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SYHOPSIS

Studies have been made of the effécts of thermo-mechanical treatment
variables on the recrystallization of austgnite, the transformation

of austenite and precipitation strengthening in C-lIn steel Containing
niobium, niobium plus vanadium, vanadium and vanadium plus nitrogen,

The amounts of niobium and vanadium were varied across the stoichiometric
raﬁio of M:C and M:N inorder to investigate the effect of stoichiocmetric

ratio on the precipitation strengthening,

Austenite grain coarsening studies, revealed that an increase in niobiwum

or vanadium refined the austenite grain size at a given austenitizing
ln’rpzzvg\L

temperature and\dhe austenite grain coarsening temperature, However, it

was not possible to refine the austenite grain size indefinately at a

given temperature by increasing the niobium or vanadium, because there

was an equilibrium grain size beyond which grain refinement did not

- occur, This equilibrium austenite grain size increased with increase

in the austenitizing temperature, Niobium was found to be more effective

“than vanadium in retarding austenite grain growth due to the increased
stability and slower coarsening rate of Nb(C,N) compared with V(C,N),
The austenite grain coarsening temperature was always lower than the

solubility temperature of the alloy carbonitrides. An increase in the

nitrogen content in vanadium steels from 0,008% to 0.0Z5 resulted in 2n

% increased austenite grain coarsening temperature. =

During thermo-mechanical treatments, recrystallization of austienite

increased with decreasing the prior austenitie grain size, increasing

the rolling temperature and increasing the rolling reduction, Additions

of niobium retarded recrystallization of austenite with increasing

niobium in solution prior to deformation. The mechanisms by which niobium

retzrded the recrystallization of austenite include :- f
(a) retardation of the nucleation of the recrystallized grains by
both niobium in the solution and straln— nduced Nb(C,N) precipitat E , .
and

(t) retardation of the FFO%uH of the recrysizllized grains into the

ACurubultu than for niotium, Combined additions of . {
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niobium and vanadium were found to retard recrystallization of austenite

more effectively than when niobium or 'vanadium added seperately.

Both niobium and vanadium refined the recrystallized austenite grain
size, but this was more pronounced in niobium steels than in vanadium
steels., However, an increase in the nitrogen content in vanadium steels
increased the effectiveness of‘vanadium in refining the recrystallized
austenite grain size, Conditions underwhich the grain growth of the
recrystallized grains can be retarded prior to the transformation have

been identified and discussed.

Niobium -in solution increased the hardenability of austenite, but

niobium as Nb(C,N) decreased the hardenability. Any thermo-mechanical
treatment which lowered the niobium in solution, lowered the hargenablllty
of austenite, Additions of niobium to C-Mn steel refined the ferrite

grain size after thermo-mechanical treatment and this effect increased
with up to 0,07% Nb, but above 0.16)% Nb had no further ferrite grain

refining effect, The effect of various thermo-mechanical treatment

variables on the ferrite grazin size have been presented and discussed,
In general, low reheating temperatures, low rolling temperatures, high 'f
rolling reductions and minimum holding times after rolling, all refined
the ferrite grain size, Similar to niobium, vanadium also refined the

ferrife grain size particularly after rolling at low temperatures, An

increase in the nitrogen content in the vanadium steels, enhanced this vffz
effect of vanadium, In high nitrogen vanadium steels the refinemenit of §f 
the ferrite grain size occurred after holding at 95000 after zolling -

vhich was in conitrast to the effect observed in niobium steels in

s JERe . . s - .
whlchAferrlte grain size increased, This has been explained on the

basis of an interaction between V--Al in the hlgn nitrogen steeils,

The occurrence of mixed ferrite grain sizes in the controlled rolled

steels resulis in the deterioration of toughness properties, The sources
for the occurrence of mixed ferrite grain size in the controlled rolled ’ N
o

*verls have been identified and suggestions have been made to reduce or

clininate

(«)

sucn struclures,

Precipitation of Nb(C,N) in the ferrite j2s been shovn to induee proci-
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Pitidion strengthening which vas found to increase with an incre



Nb:C ratio up to stoichiometry, whilst above stoichiometry the precipi-
tation strengthening decreased,- Strain induced precipitation of Nb(C,N)
in austenite decreased precipitation strengthening. The kinetics for
strain induced precipitation of Kb(C,N) in the austenite showed a !C!
curve, having meximum precipitation rate at 9000-9SO°C. Héavy deforma~-
tions and holding in this temperature range, lowered the precipitation
strengthening substantially. Similar to niobium, vanadium also imparted
strengthening through the precipitation of V(C,N) in ferrite, and the
maximun precipitétion strengthening was attained at the stoichiometric
ratio of V:C, Strain induced precipitation of VNvin austenite occurred
at a maximum rate at 900°-950°C whilst that of V A3

temperature of 8300—85000. An increase up to 0,0% N increased precipi-

occurred at a lower

tation sirengthening in vanadium steels., The mechanism by which nitrogen
enhances precipitation strengthening in venadium steels have been discussed.
Also in high nitrogen vanadium steels the effects of the interaction
between V-N-Al on the precipitation strengthening has been discussed.

It has been shown that most of the precipitation of V(C,N) occurred in
‘the ferrite during.the‘Yi%>QC transformation by an interphase mechanism,
whilst a'very small amount of precipitation occiurred from the ferrite,
Therefore, it has been suggested that to intensify the precipitation
strengthening, ccnirol over the interphase precipﬁqiasize and distiribution
should be achieved, Comparative effects of niobium and vanadium on the
precipitation strenzgthening have been presented and diséussed. Cembined
additions of niobium and vanadium gave lower precipitation strengthening
than the sum of that which can be achieved from niobium and vanadium

added individually,
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SYNOPSIS

Studies have been made of the effects of thermo-mechanical treatment
~variab1eé on the recrystallization of austenite, the transformation

of austenite and precipitation strengthening in C-lMn steel containing
niobium, niobium plus vanadium, vanadium and vanadium plus nitrogen,

The amounts of niobium and vanadium were varied across the stoichiometric
raﬁio of M:C and M:N inorder to investigate the effect of stoichiometric

ratio on the precipitation strengthening,

Austenite grain coarsening studies, revealed that an increase in niobium
or vanadium refined the austenite grain size at a given austenitizing
temperature anizsggzéﬁgfénite grain coarsening temperature, However, it
was not possible to refine the austenite grain size indefinately at 2
given temperature by increasing the niobium or vanadium; because there
was an equilibrium grain size beyond which grain refinement did not
occur, This equilibrium austeqite'grain size increased with increase

in the austenitizing température. Niobium was found to be more effective
"than vanadium in retarding aus{enite grain growth due to the increased
stability and slower coarsening rate of Nb(C,N) compared with V(C,N).
The avstenite grain coarsening temperature was always lower than the
solubility temperature of the alloy carbonitrides. An increase in the
nitrogen content in vanadium steels from 0.008% to 0,025 resulted in an

increased austenite grain coarsening temperature.

During thermo-mechanical treatments, recrystallization of ausienite
increased with decreasing the prior austenite grain size, increasing
the rolling temperature and increasing the roiling reduction, Additions
of niobium retarded recrystallization of austenite with increasing
niobium in solution prior to deformation, The mechanisms by which niobium
retarded the recrystallizatibn of austenite include :~
(a) retardation of the nucleation of the recrystallized grains by
both niobium in the solution and strain-induced Nb(C,N) precipitates,
and , o , ‘
(b) retardation of the growth of the recrystallized grains into the
' unrecrystallized matrix by strain induced Nb(C,N) precipitates.,
Vanadium also retarded recrystallization of austenite but this was

observed at lower temperatures than for niobtium, Combined additions of



niobium and vanadium were found to retard recrystallization of austenite

more effectively than vhen niobium or vanadium added seperately.

Both niobium and vanadium refined the recrystallized sustenite grain
size, but this was more pronounced in niobium steels than in vanadium
steels. However, an increase in the nitrogen content in vanadium steels
increased the effectiveness of vanadium in refining the recrystallized
austenite grain size, Conditions underwhich the grain growth of the
recrysfallized grains can be retarded prior to the transformation have

been identified and discussed,

Niobium-in solution increased the hardenability_of austenite, but
niobium as Nb(C,N) decreased the hardenability., Any thermo-mechanical
treatment which lowered the niobium in solution, lowered the hardenability
of austenite, Additions of niobium to C-Mn steel refined the ferrite
grain size after thermo-mechanical treatment and this effect increased
with up to 0.07% Wb, but above 0.16% Nb had no further ferrite grain
refining effect. The effect of various thermo-mechanical treatment ,
" variables on the ferrite grain size have been presented and discussed.
In general, low reheating‘temperatures, low rolling temperatures, high
rolling reductions and minimum holding times after rolling, all refined
the ferrite grain size, Similar to niobium, vanadium also refined the
ferrife grain size particularly after rolling at low temperatures., An
increase in the nitrogen content in the vanadium sieels, enhanced this
effect of vanadium, In high nitrogen vanadium steels the refinement of
the ferrite grain size occurred after holding at 95000 after »olling,
which was in contrast to the effect observed in niobium steels in
whicﬁ&?girite grain size increased. This has been explained on the

basis of an interaction between V-N-Al in the high nitrogen steels,

The occurrence of mixed ferrite grain sizes in the controlled rolled .
steels results in the deterioration of toughness properties. The sources
for fhe occurrence of mixed ferrite grain size in the controlled rolled
steels have been identified and suggestions havé been made to reduce or

‘eliminate such structures.

" Precipitation of Nb(C,N) in the ferrite has been shown to induce preci-

pitation strengthening which was found to increase with an increase in



Nb:C ratio up to stoichiometry, whilst above stoichiometry the precipi-
tation strengthening decreased,-Strain induced precipitation of Nb(C,N)
in austenite decreased precipitation strengthening. The kinetics for
strain induced precipitation of Hb(C,N) in the austenite shbwed a ¢!
curve, having maximum precipitation rate at 9000—95000. Héavy defqrma-
tions and holding in this temperature range, lowered the precipitation
strengthening substantially, Similar to niobium, vanadium also imparted
strengthening through the precipitation of V(C,N) in ferrite, and the
maximum precipitation strengthening was attained at the stoichiometric
ratio of V:C, Strain induced precipitation of VN‘in austenite occurred
at a maximum rate at 900°-950°C whilst that of V 4O ocourred at a lover
temperature of 830°-850°C, An increase up to 0.0% N increased precipi-
tation strengthening in vanadium steels, The mechanism by which nitrogen'
enhances precipitation strengthening_in vanadium steels have been discussed.
Also in high nitrogen vanadium steels the effects of the interaction
between V-N-Al on the precipitation strengthening has been discussed.

It has been shown that most of the precipitation of V(C,N) occurred in
‘the ferrite during.the'Yi%>QC transformation by an interphase mechanism,
whilst a‘very small amount of precipitation occurred from the ferrite,
‘Therefore, it has been suggested that to intensify the precipitation
strengthening, control over the interphase precipﬁaiﬂsize and distribution
should be achieved. Comparative effects of niobium and vanadium on the
precipitation strengthening have been presented and discussed., Combined
additions of niobium and vanadium gave lower precipitation strengthening
than the sum of that which can be achieved from niobium and vanadium

added individually,
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CHAPTER 1

THE EFFECT OF MICROALLOYING ON THE MORPHOLOGY OF AUSTENITE DURING -

HOT WORKING.

161 Intrpduction

Ferrite grain refinement is an established method for improving the

properties of steels, and indeed is the only mechanism by which both
the strength and toughness may be increased simulteneously, It is
widely used in the manufacture of plates for structural purposes, in line

pipe steels, in certain pressure vessels, and in steel strip for many

high stirength, formable applications.

Grain refinement in carbon-manganese steels is materially influenced

by the hot working or thermo-mechanical treatment. The following are

some of the more important factors :-

(a)

(b)

(o)

The'recrystalligation of the austenite; debreasing the recry-
stallization rate, often by micro-alloying additions such

as niobium, tendsto promote elongated unrecrystallized'auste—
nite‘grains which transform to fine grained ferrite by virtue |

of the rapid nucleation of ferrite at the austenite grain

' boundaries and on deformation bands, and the impingement of

the ferrite grains before they have chance to grow.

The rate of nucleation of ferrite during the transformation
of austenite; a high nucleatioh rate decreasing the ferrite
grain size of the transformed structure. The nucleation rate
can be increased by increasing the number of ferrite nuclea-
tion sites, which may be prior austenite grain boundaries,
deformation bands, sub-structures, or second phase particles.
The rate of grain growth of the austenite prior to transfor-
mation and the rate of growth of the ferrite during or subse-
quent to the transformation. A slow rate of grein growth of
the austenite preserves a fine grained austenite and therefore
results in fine grained ferrite. Similarly, a slow rate of
growth of ferrite during the transformation will allow more
nuclei to be activated and thus a finer ferrite grain size

to be produced., A decrease.in the rate of grain growth of

the ferrite afier transformation will tend to preserve a fine



ferrite grain size, Fine carbonitrides can inhibit either
austenite or ferrite grain growth by pinning the grain boundar-
ies, whilst certain microalioyingAadditions, such as niobium,
can eiert a solute drag effect on grain boundaries.

- (d) The transformation temperature of the austenite-ferrite reaction;
a8 decrease in the transformation temperature decreases the
ferrite grain size., Manganese is particularly effective in
this respect, as also are even small additions of the micro-
alloying elements, Fast cooling prior to transformation is
also effective in depressing the transformation temperature.

(e) The prior austenite grain size; the finer the austenite grain
size the finer the transformed ferrite grain size because of
the increased ferrite nucleation rate., The initial austernite
grain size is controlled by the thermc-mechanical treatmeﬁt
parameters,the presence of second phase particlés and the

presence of microalloying additions.

Pfecipitation strengthening is used to achieve higher strength in micro-
alloyed steels, However, such a strengthening mechanism is harmful to
the toughness but this can be partly off-set if it is associated with -
grain refinement, Precipitation strengthening in carbon-manganese steels
can be obtained by addition of the same alloying elements which are
used to refine the ferrite grain size in controlled rolled steels {i.e
niobium, vanadium oxr titanigm). The intensity of precipi?ation strength-
ening is dependent on the volume fraction, size and distribution of
precipitates and these are very much influenced by the following :-

(a) . The amount of alloying elements in solution; a larger amount
of precipitating elements in solution is required to increase
the volume fraction of precipitates. This can be achieved
by usingﬁ&eheating temperature at which most of the elements
are in solution and this depends very much on the temperature
dependent solubility of the alloying element concerned. Also
the maximum solubility occurs at the stoichiometric composition
for a given temperatufe, and.therefore the amount of precipi-~
tate will be a function of composition,

(b) The temperature of precipitation; precipitation at higher
temperature, mainly in austenitehgenerally results in coarse

precipitates which are not véry-effective in strengthening the



-matrix and hence every effort is required to minimise this
form of precipitation so that more precipitation can occur
at low temperature., Precipitates formed at low tempeiatures,

- particularly in ferrite are fine and semi-coherent with the
matrix and thus cause strengthening. lLow temperatures can
also avoid coarsening of precipitates, resulting in numerous
fine precipitates and therefore enhanced precipitation stre-
ngthening., ' |

Microalloying additions such as niobium and vanadium decrease the rate
of recrystallization, and their carbopiﬁrides effectively restrict
austenite and ferrite grain growth, In addition, they also impart some
precipitation strengthening., The use of such additions, augmented by
controlled processing, has made it possible to produce High Strength
Low Alloy (H.S.L.A.) steels with yield strengths up to 750 MN/m2 and.
high toughness, The control of the optirmm microalloying addition is
not fully understood in terms of the smallest addition which can control
austenite recrystallization during thermo-mechenical treaiment, with -
the minimum of production difficulties, The high deformations at iow
finishing xolling temperatures required to achieve ultra fine transfor-
med ferrite grain sizes are limited by mill capacities. Also there have
been few systematic studies in to the effect of various rolling perame-
ters on the precipitation strengthening in microalloyed steels, It is
desirable to understand the effect of various rolling variables on
ferrite grain refinement and the intensity of precipitation strengthe-
ning, as the optimum combinations of these two strengthening mechanisms
are required to achieve the required strength-toughness properties, in
controlled rolled H.S,L,A steels,

Vhilst the recrystallization of H.S.L.A steels has been extensively
studied,there is a lack of quéntitative data on the effect of micro-
alloying elements such as niobium and vanadium on the kinetics of aust-
énite recrystallization and grain growth during thermo-mechanical treat-
ment. The effect of composition, in terms of carbonitride stoichiometlzxy,
on recrystallization during thermo-mechanical treatment are also
important in controlling the final ferrite grain size, because this
stoichiometry influences the teﬁperature depenéence of the solubility
of the carbonitrides, It is necessary therefore to investigate systema-



tically the effects of va:ying micro-alloying additions, and their
sfoichiometry with respect to carbon and nitrogen, on recrystallization
and grain growth of austenite, ahd on the mechanism of nucleation and
growth of the ferrite during the transformation of varying morphologies

" of austenite,

The precipitationvstrengihening by various micro-alloying additions,
varies in controlled rolled steels depending on the rolling practice
uséd. Various rolling parameters affect the volume fraction of carboni-
trides precipitated in the austenite and therefore available for subse-
quent precipitation in ferrite, Any rolling variable which leads to an
increased precivitation in austenite will reduce the precipitation
strengthening. Therefore it is desirable to investipate systematically
the effect of various rolling variaebles such as reheating temperature,
rolling temperature, holding temperature and time, and deformation on
the precipitation strengthening in H.S5,L.A steels containing niobium

and vanadium, It is well known that the temperéture dependence of solu-
bility is a maximum at the stoichiometric composition of the alloy '

" carbonitride and hence maximum precipitation strengthening can occur

at such composition. However, there is little experimental data available
for H,S.L.A steels to substantiate this and therefore it is required to
study the effect of metal to carbon ratio on the precipitation sirength-

ening.

