria (Roy and Baver (1975)) for solute

clustering to be more readily satisfied.

The second factor is the effect of boundary migration on the
time available for nucleation, the importance of which has been
emphasized by Campbell and Honeycombe (1974) in their study of discrete
carbide precipitation (i.e. 'interphase' precipitation) at advancing
austenite/ferrite boundaries. In contrast to the sort of behaviour
expected when the boundary structure determines precipitate nucleation
kinetics, these workers obtained convincing metallographic evidence that
precipitate nucleation occurs more readily at partially coherent, low
energy boundary segments — which experiments indicated to be virtually
immobile insofar as their migration occurs exclusively by sideways ledge
movement - than at these ledges which possess a considerably less
ordered, high energy structure. Campbell and Honeycombe attributed this
site selectivity for nucleation to the different mobilities of the two
types of boundary segments, arguing that because of the high mobility of
the ledges insufficient time is available for nucleation at these sites,
whereas the partially coherent boundaries - although energetically less
favoured sites - are sufficiently slow moving to allow carbide nucleation.
This view has recently received support from a theoretical analysis
(aaronson et al. (1978)) of precipitate nucleation at migrating interphase

boundaries.
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CHAPTER 2

PRELIMINARY SURVEY OF THE TRANSFORMATION CHARACTERISTICS

OF Fe-Mn-V-C ALLOYS

2.1 Introduction

As a precursor to studies concentrating on the more fundamental
aspects of the diséontinuous reaction in this alloy system an investiga-
tion was undertaken to delineate the optimum composition and heat-
treatment conditions for observing the reaction in the presence of stable
austenite, i.e. austenite containing sufficient manganese and carbon that

it can be retained on cooling to room temperature. The results of the

investigation are reported in this chapter.

In his preliminary work on the Fe-Mn-V-C system, Dippenaar
(1970) found that discontinuous precipitates can be produced by suitable
heat-treatment (i.e. a solution treatment at 1250°C followed by a water-
quench to retain the high temperature structure and then ageing in the
range 450—700°C) in an alloy of composition Fe-13Mn-2V-.8C and that this
composition yields stable austenite. It seemed appropriate, therefore,
to commence the present investigation with a detailed study of this alloy
and then to assess the effect of alloy composition on the incidence of
discontinuous precipitation by systematically varying the vanadium,

carbon and manganese contents.

Details of the procedures used in the preparation and heat-
treatment of the alloys examined here and the metallographic techniques
used to assess their transformation characteristics are given in

Appendix 1.
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2.2 Results

In addition to discontinuous precipitation, several other
competing precipitation reactions were found to occur in the alloys
selected for study. A brief account of these reactions will be given
before proceeding to a description of the transformation behaviour of the

various alloys examined.

2.2.1 Nature of the precipitation reactions

Three quite distinct reactions were encountered over the range

of ageing temperatures (400—900°C) and times (<200 hrs) considered.

In the first of these (general matrix precipitation) an
exceedingly fine dispersion of discrete VC particles formed homogeneously
throughout the austenite and resulted in a very significant age-hardening

effect.

The second reaction was the familiar austenite to pearlite
transformation, extensively studied by Dippenaar in Fe-Mn-C alloys, in
which nodules with a lamellar structure of ferrite and cementite
(Fe(Mn) 3C) developed at the austenite grain boundaries. Fine VC
precipitates were present within the ferrite lamellae (fig. 3) and these
formed in contact with the advancing ferrite/austenite boundary. However,
unlike the carbide precipitates which form in association with the
austenite to ferrite transformation in low alloy steels (Honeycombe
(1976)), the precipitates within the ferrite lamellae displayed neither a
fibrous morphology (though they appeared somewhat elongated in the

direction of boundary movement) nor an 'interphase' morphology.