These studies are best carried out at carbon contents somewhat lower
than those conventionally used in many current H.S.L.A steels i.e. in
the range 0.07 / 0.09 % C, in order to allow the use of a wider range
of micro-alloying contents so that variations about stoichiometry may
be employed within realisable economic restraints, in addition, these
lowver carbon contents will benefit both toughness and ductility.

1.2  Objective of Investigation

The effect of varying micro-alloying additions such as niobium and
vanadium, with respect of the ratio of the alloying element to carbon
and nitrogen, has been investigated on the response of 0,07 / 0,09 % C,
0.8 / 1.0 % Mn steels to thermo-mechenical treatment, The following
effects have been studied :-



(a)
(v)
(e)
()
(e)
()
(&)
(h)

(i).

The austenite g:ain coarsening behaviour

The development of the austenite grain structure with respect
to deformation temperafure, and strain after different initial
reheating temperatures.

The recrystallization kinetics of austenite after varying

-controlled thermo-mechanical treatments.,

The kinetics of grain growth of austenite after completion of
recrystallization at different temperatures,

The mechanisms by which micro-alloying additions may xetard
the austenite recrystallization.-

The refinement of ferrite grain size after various thermo-
mechanical treatments,

The development of the ferrite grain structure from different
morphologies of austenite grains, and the mechanism of nucle-~
ation and growth of the ferrite grains. |

The effects of deformation on the isothermal transformation
of austenite to ferrite.

The effects of various thexrmo-mechanical treatments on predi—

pitation strengthening,

The method used for thermo—mechanically treating the alloys comprised

~ deformation mainly by rolling. The following variables were studied :-

(1)

(ii)-
(iii)
(iv)
(v)

The heating temperature prior to hot working in ordex to
vary the initial austenite grain size and the amount of alloy
carbonitrides in solution.

The hot deformation temperature,

The hot deformation reduction.

The holding temperature subsequent to deformation.

The holding time subsegquent to deformation.



CHAPTER 2

RECRYSTALLIZATION OF METALS

- 2.1 Introduction

'During annealing, Jdeformed metal passes through various stages to
achieve the equilibrium strain free condition. These stages have been
classified as fecovery, recrystallization and grain growth.

Recovery is the first change that'occurs upon annealing a deformed
metal, and has no incubation period, the rate decieasing as the pro-
cess proceeds, During recovery annihilation of dislocations of oppo-
site sign and the formation of walls from dislocations of the sanme
sign occurs, zlso known as polygonization. As no migration of high
angle grain boundaries occurs during recovery, the deformed structure
retains its basic identity. This process will not be considered in
detail, but its involvement during nucleation processés for recrysta-

llization will be discussed,

"Primary recrystallization is the process of nucleation and growth of
strain free grains and occurs at the expense of the deformed material,
The growth of strain free grains is accomplished by the migration of
high angle grain boundaries. The various processes involved in recry-
stallization such as nucleation and migration of high angle grain

boundaries will be discussed in subsequent sections,

Recovery or recrystallization can occur during deformation or after
deformation, the former is known as dyanmic recovery or recrystalli-
zation and the later as static recovery or recrystallization, In f.c.c.
alloys; as the separation of the partial dislocations increases (i.e
decreasing stacking fault energy) the dislocations become more confined
to their slip planes, rendering climb and cross-slip more difficult.
Thus low stacking fault energy alloys exhibit less dynamic recovery,
and in this situation dynamic recrystallization can occur if the alloy.
is strained beyond the stress drop in a high temperature tensile

test. Recovery opposes the build-up of stored energy necessary for

dynamic recrystallization.



2.2 Nucleation

2;2.1 Introduction

Nucleation of recrystallized grains in a plastically deformed matrix
is the first stage in the recrystallization process, Because of the
lack of direct evidence various theories of nucleation have been

, proposed(1-6). These are mainly; -

1- Classical nucleation theory(1),
2 The subgrain growth mode1(2’3),
"3 The subgrain coalescencejnode1(4),
4 The strain induced boundary migrationvmodel(S).

Extensive experimental observation has led to the establishment of
some basic principles for the mechanism of nucleation, These are:-
(a) Nuclei form preferentially in regionsof high residual
strain energy. More specifically they form in regions of
large strain gradient, 7
(p) The larger the strain, the more nuclei are formed., The
nuclei show a spectrum of nucleation potential, the more
highly potential nuclei being activated at the shoxrter

times.,

(c) The most active nucleation site is the matrix grain
boundary., .

(d)  Some deformation bands act as nucleation sites.,

(e) Fine second phase dispersions inhibit both nucleation and

growth while coarse dispersions aid nucleation without
seriously retarding the growth of nuclei,

2.2,2 Classical nucleation theory.

First developed by Becker(1) for the nucleation of solids in super-
cooled liquids, the theory was extended to nucleation in solids by |

- Burke and Turnbull 7). The critical nucleus size is determined by the
condition that fér the nucleus to be stablé, an infinitesimal increase
in size will result in zero change in free energy, because the inc-
rezse in interfaciai energy is just balanced by the reduction in-

volume internal energy. In the present case, this second term must



represent the enexrgy of dislocations destroyed, oxr favourably rearra-~
nged, as the nucleus grows,

-

The chahge in free energy due to the growth of the embryo is given

" bys~
\ 2. 4 3, '
AFp = 4TrY- 3T AT, _ (1)
where Z;FT - total free energy change per unit volume,
r ~ the radius of the embryo,
Y ~ the interfacial energy per wnit area of interface,
stv -~ the volume free energy change per wnit volume.

Differentiating the above equation with respect to'r' and equating

the result to zexo, will give the critical nucleus size:-

r = - | (2)

The change in total free energy required to fomm the critical nucleus

' sizg ’QsFT(c)>’ is given by,

67 .
3AF "

v
This model assumes that subcritical embryos are constantly being gen-
erated and destroyed. Occasionally, an embryo by chance exceeds the

critical,size and will then grov,

This model has certain advantages:-

(a) it accounts for the existance of an incubation period,

(b) as predicted the preferential nucleation sites are severely
deformed regions and this is in accord with experience,

(¢) it also predicts feasible values of the nucleation frequency

, and critical nucleus size,
Limitation of the classical nucleation theory are:-

(2) The prediction that recrystallized grains should have a low
misfit with the deformed matrix in order to have low intex-
facial energy velues. This would lead to very slow migra-
tion of such boundaries and hence slow growth of recrysta-

1lized grains. In fact the growth of such grains is fast.



(b) No effect of purity is ellowed for, yet purity is probably

of paramount importance in recrystallization.

2.2.3 The subgrain-growth model

Polygonization of the deformed matrix forms the strain free cells,
Cahn(z) suggested that some of these strain free cells would become
viable nuclei for recrystallization., The model is shown in fig. 1.
A region of high strain gradient is converted into a small strain-
free cell by a process of dislocation climb and rearrangement. The
subgrain can grow at the expense of its immediate surrcundings by
'ltwo mechanismss -~ v
(a). Being substantially larger then any cells surrounding it,
the triple-point angles with other sub-boundaries exceed
1200. The subgrain grows in an attempt to restore the equi-
librium angles of 120°, This argument only applies if all
the sub-boundaries have the same energy, i.e all misorien-
tations between nearesi neighbours are the same,
(b) Highly disoriented subgrains grow at the expense of their
neighbours even if they are not larger than the average

(8)

size

Thus e highly misoriented subgrain growsfrecly at the expense of its
neighbours, Eventually, the boundazry angle approaches a critical value.

o(9)

GQm as shown in fig. sy at which the individual dislocations on’
the boundary begin to lose their identity. Near this condition, the
boundary ceases to incorporate dislocations from the matrix within
it, The driving force for subgrain growth is assumed to be the diffe-
rence between the decrease in volume free energy and the increzse in
surface free energy. This leads to a critical radius for growth shown

by equation (2).

2.2.4 'The subgrain coalescence model

This theory, developed by Hu(6) as a result of extensive studies of
recrystallization in 3 95i Jron, assumes that one subgrain can mexrge

‘'with its neighbour not by sub-boundary motion, but by a rotaticn of
one of the subgrains till its lattice is parallel to that of its

" neighbour,



Li(10) analysed the situation by considering the free energy ofa sub-
boﬁndary,as a function of misorientetion, and showed that it is alw-
ays possible to coalesce boundaiies having the same dislocation str-
ucture. The driving force for the rotation of any subgrain relative

to its neighhbours depends on the axis of rotation and the orientations
of surrounding subgrains, Calculation of this driving force showed
that the sub-boundary having the largest area, smallest angle, largest
free energy and a misfit axis nearest to the rotation axis in question,
will possess the highest driving force. Rotation of a subgrain would
therefore eliminate the sub-boundary, as shown in fig, 3. The initial
structure is shown in fig. 3(a), which also shows the degree of mis-
orientation. The common boundaxry CE can be eliminated by the rotation
of the right hand subgrain., This is achieved by the diffusion of atoms
along the boundaries, fig., 3(b). Fig, 3(c) shows the coalesced subgrain
. ét this stage in the process. Finally the coaleéced subgrain will

take up the form shown in fig, 3(d) as the result of the rearrangement
of the affected boundaries, BC, CD, IH and HG in order %ovremove the

unstable re-entrant angles at C and H.

ILvidence for the formation of recrysiellized nuclei by subgrain-coale-

(11).

8cence in low carbon sieel has been reported by Goodenow

2.2,5 - Strain-induced boundary migration (SIBI)

(12)

by strain-induced boundary migration, also kndwn as grain boundary

Beck and Sperry first gave a detailed description of nucleation
bulging; The process consists of irregular movement of a boundary with
an irregular jagged front, made up of curved sections as shown in

fig. 4. Such a grain boundary moves away from its centre of curveture,
preferentially into the matrix of high stored energy, the stored energy

difference providing the driving force.

The mechanism is explained schematically in fig. 5. Two grains, A and
.B, have an appropriate misorientation so.that the grain boundary can
move into grain B, and it is assumed that there is a strain energy
difference Between the two grains., It is suggested that the growing

grain has initially a coarser subgrain stfucture than the grain being



consumed, The energy is then reduced when a small volume of the grain
is consuned, due to the total area of sub-boundary destroyed being
greater than the area of sub-boundary newly created by the bulge (s)
because the bulge has an even coarser substructure than the subgrains

~ in the groving grain.

Bailey and Hirsch(15) developed -a model to explain this bulge nuclea-
tion. As shown in fig. 6. an originzl grain boundary of length 2L
migrates by bowing out into spherical cap, the condition for the bulge

to grow is :-

v -2 . v
D N (4)
where Y  is specific grain boundary energy,

and AE is the difference in stored energy, per unit volume,

across the nmigrating boundary,

As no separate nucleation event occﬁrs in this mechanism the incuba-
tion period is zero., The limited ev1dpnce available suggests that

SIBM declines in impoxrtance at higher deformatlons( 4). This may bhe

due to the requirement of a strain energy difference between the grains
on either side of the relevant boundary, which is particularly pre-
yalent atyldw deformations in association with local inhcmogeity of
deformation, or where there is a very variable matrix deformed grain

s8ize.

2,2.6 Experimental observation of mucleation in iron and steel

Although classical nucleation theory successfully accounts for the
existance of an incubation reriod, preferential nucleation in the -
severely deformed regions and value of nucleation frequency, it suffers
a serious drawback from the prediction that new grains should always

be close in orientation to those of the matrix, Frequently'the converse
is observed experimentally, Since the predicted criticzl nucleus size
is far too small to observe by the available experimental techniques,
no experimental evidence against this model eppesrs tc exist, Experi-

(15: ‘6)

mentally observed evidence of nucleailon in iron by subgrain gro"th
and by SIBM(17), in Fe-~Si allocys by subgrain coalescence(6 18)
SIBM(19), and in alum:nlum~ 11led sieel by QIBM( 1) have however been

reported,



2.3 Grain Boundary Migration

2.3.1 Introduction

Dﬁring recrystallization, after the formation of 2 critical sized
nucleus, growth of the nucleus occurs and the rate of growth will
affect the final recrystallized grain size, However, grain growth
after completion of recrystallization will also increase the grain
size, Grain boundary migration is caused by the decrease in the energy
of the system as the unrecrystallized matrix is consumed by the gro-
wing recrystallized grains, and the control of the final grain size

is dependent upon the rate of migration of the boundaries of recrys~ .
tallizing grains and that of the recrystaliized grain boundaries
themselves as grain growth occurs in the fully recrystallized strue-

ture Py

It is known that the migration rate of a grain boundary is affected
" by both solutes and second phase particies, as will be discussed

1atér.

2.3.2 Grain boundary structure

A grain boundary can be defined as an interface wvhere two crystals
of different orientation join each other. The structure of the grain
boundary depends on the orientation of the grains and the arrangement

of atoms in the interface., There are various models for the structure

of the grain boundary:-

1 The dislocation model,
2 The island model,
3 The coincidence model.

2.3,2.1 The dislocation model

Réad and Shockley(zo) assumed the grain boundary to be an array of
dislocationsand if 'b' is the Burgers vector of the dislocations of

mean spacing 'd', then:-

b b
=8%n® ~— & (5)

R

d

vhere @is the éngle of.rqtationhbetween the two grains., Increasing
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nmisorientation between the two grains causes 'd! to decrease. At a
misorientation of ~ 10° the ‘Read-Shockly concept breaks down, because
the interaction of the closely adjacent dislocations changes the core
structure and the boundary is no longer simple. At somewhat higher
angles,rv15°, dislocations would be so closely spaéed that they would
lose their identity and the dislocation model becomes of little or

no value(21).

2.3.2,2 The island model

This was developed by Mott(zz) who suggested that if two crystal planes
are in contact, but cannot fit owing to different orientations, then
the surface of contact is divided in to islands where the fit is reaso-
nably good separated by areas where the fit is poor. He then set‘out

to charactcrize the good and the bad fit in texms of the "melting".of

" the good fit islands, which must occur to allow boundary migration.

To remove an atom from an island requires energy equivalent to the
latent heat of fusion. In some respects, this model has similarities

with the coincidence model,

2.%.2,3 The coincidence model

The significant feature of the coincidence boundary is that some atoms
occupy sites that belong to both érystals, and there is a periodic
repetition of very small units of structure. Such boundaries have low

(23)

al orientations which is entirely based on the concept of boundary

energy., Bishop and Chalmers proposed a model to characterize speci-
coincidence, Fig., 7 shows the structure of a symmetrical tilt boundary
with a rotation of 28.1° about 100y axis in f.c.c lattice, Any devi-
ation from this orientation because of the disturbances in the ledge
S¢Quences in the boundaxy may lead to an increase in the grain boundaxry

energy.