In the third reaction, supersaturated austenite decomposed in a
discontinuous manner to yield a dispersion of VC precipitates in solute

depleted austenite. This mode of precipitation proceeded in a similar
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FIGURE 3

Thin foil micrograph of pearlite (X20,000)

FIGURE 4

Optical micrograph of a nodule containing

coarse discontinuous precipitates (X500)
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manner to the pearlite reaction in that nodular regions of transformation
product developed at the austenite grain boundaries and advanced into the
surrounding grains. Under some ageing conditions, coarse precipitates in
the form of lamellae were produced and could easily be resolved in the
optical microscope (fig. 4). Other ageing conditions, however, led to
the development of nodules which simply appeared dark-etching in the
optical microscope (fig. 5), this etching response being due to the
presence of a dispersion of very fine precipitates. In the electron
microscope these précipitates were seen to be present as either long,

thin fibres or very small, discrete particles (fig. 6).

2.2.2 Composition and heat-treatment conditions leading to the

development of fine discontinuous precipitates

The alloy Fe-13Mn-2V-.8C

The ageing response of this alloy, as revealed by optical
metallography and hardness studies, is summarized in Table 1 and in the

isothermal transformation diagram in fig. 7.

TABLE 1
Precipitation Reaction Temperature
Interval

_ , fine 550 < T € 710°C
Discontinuous
p .. .

EEETEEgtion coarse 640 € T < 9000C
Pearlite formation 400 € T < 550°C
General Matrix precipitation 400 < T < 900°C

Although the fine discontinuocus reaction occurs over the

. o .
temperature interval 550 —7100C, a somewhat narrow interval than reported
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FIGURE 5

Optical micrograph showing nodules of fine

discontinuous precipitate (X425)

FIGURE 6

Extraction replica of a nodule containing

fine, discontinuous precipitates (X23,000)






27.

by Dippenaar (450-700°C), the reaction only proceeds to completion below
640°C (fig. 7). Above this temperature, extensive general matrix
precipitation ahead of the fibroug nodules prevents complete transformation
from taking place. Termination of the reaction coincides, in fact, with
the attainment of peak hardness in the untransformed austenite, further
ageing beyond this point resulting in the development of a uniform rim of
coarse discontinuous precipitate around the nodules (fig. 8). Specimens
aged at temperatures above 710°C contained no fibrous nodules of a size
sufficient to be resolved in the optical microscope. At these tempera-
tures, coarse discontinuous precipitates develop in the immediate
vicinity of the grain boundaries (fig. 4). Below 55OOC, fibrous
precipitation is replaced by the pearlite reaction which requires a

shorter incubation time (fig. 7).

In agreement with the observations of Dippenaar, x-ray
diffraction studies revealed that despite the removal of carbon from
solid solution due to VC precipitation, the austenite both ahead of and

within the nodules remains completely stable to room temperature.

Other alloys

Systematic variations were made in the vanadium)carbon and
manganese contents with Fe-13Mn-2V-.8C as the starting composition. 1In
keeping with this systematic approach, the effect of variations in each
constituent will be described separately. It should be pointed out that
several similarities were apparent in the ageing response of the
different alloys examined. Firstly, general matrix precipitation occurred
over the entire range of ageing temperatures considered. Secondly, coarse
discontinuous precipitates developed on ageing above 64OOC and, as in the
Fe-13Mn-2V-.8C alloy, formed only after the untransformed austenite

containing the general matrix precipitate had attained peak hardness.
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FIGURE 7

Isothermal transformation diagram

for the alloy Fe-13Mn-2V-.8C

FIGURE 8

Thin foil micrograph showing a rim
of coarse, discontinuous precipitates
ahead of fine, fibrous Precipitates

(X60,000)
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(a) The effect of wvanadium content

The solid solubility of vanadium in the basic Fe-13Mn-.8C alloy
is 2% at 13000C and as this temperature is only some 20—300C below the

solidus temperature, vanadium additions in excess of 2% were not made.

In common with most other substitutional alloying elements,
vanadium retards the rate of pearlite formation and hence, on reducing
the vanadium content, pearlite formation is accelerated. Thus, when
alloys containing 1.0% and 0.5% V were aged below the eutectoid temperature
(“59OOC in the presence of 13% Mn), the grain boundaries became rapidly
occupied by pearlite. In neither of these alloys could the fine dis-

continuous reaction be detected.