2.3.3 Mechanism of grain boundary migration

Turnbu11(24), by assuming that the atoms are transferred singly across
a migrating boundary, derived an expression for the boundary migration
rate based on absolute reaction rate.theory., The rate cf grain boun-

dary migration 'G' is:-



G = G ¢ Ve : (6)

where Q is the activation energy, T the absolute temperature and R
the gas constant, The value of Go depends on :~
(2) .the local boundary movement when an atom is transferred from
one grain to the other, ‘
(b) the lattice parameter,
(c) the driving force,
end (d) the temperature.
Most, although not 2ll, of.the‘experimental results are consistent with
this relationship(zs). Since it hasvbeen assumed that all the atoms
at the grain boundary have the same jump probabilities and always find
a free place on the adjoining grain sﬁrface, this relationship will

give the maximum possible value of the migration rate.

Hofmann and'Haessner(26) ﬁodified this model in the following way:-
(a) The grain boundary is assumed to be a layer a few atoms
thick, S '
(b)  The probability of an atom juhping across the boundary is
different in the two Jump diréctibns. ‘
(¢) An atom can make a jump only when there is a vacant site
into which it can move.

The migration rate 1G' wvas 1~

6. 2 &
2\, Cp. 25 2F, exp& AErr frr)
. d CI RT
G = — (7)
‘ & 1 1
14+ = . C * (——""’-— )
& PTG Oy
where a is the lattice parameter;

- is the vibrational frequencys;

d  is the grain boundary thickness;

Cps Cp and Gy are the vacant sites/ om® in boundary, grain

and matrix respectivelys

ZI is the number of atoms/cm2 at the surface of the grain,

vhich are capable of jumping;
AE is the difference in free energy between the matrix and

the-grain; ‘

end AE.; is the Gibbs free energy of activation per mole for the

Jump of cne atom across the toundary.



This relationship has been simplified for the following two limiting

casess- v
(2) = The rate cotrolling process may be the transport of atoms

through the boundary and in this case:- .

2 . CP (_ + g ) 44 1 vhich gives
6 2
- a , \y\ ) c . AE 2 A
G = ‘ P - L. exp(- EII) (8)
d < RT C; T

(b) The rate controlling process may be the emission of the atoms
© from the unrecrystallized matrix and thelr incorporation

in the recrystallized grain., This corresponds to the condition:-

.C_j..oc‘e (——--1- >>>1,sothat

G = =

5.'\2. Cp AE I A
- il )31 - . exp( EII) (9) |
(oo )

Mbtt(zz) assuned tbat.in the "island" grain boundary model, atoms are
activated in groups during their transfer across the boundary and
that the basic process involves the "melting” of a group of atoms
belonging to one crystal followed by their fe-solidification on the
other crystal. This gave & similar relationship as that of Turnbull,
equation (6). However, in Mott's theory 'G' is related to the number
of atoms in the transferring group and is an exponential function of
the latent heat of fusion of the metal. Tt has been pointed out'2!)
that there is no fundamental reason to suppose that the transfer of

atoms during boundary migration occurs in groups rather than singly.

14(28) guzrested that the vacancy concentration in high angle boundaries
increases with increasing misorientation. The movement of individual
atoms in the grain boundary is suggestied to be the dominant grain
boundary migration mechanism vwhen the local vacancy concentration is
large; a supply of vacancies thus enhances grain boundary mobility.
Talbot(29) found that thln iron films did not recrys alllge at tempera~



tures at which the bulk metal recrystallized very rapidly and this
may be attributed to the removal of vacancies to the surface in thin

films,

A1l these models do not teke into account the effect of solute and
gsecond-phase particles on the migration of grain boundaries, which

will be discussed later,

2.3,4  Effect of solutes on grain bdundary migration

2.3.4.1 Introduction

Y

Solutes have tendency to segregate to grain boundaries to a degree
depending on temperature, type of solute and the structure of the grsin
boundary. Such ségregation decreases the total energy of the grain
boundaries probably by reducing the elastic and electronic disturba-
nces, Segregation of solutes at grain boundaries profoundly affects

the kinetics of recrystallization and grain growth. Many theoretical

. treatments of the effect of solutes on grain boundary migration kin- i

" etics have been proposed, and a summary of these will be presented.

2.3.4.,2 Lucke and Detert theory

This theory assumes(Bo) that the interaction between the solute and

the boundary is.elastic in naturé, and therefore dependent on the -
elastic-stress field surrounding the foreign atom. Hence, the greater
the size difference between solute and solvent atoms the larger is

the elastic-stress field, the larger the interaction energy, and the
greater the retardation of grain boundary migration. Also it is assumed
that the driving force for boundary migration is provided by the diffe-
rence in the line tensions 6f diglocations in the grain on either side
of the boundary, In the presence of solute atoms, it is éuggested that
there is tendency for solute atoms to be left behind as a boundary
moves, but due to elastic attraction of the atoms to the boundary,

the solute atoms may be able to diffuse with the boundary, provided
that the boundary moves slowly enough. For a constant velocity, the
driving force should be just qual to the drag of the solute afoms.

The boundary velocity 'V' at high solute concentrations and low temp-

eratures is:-



Qp+ U :
V=YV exp | - (10)
° kT _ : : '

where QD is the activation energy for volume diffusiong

U ~is the interaction energy between the boundary and a

solute atom;

k is the Boltzman constant;

and T is the absolute temperature.

The expdnéntia.l term represents the activation energy for growth of the

recrystallized grain, ( U<<QD ) and the pre-exponential term is glven

‘bys- ,
. /{r‘?/} 3,2 I}o (11)
V = (11
o
v 2 kT Co
where M is the shear modulus;
r is the solvent atom radius;
Do ~is the pre-exponential factor for the basic volume
diffusion; "
/1 is the difference of the number of dislocation lines

in the deformed and recrystallized grains;
c is the average solute concentrationg

~and a is the lattice parameter.

The controlling mecha.nism for grain boundary migraticn is the rate

at vwhich impurity atoms can diffuse behind the boundary. If the driving
force for boundary migration is higher than the solute drag force,

then the solute atom atmosphere will break away from the moving boundary.

The meximum velocity of foreign atom is then :-

£ D Q
V max = —>—2, XP""]')"' (12)
kT kT :

-vhere fo ié the maximum possible interaction force of solute with grain '
boundary, and D, k, T, Q; are as defined for equaticns (10) ana (11).
"Fig. 8 shows the solute limited grain boundaxry velocity and breakawey
.conditions for thrég differgnt compositions where C 1> C2> 03. The curves
show that as the temperature is raised and the concentration of foreign

- atoms in the gré.in boundary decreases, a critical temperature is reached

s



where the retarding force is less than the driving force, and hence
breakaway occurs, The temperature at which breakaway occurs will be
lower as the average concentration of solutes, Cd’ is decreased., The
dotted line represents the temperature dependence of V mex - sece

equation (12)

2.3.4.%3 Cahn's theory

This theory\!) is limited o very low solute concentrations. The
boundary is represented as a planar discontinuity characterized by

an interaction enérgy between solute atoms and the boundary. The migra-
ting boundary is therefore pictured as a moving one dimensional poten-
tial well, in an infinite medium. By solving the diffusion equation
for this problem the solute distribution across the boundary during

the steady state motion is obtained. Once the composition profile
across the boundary is known, the total force, 'Pi‘ exerted by all the

impurity atoms on the boundary is given by :-

40 aF . . ‘ ‘ . .
P, = ..N\y./(c-co)a; dax. : (13)
: )
where N\t is the number of atoms per wmit volume;
Cc is the boundary solute concentration;
‘ Co is the average solute concentration;
and E(x) is the interaction energy between solute and boundary.

Because of the change in the compositicn profile with the velocity
of the boundary, the total force exerted on the boundary will also
vary.

For the high velocity limit :-
+co

C X | 4
P, v =2 \?“/Ezndx (14)

i ey Zo

where D is the diffusion coefficient of solute nommal to grain boundary.
This equation shows that the impurity drag force Pi is proportional to
D, but inversely proportional to V, the grain boundary velocity.
For the low velocity limit :- '

+co

Sinh?[ E, +/ okT ‘ | |
P, = 4NyC VkT / [/ ) dx  emeeme—eeee(15)




By comparing equation (14) and (15) it is possible to construct an

approximate equationsfor the drag, which fits the high and low velocity

extremes,
Ve
P = —2 (16)
1 +{32V2 .

where oG and [ are constants wnich may be calculated from the inter-
action.potential between the ‘solute and the boundary and the diffusion

coefficient of the solute as:-
400

’ o sim® . 220 ax |
ol = 4 Ngk T | . ¢17)
" <o ) .

o« Ny aE \? |
and ?= —_— — :D(X), dx (18)
kT ax = :
7. &0 '

- Cahn also derived a relationship for the grain boundary velocity as a
function of temperxature, composition and driving force., Foxr impure

" material he defined an intrinsic drag Po (V) to be the difference
between the actual driving force P(V,C) which gives a velocity 7V in a
material with impurity concentration C, and the impurity drag Pi(V,C).

i.e o ~

P(V,C) = Po(V) + P, (V,C) ' : 7 (19)

By assuming that P, is given by equation (16) and that Po = AV,

equation (19) vecomes :-

¢ C V : | :
P = AV 4 —t (20)

1 +ﬁ2V2’

vhere A is the intrinsic drag coefficient and is the reciprocal of the
" boundary mobility. Simple relationships for P, V and Co vere derived
for the following limiting conditions :- '

(a) TFor low velocity and low driving force :-

S S . (21)
7L+°CCO -



(b) Tor the high velocity and high driving force :=-

P o A C_
ve = 1-——-—--2.) L (22)
FQPQ
(¢) TFor high velocity and low driving force :-
P x C '
V= —|1- °) (23)
A A , . ‘

Fig., 9 shows the éalculated driving force, P, versus velocity, v,

curves for various solute concentrations, In general, no proportionality
exists between the driving force and the velocity. For very high velo-
city where the solute atoms cannot follow the boundary, the velocity
approaches the value which would be observed in the absence of any solute,
For sufficiently high sclute concentrations, as shown in curve 'C', a
region exists (Broken part of the curve) in which the velocity increases
with‘decreasing driving force., Obviously in this region the movement

is unstable.

2.3.4.4 Machlin's model

- Machlin(32) proposed a model for the motion of solute atoms in aséociar
tion with the boundéry. According to this model solute atoms can influ-
ence grain boundary migration by three alternative process, depending
on the solute concentration. At low solute concentrations the controll-
ing process is "mechanical breakaway" in which the soiute atoms affect
the driving force and not the grain boundary mobility., At higher solute
copcentrations, solute atoms are bound to the boundary and diffuse by
boundary diffusion along cusps in the boundary developed at the solute
atoms, In this region the velocityvis controlled by iis component in
the direction of boundary migration ait the rate at which theAboundary
solute atoms can diffuse, At the highest cbncentrations it is predicted -
that thermal activation will ensble the boundaries to break away from

the binding solute atoms,

This theory does not predict the temperature dependence of the exponent
~of the concentration of solute, and a n&mbe; of arguments as to the
. validity of the theory have been raised by Lucke and Stuwe(BB).



2.3.4.5 ILi's_theoxy

Iﬁ this'theory(21) it is assumed that the solute atoms segregate to

the boundary 1qb*der to reduce the vacancy concentration at the boundary.
This assumption implies that the size of solute atoms is more important
'than other effects (e;g. 'valency). The reduction in the vacancy concen-
tration caused by the segregated solute atoms will discourage individual
atomic movement, and will also increase the activation energy for grain
boundary migration. Therefore, grain boundary migration will always be
reduced by solute atoms. Li derived the following equation for the

mobility of a boundary in a solid solution :-

(24)

, A (AVo =AY) . Xe
N = \xo exp ['- . '] -

. RT 1+ Ke
vhere \J% 2nd Vo are the mobility and vacancy concentration of the
boundary in the pure material and \} and AV are the corresponding
values in the solid solution which has a solute concentration, C, Xc
and A are constants, K¢ characterizes the 1nferactlon energy between

the solute atoms and the boundary

2.3.,4.,6 Abrahamson et al's electron interaction theoxry

Abrahamson et al(34) found a corﬁelation between the recrystallization
temperature and the electronic configurations of solute and solvent
atoms in dilute solutions of trahsition metals, It was proposed that
the electrons of the solute atoms affect the bonding in the vicinity
of each solute atom, Fig., 10 shows the initial rate of change of recry-
stallization temperature with solute atomic percent as a function of
the number of outer shell electrons of the solute element in iron.

- This indicates that :-

(a) For solutes having a given number of S-shell electrons the
rate of increase of recrystallization temperature with solute
concentration is increased as the number of d-shell electrons
decreases below 7.

(b) For solute atoms having a given number of d;shell electrons,
the fewer the S-shell electrons, the greater the rate of
incresse of recrystallization temperature with solute concen-
tration, '

(¢) The greater the number of electrons in an imner shell, the
greater the increase in recrystallization temperature with
solute concentration., For example Ti, Zr and Hf have unfilled

energy levels in the 34, 4d and 54 energy bands respectively,



Thus the experimental evidence suggest that electronic interactions
between solute and solvent atoms or between solute atoms and grain
boundaries have a greater influence on recrystallization than elastic

interactions, at least for fransition metals,

24345 Effect of second-phase particles on grain boundary migration

2,3.5.1 Introduction

Many commercial alloys contain second phase particles which may be
either alloy carbides, nitrides, calbonltrldes or non-metallic 1nclus1ons.
The presence of these particles, depending on their size, shape,
distribution and amount, influencesthe kinetics of grain boundary migr-
ation, A migrating boundary experiences a pinning force which tends to
retard its migration, Several theoretical models have been proposed
by many'authorS:-

1.  Zener's model;

2, Hillert's model,
and 3, Gladman's model,
A brif consideration of the original model by Zener will be made at
this point.

2.%¢5.2 Zener's'model

Zener(35) was the first to celculate the interaction foxce between a
boundary and an secondé phase particle, Fig. 11 shows the interactiion
of grain boundary with a spherical particle of radius 'r', The retard-

ing force 'P' exerted by the particle in the Y direction is given by:-

P=wrYSin 2@ (25)

where Y is thé specific grain boundary energy per unit area, and ©
is an angle which depends upbnAthe relative position of boundary to the

particle, The maximum force is exerted at @ = 45° and is equal to:-

Pmax=7rY - (26)

If N is the number of particles of radius r randomly distributed in a
unit volume, then the volume fraction of these particle is 4/3 7 rBN.
A boundary of unit area will intersect 2ll particles within a volume
2r, i.e, 2rN particles., Hence the number 'n' of particles intersecting

unit area of a boundary is given by :-

n= i | - —emmemme=(27)



So the retarding force, Pu, per unit area of boundary is n.Pmax i.e -

by 3ET o : ()
: 2r

"If the boundary is mig*ating under the influence of its own interfacial

tension arnd the zrain periphery has a radius of curvature Ro , then

the driving force for grain growth is § g;it . The growth stops at a

critical grain radius, R crit; when the retarding force balances the

driving force. Thus Zener proposed the relation :-

R crit = -%r/f —m(29)
vhere L is the volume fraction of second phase varticles,

This relationship might apply to the pinning of growing grains durin
recrystallization, providingthat an increased driving force is assumed
due to the overall decrease in energy of the system as recrystallizat-
ion occurs. Thus during recr&stallizaxion, a finer particle size or
.a larger volume fraction of particles iz required to inhibit boundary

migration (equation 28), than is the case for simple grain growth.

Consideration of the Gladman and Hillert models will be made undex

the heading of grain growth.



CHAPTER 3

GRAIN GROWTH

3.1 Introduction

Recrystallization and grain growth both occur by the migration of

grain boundaries, The mdbility, M, of such boundaries is defined as:-

V=NMTF (30)

where V is the rate of migration and F is the driving force. In recry-
stallization driving force derives from stored energy whilst grain
growth is the result of the need to minimise the grain boundary energy.

Crain growth has been classified as of two types :-

(2) "Normal" or "Continuous" grain growth. This is characterized
by maiﬁtenance of an equiaxed grain structure, in which
the distxibution of grain size retains a constant form, énd
the distribution of grain shapes is constant,

(b) "Abnormal" or "Discontinuous" grain growth, This is also
known as secondary recrystallization. In this, the differences
in the individﬁal sizes of grains increases by some of the
grains growing rapidly.-When they have consumed ail the other
grains, the resulting grains may again be of a relatively

uniform size.

3.2 Kineties of Grain Growth

Beck et.a1(36’37) were the first to formulate an empirical equation to
relate the grain size during nomal grain growth to the isothermal
annealing time :-

D, = K e (31)

vhere Dg is the gverége grain diameter, at any instant during grain
growth, t is the annealing time, and K and n are constants which depend
on the alloy composition and on the anﬁealing temperature, but wvhich
are independent of the grain siée. This relationship applies best if
the initial (pre-growth) grain size is small compared with the grain



size which is being measured during growth. Since this is often not the
case, especially in the early stages of growth, Beck et al established
that the relationship should normally be expressed in the following
‘_more general form :-

1/n 1/n

Dy =Dy =C% | | _ (32)

where Dg(o) is the initial pre-grovth average grain diameter, and C is
a constant which contains a temperature dependent mobility term and the
grain houndary energy. This relationship has been found experimentally
for extremely pure metals. The preseﬁhe of solute atoms and second -
phase 'paxticles can ovstruct grain boundary migration, and this hindr-
ance t0 normal grain growth can be so pronounced that the boundaries
can only migrate at a few places, which will lead to abnormal grain

~growth,

Hillert(BB) and Gladman(39) have developed theories of the role of
second-phase particles in relation to the growth of individual grains

.within a polycrystalline microstructure.

3.3 Hillert's Theoxy

Hillert's(aa) analysis is based on the following assumptions :-
(a) The velocity of grain boundary movement is proportionzl to
the pressure difference caused by its curvature,
(b) The rate of grain growth is proportional to the rate of grain
boundary migration,
(c) There is a critical grain size for grain growth to occur,
‘ such that grains larger than this size will grow and grains
smaller than this size will be eliminated,
(d) The size of each grain can be expressed by the radius R of
' an equivalent circle or sphere having the same arecor volume
respectively,

Using these assumption, an expression for the rate of graih growth,
dR

ar ves developed :-

& _ 11 '
=5 =<C.M.G. ( R "R 4 ‘ (33)



where oL is a dimensionless constant, M is the grain boundary mobility,
G is the grain boundary specific interfacial energy, R is the radius of
a growing grain and Rcr is the critical grain radius for growth to

" occur,

Taking second phase particles in-to account, and considering the hypo-
thetical pinning stress, S = £ yorS=¢G.2 , Hillert expressed the

=iz
rate of grain growth in the presence of second phase particles as :-

dR 1 1,z :

dT = C:CQ IIo( . ( Rcr R ; o ) (34)

vhere Z = Z—-‘:—_ s f is the volume fraction of second phase particles
gnd r is particle radius., The sign must be chosen in each case such
that the pinning stress, S,is acting against the movement of the grain
boundary. The negative sign holds when 1/R<L 1/3cr - Z2/eC  and the
positive sign when 1/R > 1/Rcr + 2/« . Between these two limits

iR .

_—= 0 ,

a7

3,4 Gladman's Theoxy

Gladman's analysis(39) of the effect of precipitate particles on grain
growth in metals is primanly concerned with the release of grain bounda-
ries from the pinning effects of the dispersed particles. For this to
occur, the energy has to be supplied from some other source, e.g. from
the energy release resulting from grain growth. It has been shown by
Gladman that.the energy provided by grain growth, En is given by :-
E=€9—(3—3) ‘ (35)

n R %2 2
o . =

where En is the energy released per unit‘ area of the advancing
.grain boundary,

is the grain boundary energy,

is the matrix grain radius,

Nowc,O\

and is the ratio of the radii of the growing grain to the
matrix greins.
According to this equation, energy is released only when Z > 4/3 ,

and this is in accord with the many experimental observations that



grain growth is cannibalistic, large grains growing at the expense of
smaller grains, In metale containing second. phase particles the energy
release per particle due to grain growth, E1_, is s~

E

n ’ : ‘ _
E1 = 2T ll\g . (36)

where, r is the radius of the pinning particle and n g is the number

. of particles per unit volume.
g . 28T 2y (2 3 ' (37)
or &= 3R, £ 7 2

vhere . S is the displacement from the diametral plane of the

particle, ‘
Y~ is the grain boundary interfacial energy,
and | f is the volume fraction of particle. '
Thus' the total energy change associated with the unpinning of a single
particle, E]? is :-

.Eblv = Ep + E1 ) (38)

where Ep is the pinning energy.

It has been mentioned that unless the rate of decrease in energy due

to gr;ain growth exceeds the maximum rate of increase in energy due to
pinning, an energy barrier will occur in the total energy' change accom-
panying grain boundaxy movement, and the magnitude of such an energy
barrier is a function of particle size and volume fraction of particles.,
- This leads to the concept of a critical particle radius for unpinning,
vhich is*;\‘;ginimum particle radius for which the activation energy barrier
involved in the unpinning process is reduced to a level at which therm~
glly initiated grain boupdary release can occur. This radius, Tort?

can be calculated from the associated energy changes, per particle

and is given by :-

. .6R_f N ‘
Fort = T (g--g) ——=(39)




CHAPTER 4

GRAIN REFINED FERRITE-PEARLITE STRUCTURAL STEELS

4.1 Development

The development of the grain refined ferrite-pearlite structural steels
is mainly because of the requirément for a lower transition temperature
coupled with higher'strength, increased ductility, weldability and
formability, for gas and oil line pipe steels. Ferrite grain refinement
in addition to decreasing the impact transition temperature, increases
the yield strength and therefore ferrite grain refinement is the most
important strengthening mechanisa, Thére are two relationships on which
the structure property relationships are based :-
(a) Hall-Petch equation(4o’43):

G =6 s K, g-1/2 - (40)

y o ,
(v) Petch equation(42):' , A
T = £() - x a=1/2 (41)
whexre 6;, is the yield stress,
a is the grain size of the polygonal ferrite,
T is the impact transition temperature,

c
and (5; ’ Ky & K  are constants,

The introduction of aluminium-killed fine grain steels was one of the
first steps in the development of grain refined high strength steels,
end gréin refinement was achieved by normalising, vhich also ensured
uniformity of structure, This increased the yield stress from 225 to
300 MN/ m2 and lowered the impact transition temperature to below 0°c.
Later, a further increase in yield strength were achieved by precipit-
ation strengthening, end to achieve this niobium, vanadium and titanium
werebadded. However, brecipitation strengthening increased the impact
transition temperature, and so to offset this further ferrite grain
refinement was achieved by the use of low finishing temperatures during
rol1ing(43), The yield strengths achieved increased to 450-525 Ki/n2

. . .y 0
with impact transition temperatures as low as -80°C,



The advent of welding to replace rivetting and bolting led to the regui-
rément of improved weldability and this was achieved by lowering the
carbon cpntent. The lower carboﬁ content, led to some loss in strength,
and to éompensate this precipitation strengthening was increased. An
improvement in the weldability of ferrite-pearlite steels due to a decre-
age in the carbon content is due to decrease in heat affected zone
hydrogen induced cracking‘with decreasing carbon equivalent, which is
basically an expression combining the effect of composition on both
hardenability and Ms_temperature. Carbon equivalents can be derived by
the follwing foxrmula :-

-

Mn Mo +Cr+V ©Ni. '
C.E = C++ 5 + 35 - (42)

The need for improved formability led to the production of steels with
low carbon content, low and uwniform dispersed, equiaxed, non-metallic
inclusions, low sulphur content, and shape control of the inclusions,
In order to prevent elongation of manganese sulphide inclusions during
rolling,which is detrimental to toughness and ductility particularly
'in the through thickness direction,an addition of zirconium, cerium or
calcium may be made, 2s such additions modify the sulphide inclusions
by decreasing their deformzbility, and thus preventing their elongation

during rolling.

Various processing techniques have been introduced, involving lowexr
finishing femperatures and/or heavier reductions during the final rolling
passes to achieve substructure and texture strengthening in high strength
low alloy steels, The use of micro-alloying additions such as niobium,
vanadium and titanium, augmented by éontrolled processing,.has made it
possible to produce high strength low alloy steels with yield stréngths
up to 750 MN/m® and high toughness.

4.2 The Strengthening Mechanisns

4.2,1 Grain size

Refinement of the ferrite grain size increases the yield strength and
‘decreases the impact transition temperature, and is the only strengthe-

ning mechanism by which both the strength and toughness may be increased



simultaneously. In curxrent industrial rolling practice it is possible
t6 achieve ferrite grain sizes of the order of MV 54m in plates and
34 Aém in strlp(44), and this can contribute up to 250 MN/m to the
yield strength. Irvine et a1(45) showed that in low C-Mn steel for a
1 MN/m increase in yield strength produced by grain refinement, the
impact transitioﬁ temperature decreases by approximately 0.64°C.

4.,2,2 _ Solid solution strengthening.

The effect of various alloying elements on yield strength and transition

.température are as follows :- .
Element Change i | Change in
Y.S MN/m“/vwt% I.T.T°C /vt %
c +4600 -
N, +4600 +700"
fyee T

P . +670 +400
Sn #1400 +150
Si +85 - +44
Cu +39 -
Mn +32 ~30
Mo +11 -
Ni 0 -13
4] 0 +75—#'

¥* Not linear
-/~ Al in solid solution only

#  Negative, possibly due to removal of interstitial
solutes,

Although carbon and free nitrogen greatly increase the yield strength,
~ they are of limited use because of their adverse effect on the impact
transition temperature, formability and weldability. Phosphorus and
tin, because of their embrittling effect, are kept to a minimum. Man-
ganese is beneficial as it increases the strength without adversely
affecting the impact transition temperature, due to it depressing the

transformation temperature and consequently refining the ferrite grain



siie. Eowever, manganese is usually limited to 1. 5/1.7 %, to avoid too
much depression of the transformation temperature and thus bamnite
fbrmailon, which can lead to embrlttlement(44) Higher manganese can

be accommodated with lowexr carbon contents, as this avoids formation of
bainite or grain boundary cementlte(46) “Although silicon is very effec-
tive as a solid solution strengthening element, it is usually limited

to ~0.4 % in H.S,L.A steels, because it increases the impact transition
temperature by raising the transformation temperature, thus producing
coarse ferrite grains, Copper increases the yield strength but it causes
hot shortness and increases the impact transition temperature. However,
hot sﬁortness can be avoided by addition of nickel but as can be seen
froﬁff%régoing table nicke1 does not contribute to solid solution stren- .
gthening but does improve touglmess., Nickel however is expensive. Moly=-
bdenum has some solid solution strengthening but also is eipensive.
Aluminium, by removing the free nitrogen by forming AlN, improves the
impact transition temperature, but any further increase in aluminium than
that required to form AIN is harmful as aluminium in solid solution
increases the impact transition temperature. Hence Al is usuwally limited
* to about 0,04 % . |

By taking into account the effects of various alloying elements on.
strength and impact transition temperature, it can be seen that a low
caxbon, aluminium killed high manganese grain refined steel will offer

en optimum combination of strength and toughness,

4.2.3 Precipitation strengthening

One of the most important methods of achieving high strength is by an
addition of carbide and nitride forming elements such as niobium, vanadi-
um end titanium, In addition these elements refine the ferrite grain

size, thus decreasing the impact transition temperature and increasing

the strength. It is often stated that precipitates reduce the notch
toughness, al hough thls generalization has been qualzfled(47). The

volume fractlon of precipitates formed during cooling depends on the solubi-
lity of the carbo-nitride and on the stoichiomeiric ratio of the alloying
element with respect to carbon and nitrogen. The maximum temperature
;dependencebof so0lubility of carbides oxr nitfides occura along the

stoichiometric line, and compositions on this line have the maximum

N S Gl



in steel, by forcing screw dislocations to cross-slip, increase
the rate of dislocation multiplication. Generation of dislocations
at precipitates also increases the dislocation density. The cell

(53,54)

and subgrain sizes are also a function of the dispersion spacing

Dislocation strengthening can be achieved by rolling the steel in the (GC-H‘:)
or o temperature ranges, and as shown in fig.13 the disiocation streng- |
thening increases with decreasing finish rolling temperature, Work by
Bramfit et a1(55) on very low C-Mn steel shows a2 strengthening effect of
9.02 MN/m /mm— /2 in steel rolled by 30 9% in the temperature range 670~
750 C. Another method of mcreasmgt%;slocatlon density is by decreasing

the transformation temperature, either by alloying or by increasing the

cooling rate, and this can increase the yield stress by about 50 MI\T/mZ’(5 7).

Although dislocation strengthening offers an increase in strength, its

use is mot widely accepted‘in grain refined H.,S,L.A steels due to its
adverse effect on impact transition temperature and processing difficulties.
However, it has been repor“ced(se) that tﬁe adverse effect on toughness

can be eliminated b}}’;{‘f%mation of%fine polygonized substructure, and the
development of cube-on-corner crystallographlc textures by a continuum

(55)

rolling practice

44245 Texture strengthening

Estimates of the texture strengthening indicate~ an increment over random~
ly ors.ented material of about 5 % in the longitudinal and 10 9% in the
transverse direction for steel rolled at 710 C(5 9).In spite of the small
effect on strength, the [111] ‘ <1 10> texture can lower the transi-
tion temperature, and improve the plastic strain ratio and the deep drawing
characteristics, Bramfit et al(55 ) showed by continuum rolling of c-Mn
steel that the transition temperature can be related to a texture parameter,
C, based on the product of intensities of [111] in the rolling ;blane

and [110] in the transverse plane, fig.14. This can be written as:-

by 75 = 13 d‘1/2 + 0,63 ¢C -— (45)

ev 20°¢

vhere . ch is the temperature for 20J absorbed energy

d is the ferrite grain size



and C is the texture parameter

tee.  C= (1111 R,P (1110 ) pp. 1

It can be seen that the transition temperature decreases with an incre-

ase in the texture parameter.