(b) The effect of carbon content

The addition of carbon to the basic Fe-13Mn-2V-.8C alloy reduced
the solidus temperature to the extent that only 0.2%C could be added with-
out incipient melting at 1300°C. Increasing the carbon content by this
much had no detectable influence on the temperature range over which the
fine discontinuous reaction occurred but, because it resulted in a marked
acceleration of the pearlite reaction, on ageing below the eutectoid
temperature these two reactions proceeded simultaneously at the austenite
grain boundaries. As pearlite occupied by far the greater proportion of
the total boundary area, the extent to which the discontinuous reaction
could proceed was very limited. Typically, this reaction accounted for

only 5-10% of the transformation product in fully transformed specimens.

Reducing the carbon content below 0.8% (in the presence of 13%Mn
and 23V) reduced the stability of the austenite and as was expected from
the behaviour of Fe-Mn-C alloys (White and Honeycombe (1962)), when the
carbon content was less than 0.4%C the alloys were found to be partially

martensitic at room temperature. Though reducing the carbon content from
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0.8% to 0.5% did not render the 'as quenched' austenite unstable, the
stability was lowered to the extent that the subsequent removal of carbon
from solid solution, during either discontinuous or general matrix
precipitation, resulted in a martensitic transformation on coocling from

the ageing temperature.

(c) The effect of vanadium carbide content

It was thought that the absence of discontinuous precipitation
in alloys containing 1.0% and 0.5% V might simply be due to a rapid
exhaustion of suitable nucleation sites because of accelerated pearlite
formation at the grain boundaries. In view of the marked effect of carbon
content on the rate of pearlite formation, an attempt was made to suppress
this reaction in low vanadium alloys (thereby leaving the way open for
discontinuous precipitation) by examining alloys with an initially lower
level of VC supersaturation. In the resulting alloys selected for study,
namely Fe-13Mn-1V-0.63C and Fe-13Mn-.5V-.5C, pearlite formation was, as
anticipated, greatly retarded. Despite this, the fine discontinuous
reaction could not be detected even after ageing for as long as 200 hours
in the temperature interval 450—7OOOC. This strongly suggests that a
minimum level of solute supersaturation is required for the discontinuous
reaction to occur, as is found in many other alloy systems (Hornbogen

(1972)) .

(a) The effect of manganese content

Transformation studies on alloys containing in excess of 13%Mn
were not undertaken since increasing the manganese content only marginally
beyond this level (in the presence of 2%V and .8%C) lowered the solidus

temperature below l3OOOC.

Reducing the manganese content had two effects: firstly, the
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stability of the austenite was lowered to the extent that below 8%Mn, the
'as-quenched' alloys were partially martensitic; secondly, pearlite

formation was enhanced with the result that in alloys containing 11% and
9%Mn aged below the eutectoid temperature, the pearlite reaction was once

again found to occur at the expense of discontinuous precipitation.

2.3 Conclusions

\
The range of composition and heat-treatment conditions over

which discontinuous precipitation of VC fibres and particles can occur,

in the presence of stable austenite and without interference from
competing precipitation modes, is very narrow. For a detailed study of
the development of this discontinuous reaction, the alloy Fe-13Mn-2V-.8C,
solution-treated at 1300°C, water—-quenched and then aged between 550-640°C

is close to optimum.
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CHAPTER 3

DISCONTINUOUS PRECIPITATION: MICROSTRUCTURAL OBSERVATIONS

3.1 Introduction

The characteristics of the fine discontinuous precipitates,
their distribution and the process of nodule development at the austenite
grain boundaries are described in detail in this chapter. These various
aspects of the reaction were studied using transmission electron micro-
scopy of carbon extraction replicas and thin foils, and all observations
reported here were made on the alloy Fe-13Mn-2V-0.8C, solution treated at

13OOOC, water—-quenched and unless otherwise indicated, aged at 6OOOC.
3.2 Results

3.2.1 Nature and crystallography of the precipitates

Two quite distinct precipitation processes were found to occur
during the discontinuous reaction. 1In the first of these (particulate
precipitation), VC is repeatedly nucleated at grain boundaries which are
characteristically irregular as a result of local curvature. BAs these
non-planar boundaries advance into the untransformed austenite, they leave
behind a dispersion of fine, discrete particles (fig. 9). In the second
process (fibrous precipitation), long thin VC fibres grew behind, and in
contact with, comparatively planar boundaries (fig. 10). The fibres
always appeared very straight and in all cases examined using trace
analysis, the long fibre axis was found to lay normal to the plane of the
boundary at which precipitation occurred. In fig. 10 for example, the
long parallel fibres lay almost in the plane of the foil, which is ~(001)
in the lower grain, while the boundary - viewed here 'edge-on' - is ~(541)

in this grain.
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FIGURE 9

Particulate precipitates behind a
non-planar advancing boundary.