CHAPTER 5

SOLUBILITY RELATIONSHIPS FOR MICRO-ALLOYING ELFMENTS IN AUSTENITE

‘.5.1 Introduction

The concentrations of wvarious types of micro-alloying elements in equili-
brium with carbon and nitrogen at various temperatures are important
because, of their ultimate effects on recovery and recrystallization proc-
esses in deformed austenite, and on the intensity of precipitation stren-
gthening, Because of the decrease in the solubility of the carbo-nitrides
of niobium, vanadium and titanium with decreasing temperature, precipita-
tion ¢f these phases occurs when the steel is cooled, From the solubility
‘relationships for such carbo-nitrides it is possible to calculate the
approximaﬁe amount of micro-alloying element in solution and as precipitate.
In view of the importance of niobium, vanadium, titanium, and aluninium
in micro-alloyed steels, the solubility product relationships have been
established either by experiment or by thermodynamic calculations, These

solubility products will be discussed in-the following sections,
5.2 Niobium

Niobium forms either carbides ox carbo-nitrides, Various authors have
assumed the compositions of the carbides and carbo-nitrides to establish
the solubility product. However, the assumed compositions of the carbides/
carbo-nitrides varies, and therefore varying solubility relationships
appear in the literature, Irvine et a1(45) considered the nitrogen content
in tems of an equivalent carbon content i,e carbon equivalent = C+ %%-N,
and established the solubility relationship in C-}n steel as :-

log [m] En-}-%r{] = 20, 2.2 —-—(46)

 where the -elements are in weight percent and T is the absolute tempera-

ture,

A critical review by Nordberg et a1(60),reinterpreted the available
experimental results, and assuming the composition of niobium carbide to
be NbCO 87’ suggested the solubility of niobium carbide in austenite to
be :-~ ) '



| 0.8 -7700
1og [w] (o] %07 = -7-%- + 3,18 (47)
Mori et 51(61) checked the compositions of the carbonitrides and estab-
‘lished the solubility products for Nb00.87 and Nb(co.24No.65) in

austenite as =

tog [m] [o]™%7 < 2 4518 (48)
og [in] [0]02 [1]065 o 10000 | 400 ()

5.3 Vanadium

Vanadium forms both carbide and nitride, the nitride being the more
stable, The composition of the vanadium carbide is V403, and its solu-
bility in austenite has been expressed by Bungardt et a1(62) as

/3 0.6 | - :
tog (V] [o] = =12%8% . 7006 (50)

Frohenberg et 31(63) determined the solubility of wvenadium nitride in

high purity austenite as :-

tog [v] [v] = =BR 4 227 . (51)

Irvine et 51(45) determined the solubility relationship for cémmercial
C-Mn steel by chemical methods :-

1og [v] [v] = =R 4 3.6 J— (52)

This relationship gives similar values of solubility vproduct to those
of Frohenberg. The same authors also found an increase in the solubility

of vanad1um nitride with an lncrease in manganese content :-

log [&j [N} = :Q%QQ + 3,46 + 0.12(% Mn) (53)

The increzse in solubility of vanadium nitride with increase in manga-
nese is a result of the decrease in activity coeffecient of nitrogen

in austenite by manganese,



5.4  Titanium

Irvine et a1(45) found that TiN is virtually insoluble in austenite at
temperatures up to 135000. However, the solubility product of TiC was

- determined as :-

Tog [ri] [c] - =X 4 2,75 ' e (54)

Roberts ®4) caleulated the solubility of titanium nitride, assuming

that titanium in iron obeys Henry's low. Using the standard free energy
. of Féz
information on the solubility of nitrogen in austenite, he obtained the

Ti to compute the titanium activity together with established

following solubility product :-

log [mi] [] = =420 4 500 _ (55)

5.5 Aluminium

There is no evidence that aluminium carbide can form in steel, but

aluminium nitride is readily formed. The solubility of aluminium nitri-

(65)

de has been established by Darken et al in C-Mn steel over the

temperature range 1050-135000 S

log [m] Iv] = =HR 4 1,95 _ e (56)

Wiester et al(66) showed that this relationship can be used dovm to
900°C, Trvine et a1(4>) studied the solubility relationship over the
temperature range 950—135000 in which nitrogen in the form of AIN was
determined by the ester-halogen method and expressed their results

as e

log ] )= 2 4+ 1.0 (57)

This is in close agreement with data reported previously on commercial

(67-69)

steels



CHAPTER 6

GRATN COARSENING OF AUSTENITE

- 6ol Thé Effect of Niobium

Additions of niobium to steel affect the austenite grain coarsening
behaviour, mainly by pinning the austenite grain boundaries by Nb(C,N)
precipitates, The effectivegess of the pinning depends on the sige,
volume fraction, interparticle spacing and the coarsening behaviour of
Nb(C,N) precipitates, In general, a uniform distribution of fine Nb(C,N)
precipitates in the matrix retards grain growth very effectively, . '
However, increased temperature, or time above a certain temperature,
usually leads to the coarsening of precipitates which in tum increases
the intérparticle gpacing and the size of precipitafes, hence resulting

in abnormal grain growth.

In steels containing niobium, above a certain temperature abnormal

grain g:owth leads to the formation of a coarser austenite grain size

. than in plain carbon steel, which contaihs no niobium; because in the
plain carbon steel there are no precipitates and therefore grain growth -

(70)

occurs normally, producing a unifoxm grain size .

The grain coarsening temperature has been found to increase with incre-
asing niobium content because of the increase in volume fraction of
precipitates(71-73>. Gladman and Pickering(73) showed that increased
volume fraction of fine Nb(C,N) precipitated during thermo-mechanical
treatment were most effective in increasing the grain coarsening temper-
ature. However, they suggested that in addition to this; the large
insoluble particles exert some influence oﬁ the grain coarsening temper-
ature. The holding time at different temperatures will also affect the
grain coarsening temperature(74) because the coarsening of precipitates

is time dependent.

The grain growth kinetics of Si-Fn and niobium containing steels have

been shown(75) to follow Miller's equation :-

D, = K 7 : : (58)

vhere t is time, X is a constant at a given.temperatﬁre and n is the



time exponent, Si-}n steel, which showed noxrmal.grain growth, gave a
value of n o~ 0,20 but niobium steel gave a very small value of n i.e
0.04 at 1050 °c. '

Fig.15 shows typical curves for éhange in austenite grain size with
reheating temperature in C-Mn, C~Mn-V and C-Mn-Nb steels, This shows -
the two plateaux around 900°C and about 1150°C. In these regions the
austenite grain size is uniform but in the regions which show a progr—
essive increase in grain size with temperature, there is a mixture of
small and coarse grains,.lt has been suggested(39’73) that the plateau
temperature range depends on the number of precipitales, and can also
be affected by the time at the reheating temperature i.e increased

time can lower the plateau temperature range.

The effect of strain induced Wb(C,N) precipitates on austenite grain
growth have been demonstrated by LeBon et al " and Ouchi et al(75)
LeBon showed that after complete dynamic recrystallization of austenite,
initially grain growth was parabolic in the niobium steel, fig,16 but
after about 5 sec. or less, a marked retardation of grain growth was
observed due to the simultaneous nucleation: of Nb(C,N) precipitates.
Grain growth in the niobium free steel showed no such retardation,

Ouchi on the other hand, showed the effectiveness of strain induced
Nb(C,N) on the retardation of grain growth. It wes observed that isot-
ﬁermal holding at different temperatures after deformation, led to

mich slower growth of recrystallized grains and therefore a finer aus-
tenite grain size at a given temperature than was obtained by reheating,
as shown in fig.17. This was suggested to be due to the precipitation
of Nb(C,N) induced by deformation, -

6.2 The Effect of Vanadium

Vanadium retards austenite grain growth by pinning the grain boundaries
V'403 , VN or V(C,N). Of these precipitates, VN is the most stable
at high temperature and therefore is the most important phase in retar-

ding the grain growth of austenite.

The graln coarsening temperature has been found to increase with increa-
sing vanadium content(7$). Erasmus(7 ) associated the variation of the

tinitial' and 'final' grain coarsening temperature with increasing



vanadium content to the solution temperature of V4C3 end VN in the
austenite, fig.18. It was observed that :- '
(2) the 'initial' grain coarsening temperature was well below
. the solubility of V4C3
(v) the 'final' grain coarsening temperature closely followed

and VN in austenite,

the VN solution temperature curve at all vanadium contents.
It was suggested that the 'initial' grain coarsening, which occurs
before the solution of precipitates is due to the coarsening of VN,
From fig.18 it can also be seen that, at higher vanadiﬁm contents the
'initial' coarsening results considerably depart from the VN solution
curve than at low vanadium contents, This was suggested to be due to
very large particle sizes which were developed at increaéing volume
fractions of precipitate, even at lower temperature., Also the inhomo-
geneous distribution of the undissolved particles at higher venadium
contents can lead to the coarsening of auétenite grains at-much lover

temperaiure than the solution temperature of VN,

Webster and Allen(79) studied austenite grain growth in steels contai-
ning ~ 0.4 % C and 0.1 % V, and showed that .abnormal grain growth can
be prevented by :- ' '

- (a) rapid heating to the austenitizing temperature;
and (b) ' austenitizing below the solubilitf temperature for carbides,

particularly within critical range.

6.3 The Effect of Titanium

In steels containing titanium, austenite grain growth is inhibited by
the pinning effects of TiN and TiC, and such effects increase with
increasing titanium content(eo).

George and Irani(81) showed that the highest grain coarsening temvera-
ture was achieved in a steel when all the titanium was combined as

TiN, but vhen there was an excess of titanium the grain coarsening
temperature was lowered, The reason for this observation is not clear,
It was however concluded that TiN was responsible for the high grain
coarsening temperature, and that titanium should be added in the proper
proportions relative to nitrogen in order to form a high volume fraction

of TiN, TiN is much more stable than TiC at high temperature.



Increased holding time, tends to lower the austenite grain coarsening

'bemperature(s1 82) but 1ncreased heating rate generally decreases.
the growth of the austenite grains and thereforé results in a finer
austenite grain 31ze(82).

6.4 Comparative Effects of Niobium, Vanadium and Titanium on Austenite

Grain Growth

It.is clear that the grain coarsening temperature is dependent on :-
'(a) the temperature dependence -~ - solubility of‘the carbides
and nitrides of the alloying elements; A decrease in the
solubility of alloy carbides and nitrides, increases the
grain coarsening temperature due to the stability of precipi-
tates to occur at higher temperature., The solublllty of
carbides and nitrides of niobium, vanadium and titanium
increases in the order of V 03 , VN, TiC, Nb(C,N) and TiN,
From this it can bg seen that TiN is the most stable phase
and therefore titanium addition in the steel should give |
the highest austenite grain coarsening temperature, followed
by niobium and vanadium in decreasing order. This has been
. confirmed by meny investigators(72’74_76).

(b)  the coarsening rate of precipitates at various temperatures:
Precipitates which coarsen rapidly give lower grain coarse-—
ning {emperatures compared to those whiéh coarsen slowly.
The coarsening rate of different phases in decreasing ordex
is.- v403 , VN, TiC, Nb(C,N) and TiN, The effect of temper=
ature on the particle size of (G, N)(m end Tin(8") ap
shown in fig.19, from which it can be seen that TiN is very
stable even at temperaturesas high as 1300°C, Also TiN has
a lower cozrsening rate than Nb(C,N), which resulis in a
finer particle size at any given temperature compared with
Nb(C,N), Therefore, titanium additions raise the austenite
grain coarsening temperature significantly compared with
niobium, ‘

(¢c) the particle size and distribution: A uniform distribution
of fine particles is necessaxy to achieve an optimum effect
for a given volume f;action of precipitates in retarding

- grain growth, There is an optimw: size for precipitates



vhich can give a maximum pimnming effect at the grain bound-
ary. The size and distribution of particles are affected

by thé history of the steel, the type of heat treatiment and
the thermo-mechanical treatment. Strain-—induced»precipitates,
which are usuvally fine and uniformly distributed, retard
austenite grain growth very effectively.



CHAPTER 7

CONTROLLED ROLLING

‘.7.1 Introduction

The main purpose of controlled rolling is %o refine the ferrite grain
size which is produced by the transformation of the "conditioned"
austenite, as there exists a relationship bétﬁeen the austenite grain
morphology and the ferrite grain size, In general very fine recrysta-
1lized austenite, or thin elongated unrecrystallized austenite, is
‘preferred,as such morphologies offer maximum nucleation for ferrite
and therefore the finest possible ferrite grain size. However, contro-
1led rolling is also used to optimize various sirengthening mechanisms
such as precipitation strengthening and texture strengthening, without
adversely affecting toughness, Tﬁe various processing parameters inv-
olved during controlled rolling are -

- Reheating temperature,

- - Finishing temperature,

-  Amount of deformation,

- Holdiné temperature and time,

- Cooling rate,
and - Coiling temperature in coiled products.

These parameters are used mainly td-achieve the austenite grain morpho-
logy which can transform to & uniform fine ferrite grain size, and

‘to prevent the ferrite grain growth after transformation., The austenite
grain morphology can be va:ied by mezns of the recrystalliiation of
sustenite and this is also dependent upon the alloy composition. For

- example additions of alloying elements such as niobium and vanadium
retard the recrystallization of austenite thus giving thin elongated
grains at low rolling temperatures, whilst at higher rolling temperatu-
Tes strain induced precipitation can give finer recrystallized grain
sizes than can be achieved in plain carbon steel for similar rolling

conditions,

in order to control the recrystallization kinetics and grain growth of

austenite, additions of niobium, vanadium or titanium are made to the



_plain carbon steel either singly or in combination,

7.2  Effect of Thermo-Mechanical Variables on‘the Ferrite Grain Size

and Mechanical Properties of Micro-Alloyed Steels.,

7.2.1 Reheating temperature

Reheating temperature affects the initial austenite grain size and the
améunt.bf micro-alloying carbides, nitrides or carbonitrides dissolved
in the austenite. Such changes can lead to variations in the final

properties obtained in steel through +heir effect on the final ferrite

grain size and precipitation strengthening,

The effect of reheating temperature has been studied either using a
(84,85)

single deformation(es) or miltiple deformations . Using a single
deformation, a decrease in reheating temperature refines the ferrite
grain size, and the intensity of such ferrite grain refinement was found
to be composition dependent, Additioné of alloying elements such as

" niobium, vanadium and titanium form carbonitrides, and the presence of
these precipitates retards the grain growth of austenite leading to
further grain refinement compared with plain carbon steels, as discussed

previously,

A similar effect of reheating temperature on the ferrite grain size

has also been observed after multipass rolling of plain carbon and
micro-alloyed steels(86). However, Priestner et a1(86) found no effect
of reheating temperature on the ferrite grain size afier multipass ro-
1ling, because the earlier passes refine the austenite grain size and
80 create a condition not entirely developed by the reheating tempera-

ture.

Partidularlyvin micro-alloyed steels a decrease in the reheating temper-
ature will reduce the amount of alloy caxrbonitrides in solution, and
therefore will ieduce the potential precipitation strengthening. Such a -
redﬁction in - precipitation strengthening will improve the toughness,’
Also it has been claimed that a decrease in transition temperature with
decrease in reheating temperature is due to the refinement of the ferrite

grain size, Such an effect has been observed(85) in plain carben steel



~after mltipass rolling, so that the decreased transition temperature

cannot be only be due to a reduction of precipitation strengthening.

7.2.2 Finishing rolling temperature

The finishing rolling témperature'can be divided in to three tempera-
ture ranges :-~ -
- Rolling in the austenitic range (Above Ar3 temperature)
- Rolling in the austenite plus ferrite range(Between Ar1 and
. Ar3
- Rolling in the ferritic range (Below Ar1 temperature)

temperatures)

Decreasing the finishing rolling temperature in gehéral, refines the
ferrite size, due to an increase in ferrite nucleation because of the
increaéed austenite grain boundary area per unit volume, which resulis
from the formation of either fine recxrystallized austenite giain sizes,
if rolled above the recrystallization temperature or elongated uwn- 4
recrystallized austenite grains containihg deformation bands when xol-
ling is performed below the recrystallization temperature., Fartially
recrystallized austenite can transform to mixed ferrite grain sizes(87),

and such a structure is known to be detrimental to toughness,

Rolling in the austenitic range leads io the formation of polygonal
ferrite and maximum ferrite grain refinement can be achieved by giving
heavy deformations Just above the Ar3 temperature, The degree of fer~
rite grain refinement decreases as the finishing rolling temperature
48 lowered in the austenite plus ferrite range(ss), whilst mainly fer—
rite grain elongation occurs when steel is deformed in the ferritic

range.

The degree of ferrite grain refinement due to a decrease in the fini-
shing rolling temperature can be. enhanced by proper control of alloy
composition. It has been freQuently shown that additions of niobium,
vanadium or titenium either singly or in combination enhanées ferrite
grain refinement, on many occasions niobium has been proved more effi-
cient in this respect than vanadium when added singly, but if niobium
and vanadium are added in combiration, further refinement of the

ferrite grain size occurs compared with single additions of niobium or



(88, 89) It has \

vgnadium for a similar finishing rolling temperature
been shown(9o) that an increase in carbon content from 0.1 to 0.25
mass % in 0,1 mass % V steel refined the ferrite grain size even when
rolled at similar finishing temperatures, Irvine et al( 3). also found
a similar effect of carbon in plain carbon and niobium micro-alloyed
steels, The effect of vanadium on ferrite grain refinement has been

- found to increase with an increase in nitrogen content from 0,006 to

0,02 mass 9% ,

The composition of the steel affects the intensity of the ferrite grain
refinement and therefore also affects the mechanical properties related
to ferrite grain size. Rolling in the austenite plus ferrite range
results in the deformation of proeutectoid ferrite and =o, this offers
additional strengthening due to the increase in dislocation density.
However, such strengthening increases the transition temperature(83 1 93)
vhen rolling is continued in austeﬁite plus ferrite range., A decrease
in ffansformation temperature by an addition of an alloying element
such as manganese can allow a furthexr decrease in rolling tempevature
without impairing the impact transition temperature, as the deformation
of ferrite can be avoided due to decrecase in the transformaiion temper-

ature(BB)

A rolling procedure called "continﬁum" rolling has been devgloped(sa)

in which rolling is continued down to temperatures as low as 400°C and,
such a procedure has been found to increase the yield strength without
adversely affécting toughness; in fact there is an improvement of tough-
ness, The improvement in toughness inspite of the increase in yield
strength after "continuum" rolling is ‘attributed to the grain refine-

ment, sub-grain formation and cube-on-corner textuxe formation.

7¢2.3 Amount of deformation

An increase in deformation above the recrystallization temperature
refines the recrystallized austenite gfain size, Also an increase in
deformation below the recrystallization temperature increases the auste-~
‘nite grain boundary-area'per unit volume by elongating the grains and
increasing the density of deformation'bénda(94), Thus, irrespective of

the finishing rolling temperature, an increase in deformation increzses



the austenite grain-boundary area per unit volume, and therefore refines

the ferrite grain size.

Because of the refinement of the ferrite grain size with increased defor-

mation, the yield strength and impact transition temperature will improve, .

andféﬁéﬁig5fgéf can be enhanced by lowering the deformation temperature——
as mentioned previously. Increasing the deformation in a high hardenabi-
lity steel, i.e. 1.5 9% Mn, was found(®?) 4o eliminate bainite formation,
and so led to an improvement in toughness. However, it has been reported(76)
that in niobium steels, an increase in deformation decreased the ductile
‘fracture energy whilst the reverse was observed in plain carbon steel.

The reason for this is suggested to be due to pinning of dislocations by
precipifates in niobium steel,which inkibited their glide, MdPherson(95}
has also suggested that a high unpinned dislocation density in the
abgence of any marked precipitation cén lead to improvemeﬁt in toughness,

although the reasons Quoted for this effect seen rather speculative,

Additions of micro-alloying elements allow a wider temperature range for
rolling below the recrystallization temperature because they raise the

recrystallization temperature. Thus it is possible to increase the amount
of deformation below the recrystallization temperaturé by increasing the
number of rolling passes whilst still maintaining a high rolliﬁg {emper—

ature,

7.2.4 Holding temperature and time

The main purpose of holding is to achieve a low finishing temperaiure
after reheating the steel at high temperatures, Although low reheating
témperatures can lead to low finishing temperatures without holding, this
would be at the expense of precipitation strengthening particularly in
niobium and titanium micro-alloyed steels due to the temperature depen-
dent solubility of alloy carbides and nitrides. Such processing methods
can lead to production difficulties, Low finishing temperatures can be
achieved by starting ﬁith a thicker section but this will require longer
rolling times to reach the final section size,‘and therefore such a

" process would not be economical.

Turing cont;olled rolling, slab can be helé either prior to the start



of rolling oxr at an intermediate stage during rolling. Holding prior
to rolling is only economically viable where as much solubility of the

carbo-nitrides as possible is essentisl.

Intermediate holding can lead to the following, depending on the state

_ of the austenite, the holding temperature, the holding time, the amount
of stored energy and the composition of the steel :-

- If the austenite is recrysiallized, grein growth will occur
but this can be minimized by solute drag or pinning the asuste-
nite grains by second phase particles. ‘

-~ If the austenite is partially xrecrystallized, a further recry-
stallization will occur by either, growth of the recrystallized
austenite grains in the unrecrystallized matrix and/ox the
formation of new recrystalllzatlon nuclei, The forme; vends to
coarsen the austenite grain size whilst the latter refines
the austenite graxn size. .

- If the austenlte is completely’ unrecrystalllzed recovexry or
recrystallization will occur.

Trvine ‘et a1(83) showed that holding plain C-in and C-Mn-Nb steels for
5 minutes at 800°C 1led to coarsening of the ferrite grains in plain-

- carbon steels whilst niobium steel showed little evidence of such
coarsening., This is because niobium retards recrystallization and grain
growth to times in excess of 5 minutes at BOOOC. However, it was sugge-~
sted that holding at a hlgher temperature for a niobium steel, where
recrystallization could occur more rapidly, caused detrimental effectis

sinilar to those shown for plain carbon steels,

Holding at high temperatures resultsin coarse ferrite grain sizes and
therefore will decrease the yield strength and increase the tran51tlon
temperature. Chapman(9 ) studied the effect of the holdlng start tempe-
rature and the holding finish temperature on the transition temperature
in niobium containing ship plate steel, A decrease in both the start

and finish holding temperatures led to a progressive improvement in the
charpy values, This was attributed to microstructural refinement in thg
austenite. In industrial processing however, there is an inter-relatio-
nship between the finishing rolling temperature and temperature at the
end of the holding period., )



Heavy deformations after an intermediate holding are necessary to éhsure
either fine recrystallizéd austenite or very thin elongated austenite

grains, to transform to a fine ferrite grain size.

T T 2.5 Cooling4rate’

Cooling rate,'also ¥nowvn as "controlled cooling", can be used to achieve
optimum mechanical propexrties through its effect on the Yﬁ—9°<- trans-
fbrmafion temperature, grain groﬁth of the austenite and ferrite, and
precipitation strengthening. Higher cooling rates between rolling passes
can also be used to achieve low finishing temperatures, and hence to
eliminate holding during rolling. The effects of cooling rate on the
microstructure and hence the mechanical properties of controlled rolled
gteels depends very nuch so cn the way such cooling has been applied.
The important wvariables in controlled cooling are :-

- cooling rate, '

-  the starting temperature for cooling,

and - ' the finishing tempsrature for cooling.

It is well known that a fast cooling rate depresses the transformation
temperature and minimisesgrain growth of the austenite. Both of these
will increase ferrite nucleation and therefore will result in a fine
ferrite grain size., Accelerated cocling by water sprays on thé mill run-
out {table are used mainly to produce strip(43). The cooling rate should
not be =0 high that it leads to the formation of acicular transformation
products, and thus to & deterioration in toughness. Slow cooling rates
on the othef hand lead to formation of coarse ferrite grains and can
also, lead to mixed ferrite grain sizes(®)), both of which havejtendency
{0 increase the impact transition temperature and decrease the yield
strength, Figure 20(90) shows the effect of cooling rate on the ferrite
- grain size for several plain carbon and low alloy steels having the
same finishing temperature of 926°C and a final reduction of 20 %. For
these stgels, the cooling rate predominates over the composition (Nt or

V content) with respect to control of the ferrite grain size,

The starting temperature for Qodling is important pariicularly when the
advantage of a high cooling rate on retarded austenite grain growth



and the depression of the transformation temperature has to be utilized.
The best results are obtained by cooling directly from the finishing
rolling temperature with minimum delay(97). A minimum delay ensures

minimum austenite grain growth prior to transformation and hence results

Tﬁiiiifiﬁé”ferrite'grai?"size; A fastcooling rate—from a.bovef.!\r3 gives
maximum refinement of the ferrite grainsand hence the maximum increment’
of strength and decrease in transition temperature. On the other hand,
ferrite grain refinement is less pronounced with a lowering of the

(98)

starting temperature below Ar3, for a given cooling rate

It is important(99) to complete the transformation of austenite on the
strip run—-out table prior to coiling, in order to avoid any transform-
ation occurring during very slow cooling after coiling, because this
results in the formation of coarse ferrite grains. Also the finishing
cooling.temperature should be as low as possible to achieve the lowest
coiling temperature which cen give minimum ferrite grain growth, coupled

with optimum precipitation strengthening.,’

7.2.6 Coiling temperature

It is possible to obitain a range of mechanical properties in coiled
stxrip products by varying the coiling {temperature. This is because of
the control of the ferrite grain size and precipitation strengthening

during cooling from the coiling temperature.

Too high a coiling temperature leads to transformation of austenite at
very slow cooling rates after coiling, and thus would result in formati-
on of coarse ferrite, High coiliné temperature can also give rise to
ferrite grain growth after transformation, and a decrease in yield stre-

ngth and deterioration in toughness,

Another important strengthening mechanism affected by the coiling tempe-
rature is precipitation strengthening. Too high a coiling temperature
can allow overageing whilst very'low coiling temperatures may suppress -
the precipitation due to high cooling ratesrequired to achieve the low
coiling temperature, It has been shoun(96) that a high coiling tempera-
ture increases the grain boundary cerbide thickness and this has delet-

erious effect on toughness,



CHAPTER 8

RECRYSTALLIZATION OF AUSTENITE

8.1 Introduction

An understanding of austenite recrystallization during controlled .
rolling is important to achieve the austenite grain morphology which
can transform to very fine uniform ferrite grain sizes, Plain C-Mn
steel.recrystallizes very rapidly even at 800°C, and therefore it is
‘difficult to "condition™ the austenite prior to transformation, as

only a small temperature range is available for controlled rolling.

It is possible to raise the austenite recrystallization temperature

by elements such as niobium and vanadium; so that the temperature range.

-in which controlled rolling can be carried out is increased,

Studies of the effect of microalloying additions on the dynamic and
static recrystallization of austenite after various thermo-mechanical

treatments have been made by many investigators, The recrystallization

(76,83,86,94,
(77,125,126),

behaviour has been studied after deformation by rolling

98, 100-111) (112-116)' tension(117-124) or torsion

s compression
and the recrystallization kinetics have been evaluated by either guan-
titative metallography or by the decrease in the yield stress of the

recrystallizing austenite.

Additions of niobium and vanadium retard the recrystallization of auvs-
tenite and to understand this phenomenon it is necesszry to consider
the effects of these elemenis on the various recrystzllization processes
namely :- '

- Nucleation

- Growth of the recrystallized grain, and

- .Grain growth after completion of recrystallization,
8.2 TRucleation

- Prior austenite grain boundaries are the major nucleation siies for

recrystallization, However, in addition to this, nucleation can occur

(105),

at non~coherent twin boundaries, grain bopﬁdaries, triple points
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deformation bands, and at interfaces between recrystallized and un-
recrystallized grains(1o9’127>. Some parts of‘the prior austenite grain -
boundaries do not function as effective nucleation sites, which may

————be-due to high coincidence-with the neighbouring grain, and therefore
nucleation at prior austenite grain boundaries is not always uniform,

There is no evidence for homogeneous nucleation for recrystallization,

Nucleation cccurs mainly by subgrain growth or subgrain coalescence
mechanlsms( 7) but nucleation by strain induced grain boundary migra-
tion (S.1.B. M)(76 128) and bulge nucleation has also been observed.
Kozasu et a1(105) observed boundary serrations after hot deformation
and suggested that this might be related to nucleation. Tanaka et al
(129-130) noticed S,I.B.M for less than 8 % deformation whilst Roberts(128)
observeq S.1.B.M during dynamic recrystalllzation of austenite when a

vexry large deformation was given at high temperatures.

There is an incubation period before a viéble nuclei can form and grow,
and an increased incubation period demotes ;etarded nucleation. Preci-
pitation of Nb(C,N) and V(C,N) on substructures in deformed austenite
have been observed by many investigatots; and such-an effect hes been
shown to retard recrystallization, although whether this actuslly '
increases the incubation periocd is not always clearly stated, Jonas(131),
discussing the results of LeBon et a1(77’125’126)
niobium retards static recrystallization due to the effect of precipi-~
- tation of Nb(C,N) on the nucleation pr?ﬁggi, rather than on the growth

presence of niobium increases the incubation time for nucleation.,

s suggested that

of the recrystallizing grains, Roberts also-suggeoted that the

Another mechanism by which niobium or vanadium can retard nucleatibn'is
by preventing dislocation movement by solute-dislocatior interaction,
Coldas et al(132) after studying the temperature dependence of the

time exponent 'n' in Avarmi's equation, for plain carbon and niobium
steels, suggested that the main influence of niobium is on the static
recrystallization incubation time and not 6n the kinetics of recrysta-'
llization after incubation. It was shown that niobium retarded nucleation
by a solute effect which was supported by the absence of observable
precipitation of Wb(C,N) particles during the incubation period.

Vhite et a1(1 5) 2lso noted a similar effect of niobium and vanadium




solute atoms on the incubation time, However, they found that on a

mass percent basis niobium was more effective than vanadium in incre-
asing the nucleation incubation time. Roberts(114) studied dynamic
recrystallization in vanadium steel and showed that vanadium in solution
o petarded -dynamic-recrystallization by increasing the nucleation incu-

bation time .

Regardless of the mechanism by which niobium and vanadium increase

the nucleation incubation time i.e by pinning of dislocationsby preci-
pitates or solute atoms, it is clear that additionsof these elements
rétard micleation and therefore recrystallization, The mechanism by
vhich they retard nucleation is still not very clear and rno satisfactory
model is available to predict quantitetively the effects of precipitates

or solutes on nucleation for recrystallization,

8.3 Growth of the Recrystallized Grains

Any retardation in growth of the‘récrystallizéd grains into the un-
recrystallized matrix can also result in a retardation of recrystalli-
zation and, after the nucleation process, this may be the rate controlling

process,

Crowth of recrystallized grains will leave behind a region with a much
lower dislocation density. The major driving force for the growth of
recrystallized grains is the difference in dislocalion density between
the deformed and recrystallized regions, The rate of growth of the
recrystallized grains increases with an increase in deformation., On the
other hand an increase in deformation would also increase the nucleation
rate and the net result would be a refinement of recrystallized grain

size,

The growth rate of the recrystalliied grains can be retarded by the
presence of second-phase particles, and for this to occur very f{ine
distributions are reguired., Irn the initial stages, when the recrystalli-
zing grains are fine, only very fine particles can retard growth of the
recrystallizing grains, Alfhough solute has been shown to retard grain
grovth after completion of recrystallization in dilute solid selutions,

it may not be effective in retarding growth of recrystallizing grains




due to the very high driving force available for recrystallizing'grains
to grow. Thus it seems probable that second-phase particles can only
inhibit grain growth of recrystallized grains.

Many investigators have attributed the effect of niobium on the retard-

ation of recrystallization, to the inhibited grain boundary migration of
recrystallizing grains by Nb(C,N) precipitates(109'123). Such an effect
can also occur in vanadium microalloyed steele but due to the higher
solubility in austenite of V(C,N) compared with Wb(C,N), it would be
expected that vanadium would be effective at lower temperatures than

niobium,

There ié no theoretical treatment available to describe the growth of
recrystallizing grains into the unrecrystallized matrix. Also much of
fhevpublished work on the recrystallization of austenite in microalloyed
steels has considered the overall recrystallization kinetics rather

than the separate effects of nucleation and growth of the nuclei into

the unrecrystallized matrix,

8.4 Recrystallization Kinetics of Austenite

8.4.1 Niobium steel

8.4.1.,1 Effect of reheating temperature

A higher critical reduction for recrystallization has been observed to
be necessary as the reheating temperature increases, in both plain-
carbon and niobium steels, It has therefore been suggested (76,94)
that an increase in the austenite grain size is responsible for increa-
sing the critical reduction for recrystallization. However, in niobium
steels, an increase in reheating temperature also increases the niobium
in solution and it has been shown by many investigators(76’111’133)
that increased niobium in solution retards austenite recrystallization
either by solute drag(133) or by precipitates(94’111). In genéral,
thefefore an increase in reheating temperatu:e leads to retardation

‘of austenite recryétallization more in niobium steels compared with
plain~carbon steels. To utilize the effect of niobium on the retardation

- of austenite recrystallization it is desirable to dissolve the niobium



in austenite prior to deformation,

8.4.1.2 -Effect of r»olling temperature

In accordance with the,general'principles,of,recrystallization,,the,,u;
critical feduction for complete recrystallization decreases with an
increase in rolling temperature. As shown in fig.21, the influence of
initial austenite grain size and deformation temperature is small in
plain-carbon steel, but in nicbium steel the effect of both these -
variadbles is extremely large. The critical amount of deformation required
for completion of recrystallization ihcreases rapidly with decreasing
deformation temperature in niobium steels., Thus the addition of niobium
increases the dependence of the critical strain for recrystellizatien
on the initial austenite grain size and deformaticn temperature, In
niobium steels, recrystallization is completely suppressed below about
95000(76). On the other hand plain carbon steels recrystallize in a

few seconds, even at 800°¢c,

8.4.1e5 Effect of deformation

An increase in deformation will increase the driving force for recry-
stallization, However, a critical amount of deformation is required to
initiate recrystallization, and this has been found to increase with

(76,94)

steels, the critical amount of deformation is very much dependent on

nicbium additions to plain-carbon steel o Particularly in niobium
the rolling temperature and the initial austenite grain size,fig.21.
The critical amount of deformation required for the recrystallization
of austenite decreases with a reduction in initial austenite grain size

and an increase in rolling temperature,

8.4.1.4 Effect of holding temperature and time

Because of the importance of holding temperature and time in the contro-
1led rolling of microalloyed steels for plate or strip, many studies
have been made of the effect of holding temperature and time on the
recrystallization kinetics of austenite, Such studies have been made

. uaing varying techniques; many alloy compositions and using different

(102,109,115, 116,126,134~

thermomechanical treatments 156). In general



the addition of niobium to plain-carbon steels retards austenite recry-
stallization, and this effect increases with decreasing rolling and

holding temperature.