Thin foil micrograph (X61,000)

FIGURE 10

Fibrous precipitates behind an

advancing planar boundary (X35,000)
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Whereas fibrous precipitation during the austenite to ferrite
transformation represents a closer approach to equilibrium conditions
than the development of discrete particles (Berry and Honeycombe (1970) ;
Batte and Honeycombe (1973); Edmoﬁds (1972)), as evidenced by the coarser
nature of the fibres and the fact that these are present in greater amount
when transformation proceeds more slowly, this does not appear to be the
case in the discontinuous reaction. Both the average particle size and
fibre width are comparable (~10-15nm), as are the interparticle and inter-
fibre spacings (~50nm). Moreover, examination of large areas of
extraction replicas taken from fully transformed specimens aged at 550°C
and 640°C revealed no significant difference in the relative proportions
of the two kinds of precipitate, even though the overall transformation
kinetics of the discontinuous reaction differs considerably at these two

temperatures (fig. 7).

In common with most other discontinuous precipitates, the VC
exhibits an orientation relationship with the re-oriented matrix phase
(fig. 1la,b), and not with the matrix which lies ahead of the advancing
boundary. This relationship is the same for both fibrous and particulate

precipitates and can be expressed as follows:
(oo1) . || (0o1).,

[010]y. || Tozo],

This, of course, is the familiar 'cube-cube' orientation relationship
which is commonly encountered (e.g. Imai and Namekata (1970)) when VC or

other isomorphous carbides precipitate in austenite.

3.2.2 The precipitate distribution

Some nodules were made up entirely of particulate precipitates
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FIGURE 11(a)

Selected area electron diffraction pattern from
a Y, region containing both fibrous and particu-

o
late precipitates. AL = 27mm A

FIGURE 11(b)

Interpretation of above pattern.

® matrix reflection
O VC reflection
X Double diffraction
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randomly dispersed in the austenitic matrix; more commonly however, the
nodules contained both fibrous and particulate precipitates and when this
occurred, two different distributions of fibres and particles could be

distinguished.

In the first (fig. 12), particulate precipitates are present
over most of the nodule, occupying a region extending from the non-planar
portions of the advancing boundary to the original site of this boundary,
while the fibres lay behind, and normal to, comparatively long and straight
boundary segments. It should be pointed out, however, that nodules con-
taining this distribution were not all identical in structure. For
example, in some nodules the fibrous region was reasonably uniform in
width but in others (e.g. the larger of the two nodules in fig. 12) the
fibrous region appeared distinctly wedge-shaped, converging to an apex at
one end of the boundary segment at which the fibres developed. Also, in
some nodules (fig. 12) the fibres lay (principally) behind only one
straight boundary segment while in others extensive fibrous precipitation
took place behind a number of boundary segments of different orientation
(fig. 13) and where this occurred, the fibrous region consisted of arrays
of parallel fibres, the fibre long axis in each array lying in a different

crystallographic direction in the austenite (fig. 14).

Tn the second precipitate distribution (fig. 15), narrow bands
of fibres separated considerably wider bands of roughly parallel fibres.
In general, this banded structure was present over most of the nodule,
with the individual bands lying more or less parallel to one another
(fig. 16). 1Insofar as particulate precipitates are present in discrete
bands, this structure bears some resemblance to the 'interphase' type
distribution which occurs during the direct transformation of austenite

to ferrite in low alloy steels. As with this latter distribution (see,
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FIGURE 12

Extraction replica of two nodules, containing fibrous
and particulate precipitates, which have nucleated

between the same pair of austenite grains (X12,000)
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FIGURE 13

Extraction replica of a nodule whose boundary
contains a number of straight segments of

different orientation (X20,000)

FIGURE 14

Thin foil electron micrograph showing the
fibrous region behind several Planar boundary

segments of different orientation (X30,000)
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FIGURE 15

Banded distribution of fibres and particles.

Thin foil electron micrograph (X40,000)
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JFIGURE 16

Extraction replica micrograph showing
the association between the banded
precipitate distribution and ledges

on the nodule boundary (X13,000)
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for example, Campbell and Honeycombe (1974)) the advancing boundaries
frequently contained a series of short, inclined steps which were
associated with the precipitate bands. This association is clearly
evident in fig. 16. Thin foil electron microscopy revealed that these
steps are, in fact, planar boundary segments behind which (and normal to
which) fibrous precipitates develop (fig. 17a). On the other hand, the
boundary segments between the steps appeared distinctly non-planar in the
electron microscope and it is at these that particulate precipitation

occurs, as can be seen in fig. 17b.

Close examination of this banded structure in thin foils tilted
so as to minimize the extent of precipitate overlap in the image revealed
that many of the particles in each band are attached to the ends of fibres
in an adjacent band. Examples of this can be seen in the vicinity of
arrowhead A in fig. 18. In virtually all of the cases where this attach-
ment was encountered, the direction of fibre growth (indicated by arrow-
head B in fig. 18) was consistent with the fibres having nucleated on

these particles.

3.2.3 Nodule development

Confirming the results of optical metallographic studies
(Chapter 2), electron microscopy revealed that the discontinuous reaction
initiated at the pre-existing grain boundaries in the as-quenched alloy.
It should be noted that the propensity to nucleate the reaction varied
greatly from one boundary to another and often, from one segment to
another of the same boundary. This particular aspect of the reaction will

be examined in more detail in the next chapter.

The transformation commenced at the boundaries with the
precipitation of particulate VC. BAs these particles formed, the

boundaries began to migrate and as the reaction proceeded, migration
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FIGURE 17(a)

Thin foil micrograph showing fibrous
brecipitation behind a planar ledge and
particulate precipitates at adjacent non-

Planar boundary segments (X60,000)

FIGURE 17 (b)

Same area as in (a) but at a

different foil orientation
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FIGURE 18

Thin foil electron micrograph showing

fibres attached to particles

FIGURE 19

(X85,000)

Early stages of nodule development.

Thin foil electron micrograph

(X52,000)
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continued in association with further particulate precipitation. The

nett effect of these simultaneous processes was to produce a highly
convoluted grain boundary between adjacent grains (fig. 19), each convolu-
tion and the transformation product contained within constituting an
individual nodule. In general, nodules in the very early stages of
development were roughly hemispherical in shape (fig. 20) indicating that
nodule growth occurs in an essentially radial manner. This shape was
generally maintained until such time as either adjacent nodules impinged
whereupon they coalesced to form quite complex shapes, or fibrous
precipitation occurred in which case one or more growth directions became

favoured.

The development of nodules in the manner described above - i.e.,
by the migration of pre-existing grain boundaries - establishes this
process as being a classical discontinuous reaction (Smith (1953)).
Further evidence for this manner of nodule development came from electron
diffraction and dark-field studies which showed the orientation of the

austenite to be continuous across the original site of the grain boundary.

Migration of the convoluted boundaries into one or other of the
adjacent austenite grains continued until the entire volume of the
specimen was occupied by nodules. It will be recalled from the previous
section that some of these nodules consisted simply of a dispersion of
particulate precipitates in an austenitic matrix; others, and these were
by far the more common, contained both fibrous and particulate precipitates.
In the former case, nodule growth involved continued particulate
precipitation over the entire length of the advancing boundary which
remained non-planar. In the latter case, however, it was apparent that at

some stage of nodule growth a segment of the advancing boundary adopted a

markedly planar configuration and this was accompanied by a transition
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FIGURE 20

Nodule at an early stage of development

containing only particulate precipitates.