The practical 31gn1flcance 1n industxy of tlme-temperature-recrvstall1-

zation data such as that illustrated in fig,22, can be important if

such information is asszociated with other variables such as deformation

and rolling temperature because it governs the recrystallization kinetics, i
Kozasu et a1(94) represented such information for a 0,03 % Nb steel
reheated to 125000 for 20 min, and rolled in one pasé as.iliustrated in
fig. 23, which shows the state of recrystallization, including the

change in recrystallized grain size, at various rolling temperatures,

~after different reductions, Such data is valuable in designing conirolled

rolling schedules,

8:4.1.5 Effect of strain rate

The effect of strain.rate has been studied meinly on dynamic recrysta-
llization. Wray(137) studied the effect of strain rate on the strain

to recrystallize in 0,93 ¢ C steel, and observed an increase in strain
rate from 10-5 to 10-2 at various deformation temperaturés to increase
the strain to recrystallize, He also suggested that the high strain

rate used in hot rolllng'may require greater than 30 % straln tc initiate
dynamic recrystalllzatlon. LeBon et a1(126) investigated the effect of
niobium on dynamic recrystallization using various strain rates in torsion.
They found that the strain needed to initiate dynamic recrystallization
was higher for the niobium steel compared with the niobium free steel,

Tt may be concluded thet for the very high strain rates used'in the

hot rolling of niobium microalloyed steel, greatef than 30 % strain may
be desirable to initiate dynamic recxrystallization, Thus dynamic recrysta-
llization in hot rolled niobium steels may not occur under many industrial

conditions,

LeBon et al(126) showed that an increase in strain rate increased the

-work-hardenlng of austenite, more in a niobium steel than in a niobium

free steel., On the other hand, Kozasu et al(94) suggesmed that lowering

. the strain rate from 25 to 5 per sec. was not su;f1c1ent - St

to change the critical deformation for dyﬁamic recrystallization,



petkovit et a1l11®) and weiss et a1(1%®) studied the softening behavio-
urs of plain-carbon and niobium microalloyed steel after deformation _ !
2 and 8 x 1072 &™), and it

was shown that an increase in the strain rate of one order of magnitude

at 930°C at various strain rates (8 x 10”

for the plain-carbon steel increased the rate of softening also by
about an order of magnitude. On the other hand, in the niobium modified
steel, a two order of magnitude change in strain rate produced much less
change in the rate of softening. The increase in the rates of both

recbvery and recrystallization in both steels, were attributed to the

increase in retained dislocation density, and therefore in the driving

force for softening, which accompanies the increase in strain rate.

In conclusion, the effect of niobium is to increase the strain to initiate
dynamic recrystallization and this increases with an inérease in strain
rate, The effect is greater in niobium steel than in plain-carbon steel.
However, once dynamic recrystg;lization is initiated the rzte of recry-

stallization is faster in niobium steel compared with niobium-free steel,

8,4.1.6 Effect of composition

Studies (94,139) on the effect of increasing the amount of niobium up
ton 0,13 % on austenite recrystallization has shown an increased retar-
dation of recrystallization as the niobium increases, fig, 24. It has

been suggested(139) that increasing niobium up to 0,06 ¢ is very effective
in retarding static recrystallization, A similar effect of niobium

content has also been observed on dynamic recrystallization, as shown in
fig. 24. |

Petkovit et a1(116) observed that the softening, after an identical

treatment, was retarded mére in 0,68 % C -steel than in 0,42 9 C steel.
Othexr ?tudies(111’112)
in a retardation of austenite recrystallization, However, the indeven-

showed that an increase in Nb : C also resulted
dent effects of carbon and niobium are by no means clear,
The effect of menganese on austenite recrystallization in niobium steel

is not known, but large additions of manganese (v 5.2 %) in a 0,05 % C
steel retarded the recrystallization of austenite 157). This effect of



manganese was suggested to be due to an increase in the stacking fault

energy of austenite,

Lamberigts et a1(120) investigated the effect of 0.018 % Nb and 0,018 %
¥b + 0,065 % V on austenite recrystallization at various temperatures.
T They observed that the presence of as little vanadium as 0,065 % caused
more marked retardation of recrystallization below 950 °c. On the other
hand, 1t has recently been shown(115) that in a Nb-V-N steel containing
0. 03 % Nb, less than 0.2 % V has no influence on uhe rate of work harde-
ning but if the vanadium content is raised to 0.2 %, the effects due to

niobium and vanadium tend to be additive,

The effect of aluminium on static austenite recrys%allization after
(83,86),

various thermomechanical treatments is reported to be insignificant

(105)

recrystallization in plain-carbon steel on increasing the aluminium
content from 0,002 % to 0,049 ¢ p, at 0,017 % N. It was suggested that

aluminium in solution seems to promote micleation and accelerate grain

but in contrast to this Kozasu et al observed an acceleration of

“boundary migration, and therefore écceleratedrecrystallization. However,
it was also mentioned that suéh an effect of aluminium was not large.

A 81milar effect of alumlnlum on the acceleyation of austenite recrysta-
111aat10n was also observed by Roberts( 09) in niobium microalloyed steel,
Although Roberts observed acceleration of static recrystallization in

the presence of aluminium, he also noticed more retardation of dynamic
recrystallization by niobium when in additions aluminium were present.
Such contrasting effects of aluminium on static and dynamic recrystalli-

zation are not fully understood(109).

8.4.2 ' Vanadium steels

8.4.2.1 Effect of reheating temperature

In contrast to niobium, vanadium can be dissolved at low recheating
temperatures and therefore very high reheating temperatures are not
needed._Howéver, the temperature for complete solution of wvanadium
carbonitride is dependent on the composition, and therefore the reheating
temperature required to dissolve the vanadium carbonitride will vary

vith composition., Thus the effect of reheating temperature on austenite



recrystallization in vanadium microalloyed steel will mainly be due to

the variation in the initial austenite grain size rather than due to

vanadium, provided the reheating temperature is above the solubility

temperature of v(Cc,N). A lower reheating temperature may give finer

austenite grain sizes prior to rolling, and therefore may accelerate

recxyystallization,

8.4.2.2 Effect of rolling temperature

The effect of vanadium on the retardation of static austenite mecrysta- ‘
liization has on many occasions been related to the precipitation of
V(C,N) in austenite after deformation., Thus only rolling at temperatures
which can nrecipitate strain induced V(C,N) in austenite will affect

the recrystallization of austenite. In agreement with this, it has been
reported that vanadium retards austenite recrystallization during rolling
below 95000(105’107’114’140’141), and such an effect increases with a

. decrease in rolling temperature.

8.4.2,3 Effect of holding temperature and ftime

The effects of holding temperature and time on the progress of recrysia-
llizetion of austenite in vanadium steels have been studled by many
invegtlgators(109 14,1 O) Below 900 C wvanadium retard recrysitalliza-
tion very effectively and the effect increases as the holding temperature
decreases; reciystallization being completly suppressed at or below
800°c,

B8e4.2.4 BEffect of strain rate

roberts( 1) studied the recrystallization kinetics of 0.09 5 V steel

at various temperature after deformation at strain rates of 0.05 8-1

and 1.0 3-1 s using compression. He noied that at 85000, the same

kinetics were found even when the strain rate during predeformation was
increased by a factor of 20, This result is in agreement with observations
made by Ahlbloml 127) in 18/9 austenitic steel. Tt should be noted that
these results are in conirast to those discussed in section 8.4,1.5 for

plain~carbon and niobivm microalloyed steels,



8.,4.2.5 Effect of composition

It is generally believed that vanadium retards austenite recrystalli-
zation due to strain induced precipitation of V(C,N). It is also well

~_esteblished that VN precipitates at higher temperatures than VO, Therefore =

an increase in nitrogen content will increase the volume fraction of

VN, and enhance the retardation of austenite recrystallization at higher
temperatures, However, sucﬁﬁgffect of nitrogen in vanadium steel has

not been investigated in detail, ‘

'8.4.3 Titanium steels

Pitenium, due to its high reactivity with oxygen, nitrogen end sulphur,
ig difficult to control during the production of steel, and this has
prevented the wider use of titanium in the C-Fn steel. Therefore, very
little work has been done on the effect of titanium on the recrystalli-
zation of austenite. However, some of the work does show thagjgiesence
of titanium in the C-Mn steel retards recrystallization of austenite(99’151),
and this has been suggested to be due to TiC precipitates(151). Xorchy-
nsky(99) showed that titanium retards austenite recrystallization more

effectively than does either niobium or vanadivm,

Titanium, in fact raises the austenite grain coarsening temperaturev
markedly, mainly due to low coarsening rate of TiN and TiC, hence after
austenite recrystallizatiogfgiesence of TiN and TiC will prevent the
coarsening of austenite grains. Thus titanium will refine the austenite

grain sigze,

8,5 Comparison of the Effect of Niobium and Vanadium on Austenite

Recrystallization

(83,105,106,111,114,115,119,121,135,142) .00 ooonq

Many investigators
the effects of niobium and vanadium on the static recrystallization of
sustenite, Such comparisons have been made either on the basis of their.

. effect on the température of recrystallization(105’114’119)
t(108,115,121)

or on the

basis of unit weight percent or a2tomic percen



In general there is agreement that vanadium does retard the recrystalli-

‘zation of austenite compared with plain-carbon steels, When such effect

of vanadium is compared with that of niobium it~has been shown that

vanadium has less effect in retarding recrystallization of austenite

than does niobium, However, it would be desirable to explain the compari-

tive effects of niobium and vanadium in temperature rahges where both

retard recrystallization of austenite.

There seems to be general agreement that niobium retards recrystalliza-
tion. at higher temperatures than veanadium, In fact it has been noted
that vanadium retards recrystallization only below 900°c{109+1075114,140,141)
and is not very effective above 900°C. If the effect of vanadium is |
compared with niobium above 900°C, vanadium does have a smaller effect

on retardation of austenite recrystallization,as has been noted by many

investigators,

Iowever, if the effect of niobium and vanadium are compared at tempera-
turesbelow vwhich both of these elements retard recrystallization of
" austenite then,as has been shown in fig., 25 and discussed by Roberts(114),
the suppression of recrystallization due to vanadium is very marked at
800°C compared with niobium. On the other hand at~ 900°C niobiunm is &
more effective inhibiter of recrystallization than is vanadium, in terms
of the degree of inhibition per unit concentration,
It is well known that an addition of niobium19%) or vanadium(1102113:174,
121,122) to plain-carbon ausienite retards dynamic recrystallization.
(83,94,123,142) that retarde-

tion of dynamic recrystallization is greater when niobium is added)
(114
has

However, it has been shown on many occasions

instead of vanadium. In contrast to these observations Roberts
shown that the effect of vanadium on the retardation of dynamic recrysta-
1lization is atleast equivalent to that of niobium on a unit concentration
(wt %).basis, but in terms of atomic percent, the effect of niobium is

somevhat strongex,

8.6 ‘Mechanism of Recrystallizetion of Austenite

The following summarizes the major differeunces of opinion:-~



(a2) Niobium in solution increases the incubation period for
nucleation and thereby retards the recrystallization of
austenite. Such an increase in incubation time for viable
nuclei to form has been attributed to solute-dislocation

‘ 1nteraction and therefore to the format;on of recrystalllzed

miclei by subgrain growth or by subgrain coalescence mechani-
sms.,

~(b) ™(C,N) precipitates, particularly stra1n~1nduced, which
are finer than rv 100 £ retard recrystallization of austenite,
perhaps by increasing the incuvbation period for nucleation
or by retardation of recrystallized grain boundary migration
after the formation of a viable nuclieus.

Similar suggestions have been made for the effect of vanadium,

Many investigators have attributed the effect of niobium on the retarda-
tion: of austenite recrystallization to solute drag due to niobium in
solution pinning the dlulocatlons(1o 110,125,132, 133’149-145). For
example LeBon et a1(77) and Coxdea et al( 1) showed that, when niobium
in solution was reduced either by a low reheating temperature or by
pre-~precipitation prior to deformation, the retarding effect of niobiun
on recrystallization decreased. They suggested that recrystallization
was retarded only when niobium was in solution., Coldes et a1(152) studied
the effect of niobium on the variables in Avarmi's equation{which

statés the dependence of the recrystallized volume fraction on the time
elapsed from the start of recrystallization) and after comparing the
effects in plain-carbon steel and niobium bearing steel they concluded
that delayed recrystallization of austenite in the niobium bearing steel
was due to niobium in solution. Jonas and’ Welss(146)
curves for precipitation kinetics of Nb(C,N) and recrystallization

kinetics, as shown in fig, 26, and they showed that niobium retarded

superimposed the

recrystallization of austenite even before precipitation of Nb(C,N)
started and therefore they suggested that niobium in solution does retard
recrystallization. Such an interpretation may be questionable because

of tne doubtful accuracy of the precipitation kinetics. Also the results
of LeBon et a1(77) and Cordez et a,l(12 ) support the solution theorxy,

but have been questioned on the grounds that a reduction in dissolved
niobium will decrease the niobium available for strain induced precipi-
tatlon and this nmay dec*eaqe the reuardlng effect on rec*ySta111zatlon.