Thin foil electron micrograph (X115,000)

FIGURE 21

Thin foil electron micrograph of a nodule

whose local direction of growth is every-

where normal to the boundary plane

(X29,000)
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from particulate to fibrous precipitation. During the course of further
nodule growth, particulate precipitates continued to form on those parts
of the nodule boundary which remained non-planar so that at any one time,
both types of precipitate formed concurrently behind different segments

of the advancing boundary.

It was frequently the case that the boundary segments at which
fibrous precipitation occurred, when present on either the one nodule or
on adjacent nodules nucleated between the same two austenite grains, lay
parallel or very nearly parallel to one another. Examples of this can be
seen in figs. 12 and 16. Since electron diffraction analysis has shown
that the orientation of the austenite containing the precipitate is
continuous across the site of the transition, and that the transition
occurs during nodule growth into super-saturated austenite of uniform
orientation, it follows that fibres are generated behind those parts of
the nodule boundary that lie in some preferred crystallographic

orientation.

Nodule boundaries consisting of both planar and non-planar
segments advanced in one or two ways, each giving rise to a different
distribution of fibres and particles. As is now evident, these distribu-
tions are related to one another through the fact that it is behind
favourably oriented boundary segments that fibrous precipitation takes
place. 1In the éase of the first distribution (fig. 12} and that which
occurs when the favourably oriented segments are comparatively long, the
local direction of nodule growth is normal to the plane of the boundary.
This manner of growth can be readily visualised by referring to the thin
foil micrograph in fig. 21. Growth of the nodule shown here involves the

migration of both a planar boundary segment at which fibrous precipitation

has occurred and a broadly curved segment at which particulate precipitates
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FIGURE 22

Extraction replica micrograph showing
a boundary protuberance (at A) at which

ledges B and C have nucleated (X20,000)
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have formed. Because the advancing boundary is viewed everywhere
'edge-on', the direction of boundary migration can be shown on the micro-

graph and is indicated at various points by arrows.

In the case of the banded precipitate distribution, the
favourably oriented boundary segments are much shorter and constitute a
series of inclined ledges on the nodule boundary. In this case, outward
growth of the nodule involves the sideways movement of the ledges - a
mechanism similar to that proposed by Aaronson (1962) and Davenport and
Honeycombe (1971) for interphase precipitation in steels. For growth to
continue in this way requires, of course, continued ledge development at
the non-planar boundary segments. In this connection it is interesting
to note that the initiation of fibrous precipitate bands and hence, ledge
development, often occurs where there exists a comparatively large
boundary protuberance, an example of which can be seen on the
left-hand side of fig. 22. As will be seen in the later discussion,
preferential ledge development at these sites closely parallels known

behaviour in a number of other alloy systems.

3.3 Summary

A study has been made of the fine discontinuous reaction in the
alloy Fe-13Mn-2V-.8C using electron microscopy of carbon extraction
replicas and thin foils. The major points to emerge from this study are

as follows:

(1) VC precipitates at the advancing grain boundaries as either long
thin fibres (fibrous precipitation) or fine, discrete particles
(particulate precipitation). Fibrous precipitates develop behind,
and normal to, comparatively planar boundaries which lie in some
favourable crystallographic orientation. In contrast, particulate

precipitation occurs at boundaries which are non-planar and therefore
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have no preference for a particular orientation. Both types of
precipitate form in the familiar cube-cube orientation relationship

with the nodule austenite.

(2) The discontinuous reaction is of the classical form in that it
proceeds by the migration of pre-existing grain boundaries. In the
initial stages of nodule growth the advancing boundary is entirely
non-planar and hence the nodule contains only particulate precipi-
tates. In the advanced stages however, one of two situations
prevail: either the nodule boundary continues to remain non-planar
over its entire length or, as is more likely, it consists of both
planar and non-planar segments in which case both fibrous and

particulate precipitates are present within the nodule.

(3) In the latter case, the precipitates are distributed in one of two
ways. In the first, particulate precipitates are present in a
random dispersion over most of the nodule and in a region extending
from the non-planar portion of the nodule boundary to the original
site of this boundary, while the fibres lay behind, and normal to,
comparatively long and straight boundary segments. This distribution
arises when the local direction of nodule growth is normal to the
plane of the boundary. In the second distribution, narrow bands of
particles separate considerably wider bands of fibres. In this case,
the planar segments are much shorter and are present in the form of
a series of inclined ledges on the nodule bounda?y. Outward growth

of the nodule occurs by the sideways movement of the ledges.
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CHAPTER 4

DISCONTINUOUS PRECIPITATION: THE EFFECT OF GRAIN

BOUNDARY CRYSTALLOGRAPHY

4.1 Introduction

The fact that fibres, unlike particulate precipitates, are
generated behind boundaries which lie in some favourable crystallographic
orientation raises the possibility that the nature of the advancing
boundary is a significant factor influencing precipitate morphology. This
is further suggested by such behaviour as seen in figs. 12 and 17 where,
as the orientation of the advancing boundary changes abruptly, so does the
nature of the precipitate. In the present work this possibility has been
investigated by carrying out detailed crystallographic analyses of a number
of boundaries at which fibrous and particulate precipitation occur and
interpreting the results of these analyses in terms of the Coincidence Site

Lattice Model of grain boundary structure.

In addition to these studies, several pre-existing grain
boundaries at which the discontinuous precipitation had not occurred after
prolonged ageing have also been analyzed in order to study the effect of

grain boundary crystallography on precipitate nucleation.

It will be recalled from chapter 1 that the CSL model envisages
grain boundaries as consisting of a periodic array of coincidence sites
which arise from geometrical matching between adjacent crystal lattices.
As the essential distinction between the structure of one boundary and
another is the difference in the (planar) density of coincidence sites
(PDCS) at the boundary, i.e. the number of coincidence sites per unit
boundary area, an appreciation of the factors which influence the PDCS is

essential if the model is to be used to interpret crystallographic data.
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These factors and their influence on the PDCS are briefly discussed in the

following section.

The procedures used in the present work to obtain the crystal-
lographic data required for the application of the model, and for the
interpretation of this data, are described in section 4.3. The results of
the crystallographic studies and their interpretation are presented in

section 4.4, the details of which are summarized in section 4.5.

4.2 The density of coincidence sites at the grain boundary

In the CSL model a boundary becomes the appropriate planar
section through the CSL which, it will be recalled, is the regular three-
dimensional array formed by the fraction, %—, of lattice sites common to
the extended lattices of both neighbouring grains. The % value is deter-

mined by the misorientation between these grains and a procedure for its

calculation has been given by Ranganathan (1966).

In a number of studies in which the model has been used to
interpret crystallographic data for boundaries between cubic crystals
(e.g. Ishida et al. (1976); Williams and Edington (1976)) an implicit
relationship between % and the PDCS has been assumed; i.e. if I is
comparatively low then the boundary will contain a relatively high PDCS
and hence will have a well-ordered structure, and vice versa. However, as
pointed out by Pond (1974) in a paper dealing with the geometrical
properties of CSLs, no such simple relationship exists. In part, this is
because CSLs possess low symmetry, i.e. the spatial distribution of
coincidence sites is highly anisotropic, and partly because the character-
istics of this distribution are sensitively dependent on the boundary
misorientation. As a result of these factors, some CSLs contain planes

with a similar or higher PDCS than that which can be achieved in CSLs with
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significantly lower I values. For example, Pond has shown that because
CSLs generated between f.c.c. crystals related by angular rotations about
<100> ’ <i10> and <ill> axes have, respectively, tetragonal, orthorhombic
and trigonal type Bravais lattices, the maximum value of the PDCS in the

Y = 41 CsL ( <100> / 12.1°%) is commensurate with that in the I 19 CSL

( <110>‘/ 46.80) which in turn is less than half that in the % 27 CSL

( {110) / 31.6).

Thus, it is clear that in order to characterize grain boundary
structure in terms of the PDCS, the spatial distribution of coincidence
sites in the CSL defined by the boundary misorientation must first be
determined, and then the appropriate planar section through this

distribution, corresponding to the boundary plane orientation, be made.

It should be pointed out that although the PDCS is not simply
related to X, it is nevertheless significantly influenced by this para-
meter (Smith, 1974). This influence arises because, in addition to being
the reciprocal volume density of coincidence sites, I is also the ratio of
the volume of the primitive uni