On the other hand, many investigators have suggeéted that retardation

of recrystallization by nloblum(102 103,105, 111,119,120, 142,143, 147-149)

(107,115,140,141)

or vanadium is due to strain induced precipitation

pinning the dislocations and substructure produced by deformation. In

—most of the investigations, precipitation on dislocations and substruct-

ure have been observed after deformatlon and this has been shown to

(108)

compared the fraction recrystallized with niobium precipitated and

retard the recrystallization of austenite. Sekine and Marayama

niobium in solution and observed better correspondence with the amount
of niobium as Nb(C,N) precipitated in the austenite matrix. A similar
(126) (131)
results also showed a better agreement of retardation of recrystalliza-
~tion with the niobium as strain induced Nb(CAN) In fact they showed

that the maximum rate of precipitation coincides with the most effective

treatment has been made by LeBon et al and Jonas and their

recrystallization inhibition, LeBon et al( 2 ) suggested that strain
induced precipitation of Nb(C,N) existing before deformation does have
~an inhibiting effect on static recrystalllzatlon at temper*tures below
v 900 C, but that this inhibition is not so strong as in the case of
strain induced precipitation occurring during the incubation period
of'an isothermal deformation and recrystallization treatment. Davenpoxrt
et 31(144? indicated that the important factor in optimizing the precipi-
ﬁate retardation effect is not only one of volume fraction, but also
that the particle size should not exceed a critical size, From theixr
experimental results they found the critical precipitate size to be
~100 R, Wnite et 22(119) found an inhibition of recrystallization when
precipitation commenced,and therefore concluded that the same particles
were respdnsible for the two events. These precipitates would be ~100 £
diameter. Although Davenport et 21 showed that the retardation of
recrystallization to bé due to the pinning of the deformation substruct-
ure by strain induced precipitates of Nb(C,N) and they also suggested
that these observations do not provide unequivocal proocf of the precipi-

tate pinning mechanism, as it is possible that the fundamental retardation

process involves some form of substitutional solute-dislocation interaction

and that the Nb(C,N) precipitation effect is merely a secondary procesé
vhich can occur as a result of the initial stabilization of the sub-

structure,



CHAPTER 9

TRANSFORMATION OF AUSTENITE TO FERRITE IN MICROAILOYED STEELS

‘9,1 Introduction

Because the transformation of austenite to ferrite occurs during cooling
and because the s2ustenite morphology prior to transformation affecis

thé fefrite grain size produced, it has been possible to obtain finer
ferrite grain sizes, mainly through the control of the austenite grain
moxphology. However, there are other factors which, if associated with
the conditioning of the austenite, can enhance the ferrite grain refine-
ment. These are mainly transformation temperature, cooling rate after
transformation, coiling temperature in coiled products, and the composi-

tion of the steel,

To achieve optimum ferrite grain refinement it is necessary to have a
maxirmum ferrite nucleation rate coupled with a minimam grain growth rate
- of the ferrite during and after transformation. Thus the conditioning of
austenite is generally aimed at achieving a meximum ferrite nucleation
rate through the control of the composition, second phase particle
distribution, and cooling rate, and minimm growth of ferrite grains

~ during transformation,

9.2 The Mechanism of Ferrite Nucleation

Austenite grain boundaries are the principal nucleatioh sites and therefore
austenite grain size plays an important role in the transformation to
ferrite, However, in thermo-mechanically worked austenite, not only is

the austenite grain boundary area increzsed by grain elongationlor sexrrated
(bulged) grain boundaries, but also nucleation occurs within the austenite
grains, thereby increasing the nucleation rate and refining the subsequent

ferrite grain size.

On many occasions it has been noted %hat deformation not only leads t{o
intragranular nucleation but also enhances nucleation at the austenite
grain boundaries(94’114’126’152). Priestner(153) for example showed that

the frequency of ferrite nucleation on aunstenite grain boundaries did not



inerease with rolling strain of up to 35 % in 2 niobium steel but that
the grain refinement obtained was due to increased intragranular nuclea-
“tion. The various intragranular nucleation sites for ferrite were

observed to be dislocations and dislocation substructures(94’153’154) ’
(75, 94’1)4’155);"second‘phase*particles(j39’354)“such

(154)

————-deformation bands
as carbides and nitrides, and austenite twins
With reéard to nucleation on substructﬁres, Priestner and de los Rios(156)
postulated that the substructure should be unrecovered, as recovery
p;ior.to transformation removes the ferrite nucleating ability of the
substructure, although a substructure of dislocation cells can enhaﬁce

nucleation and yet is produced by a recovery process,

Kozasu et a1(94) showed that defoxrmation bands arevimportant as nucleat-
ion sites for ferrite grains but suggested that not all deformation

bands have the same  ferrite nucleation potential.

.Although Valker and Honeycombe(154) showéd evidence for nucleation of

128)

that the evidence for such an effect is unconvincing., It is frequently

ferrite grains on second-phase particles, Roberts et al( suggested
observed that ferrite can nucleateat certain non-metallic inclusions,

particularly IS,

It has also.been suggested(126) that'ferrife can nucleate at the ferrite-
uwnrecrystallized austenite interface. LeBon et al identified such a
(154)

mechanism as "cascade" nucleation whilst Walker and Honeycorbe

identified it as sympathatic nucleation on pre-existing ferrite.

9.3 Effect of Niobium and Vanadium on the Transformation of Austenite

It is well ¥nown that niobium is very effective in refining the ferrite
grain size in controlled rolled steel and there have been meny studies
of the.effect of niobium on the transformation process of austenite to
ferrite-pearlite(70’94’110’139’157"159). In general dissolved niobium
'~ depresses the trangformatlon temperature,i.e Ar3 temperature of
undeforﬁed austenite, but an early investigation of Fleicher et a1(7 )
on the effect of niobium on the hardenability of 0.33 % C-0,65 9% M-

0.2 % Si after various reheating temperatures, showed'that at high

U



reheating temperatures i.e above the austenite grain coarsening tempera~-

tﬁre, the hardenability increased with an increase in niobium content.

They suggested that this is related to the coamser austenite grain size,
(159) on the other hand showed that O, 05 % Nb can depress the auste-

nite-ferrite transformation temperature by 55 °c 1n a steel cooled at

C/sec, and thaf such an effect is equivalent to the benefit gained

from 1,0.% additional alloying with either chromium or manganese.

Transformation start temperatures are also dependent on the austenite
grain size. An increase in austenite grain size devresses the Ar3 tempe-
'rature(110), as shown in fig, 27, which also shows that 0,03 % Nb depresses
the transformation temperature compared with plain-carbon steel; particu-
larly at the coarser austenite grain sizes. VWhen the austenite grain

size is fine, niobium does not depress the Ar3 because such fine austenite
grain sizes are the result of low reheating temperatures and therefore
very low amounts of dissolved niobium. Meyer et a1(159) studied the

effect of up to 0,12 9% Nb after reheating at 900, 1100 and 125000, and
showed that at high reheating temperatures increasing dissolved niobium
retarded transformation. At low reheating temperatures the transformation
vas accelerated due to ferrite nucleation on undissolved carbides, a

low dissolved niobium and a fine austenite grain size. They concluded

that niobiuﬁ was similar {to molybdenium in its effect on hardenability

and the formation of aciculaxr structures during cooling. Fisher and
Gells(15 ), in fact compared the retarding effect of niobium on transfor-
mation with a similar effect observed for boron and suggested that these
elements retard ferrite nucleation by either lowering the rate of diffusion
of carbon away from the ferrite nuclei or by affecting [;Fo, the free

enexrgy of nucleation,

Like nloblum, vanadium also increases the herdenability of plain-carbon
steels(16o 162) However, the effect of vanadium on hardenability is low

compared with that of niobium,

9,4 Effect of Thermo-lMechanical Treaiment on the Transformation of

Austenite

9.4.1 Effect of reheating temperature

Increasing reheating temperature coarsens the austenite grain size and



also increases the alloying elements in solution., The latter effect is
particularly important for niobium steels. Both effects decrease the
Ar3 temperature(7o’94’110’139’157-159). It is particularly important
that V(C,N) dissolves at much lower temperatures than Nb(C,N).

It has been-suggested(jso)lthat if initial reheating leads to mixed -
austenite grain sizes thesé are not easily removed by controlled rolling;
and-therefore result in mixed ferrite grain sizes which are deleterious
to toughness, There is some doubt as to the effect of heavy reductions
on the recrystallization of initially mixed austenite grain sizes,

9.4.2 Effect of rolling temperature

Depending on the amount of deformation, the rolling temperature will
affect the austenite grain morphology and therefore alter the transfor-
mation characteristics, Three temperature ranges can be identified
according to their effect on the austenite grain morphology. .
(i) Rolling in the temperature range where complete recrystalli-
zation occurs: |
This refines the austenite grain size and increases the A:c3
temperature. However, such effects can be observed only if
there is no substantial grain growth of the austenite prior.
to transformation, Additions of alloyiﬂg elements such as
niobivm and vanadium can affect the refinement of the zustenite
&ue to their effects on recrystallization and grain growth.
'~ Recrystallization produced uniform austenite which leads to a
unifbrm‘ferrite grain size. Such structures have bteen shown
} to have improved toughness; . 4
(ii) Rolling in the temperature range where partial recrystalli-
zation occurs:
_ Partial recrystallization of austenite results in a non-
uniform ferrite nucleation rate leading to mixed ferrite

(89,103,163-165)

grain sigzes » Mixed ferrite grain size struc-
ture are deleterious to toughness,

(iii) Rolling in the temperature range where there is no recryst-
allization: '
This increases the Ar3 temperature<130’157), due to an increa-.-

sed nucleation rate at the austenite grain;boundaries, and




also due to intragranular nucleation. Deformation in this
temperature range leads to a high nucleation rate and there-
fore refines the ferrite grain size despite the higher trans-

formation temperature, Additions of niobium and vanadium

the fine ferrite structure even after completion of transfor-

mation,

9.4.3 Effect of deformation

As outlined previously, the effects of deformation on the transformation
of austenite will be very dependent on the temperature range in waich
deformation occurs., It has been shown( 57) that if increased deformation
leads to recrystallization of austenite then the transformation of
austenite is retarded. Hdwever, increased deformation below the recrysta-
1lization temperature increases the Ar., temperature and‘'accelerates
transformatlon(75 94,157,166-168) due zo increased ferxrite nucleation;
fig. 28. Thus an increase in deformation below the recrystallization
temperaturé increases the effective austenite grain boundary area, which
enhances nucleation and therefore refines the ferrite grain size, figure
29(94). The density of deformation bands increzses with increasing
deformation, and this leads to an increase in the ferrite nucleation 1ate.
‘It has been shown(94) that the density of deformation bands depeﬁds
prlmarlly on the amount of deformation and is little affected by tempera?

ture and strain rate.

9.4.4 Effect of cooling rate

It is well established that an increase of the cooling rate lowers the

(90 ,99)

Ar3 temperature and thus increases the nucleation rate of ferrite
Many investigators(85’9o) have observed ferrite grain refinement due to

an increased cooling rate and a lower A:r3 temperature, To maintain a

fine ferrite grain size, it is desirable in hot rolled strip to coil

after the completion of transformation, as coiling after partial transfor-
mation may lead to ferrite coarsening due to the very slow cooling

rate after coiling.

also retard ferrite grain growth and thus help to maintain =



9,5 Effect of Austenite Grain Size on the Ferrite Grain Sigg

It is well known that the ferrite grain size depends on the austenite
grain size because austenite grain boundaries are the principal nucle-

ation sites. Because of this relationehip it has been possible to refine

the ferrite grain size by refining the austenite grain size, for example
in normalizing. In order to achieve increased refinement of austenite,

" use of second-phase particles such as ALN has been made to restrict

grain growth during reheating and soaking treatments. Similarly additions
of niobium were also made to refine the ferrite grain size of normalized

‘carbon steel, .

Webster‘and Woodhead(70) studied the effect of austenite grain size on
the ferrite grain size after reheating at various temperatures in plain~
Acarbon steezgyég closely related to the sustenite grain size. On the
other hand, in the niobium steel the ferrite grain size increased with
austénitizing temperature but was rather finer than for the plain-carbon
steel even when the latter had the finer austenite grain size. They(7o)
suggested that in niobium steels undissolved particles at the austeniti~
'Zing temperature exerted a direct refining effect on ferrite grain size,
independent cf any effect they may have on the austenite.grain size,

A gimilar effect of additional ferrite grain refinement due to niobium
and vanadium odditions even at identical austenite grain size has been
observed by Sekine and Maruyama(108). Kozasu et al(94) deterﬁined the
“ratio of the linear-intercept grain diameter of ferrite to that of
austenite,vwhich was 2.3, and suggested that this is in agreement vith

the results of Maruyama et a1(169).

It has been noted(94) that deformation refines the ferrite grain size
although the austenite grain boundary area per unit volume does not
change, High deformation leads to the formation of deformation bands,
and their density increases wifh increasing deformation. Deformation
bands are also known to nucleate ferrite, therefore Kozasu et'a1(94)
included deformation bands in their calculation of the effective austenite
interface area (Sv)’ which was ultimately related to the ferrite grain
size. They found that for a fixed Sv’ dgformation below the recrystalli--

. zation temperature refined the ferrite more. effectively. Robexts and

Ahlblom(128)} however, suggested that the':elationship between Sv and



nucleation frequency for ferrite is not linear when SV becomes very
large, and therefore it would mot be bossibie to reduce the austenite

grain size indefinitely and expect to obtain ever finer ferrite.




CHAPTER 10

PRECIPITATION IN MICWOALLOYED STEELS

10,1 - Niobium Steels..

Niobium is added to C-ln steels mainly to refine the ferrite'grain size
and also to impart some precipitation ‘strengthening due to formation of
(170) 4,
form an isomorphous series of solid solutions between its carbide and
its nitride, and Nb(C,¥) has a f.c.c. structure with a lattice parameter
internediatel 110) between that of WoN(0.442 nm) and ¥bC(0.447 nm).
Gauthier and LeBon(171) suggested that Nb(C,N) is carbon rich and very

close to the carbide NbC, However, Hoogendoorn et a1(172) obsexved an

semi-coherent Nb(C,N) precipitates in ferrite. Niobium is kmowm

increase of nitrogen in Nb(C,N) with increasing precipitation temperatu-

re, Also the composition of Nb(C,N) depends on the composition of the

Precipitation of Nb(G,N) occurs in austenite, during the transformation

of austenite to ferrite, and in the ferrite, The preferential nucleation

(45,174)

sites for Nb(C,N) are: dlslocatlons(1d)), existing nuclei sub-

grain and grain boundarles(105’129)

10.1.1 Precipitation in austenife

It is well known(®3175) that precipitation of Nb(C,N) in austenite
oceurs as coarse particles which do not contribute to strengthening and
will reduce the subsequent precipitation strengthening which can other-

wise be achieved.

Due to the small number of lattice defects in undeformed austenite,

(77,139)

precipitation of Nb(C,N) occurs very slowly and the amount of

such precipitation is very small., The amount precipitated depends on

(110417€)

the cooling rate , and fast cooling lowers the amount of Nb(C,N) -
preclpltated in austenite. However, deformation of the austenite accele- .
rates the precipitation of Nb(C, F)(103’177) which is attributed to the

increase in lattice defects and the diffusion coefficients(177). After



(103,125)

deformation,nucleation of Wb(C,N) occurs primarily on the sub-grains

The precipitation kinetics of Nb(C,N) in undeformed and deformed austenite
have shown(178’181) that the progress of precipitation is characterized

by C-curve behaviour with a nose temperature around about 950°C. This is

due to the both changes in the degree of supersaturation and diffusivity
of niobium in austenite, associated with temperature., Deformation of
austenite reduces the incubation time for precipitation and therefore moves

(75,110,126,181) (126) o owed

the C-curve to shorter times ., LeBon et al
that strain induced precipitates have mean sizes in the range of 30-50 R
diameter,in contrast with 1000-3000 £ diameter particles obtained after

isothermal holding of undeformed austenite. .

U‘atanabe(1 0) studied the effect of molybdenum, nitrogen and aluminium
additions on the kinetics of precipitation of Nb(C,N) in austenite, and
found that an addition of molybdenum (0,29%) moved the C~curve to lower
temperatures and shorter times, However, in deformed austenite, 308 réduct—{
ion, molybdenum decreased the precipitation rate ai 92500. An increase in
"nitrogen from 0.,006% to 0,010% increased the preéipitation rate in the
temperature ranée 8700-92500 On the other hand an increase in aluminium
from 0.025% to 0.04T% did not affect the pre01p1tatlon kinetics of Nb(C N)
sigrificantly.

The precipitation strengthening contribution due to Nb(C,N) therefore
varies in controlled rolled steels, deﬁending on the rolling schedule
used., Morrison et a1(182) have pointed out that only about half the maxim-
um hardening effect of Nb(C,N) precipitation is obtained in controlled

steels,

10.1.2 Precipitation>during the austenite—> ferrite transformation

Precipitation of Nb(C,N) also occurs during the austenite > ferrite trans-
formation(175’183’184), and is characterized by interphase pxecipitation.
Precipitates formed during transformation are in the size range 50~

- 100 2(175), and do not impart the maxinum strengihehing which can be
obtained from precipitation of Nb(C,N), The intensity of precipitation
strengthening depends on the size, interparticle spacing and volume fraction

(175)

of precipitates, and these tend to vaxy w1th transformation temne*aturﬂ



and cooling rate(175"86;. A fast cooling rate decrease the amount of
(186

niobium precipitated and lowers tﬁe transformation temperature,
resulting(175) in a closer spacing of precipitates and a decreasse in
pre01p1tate Slze.

10.1.3 Precipitation in ferrite

The remnant niobium in solution after transformation will precipitate
in the ferrite, The preferential nucleatjon sites for such precipitation
“are dislocations in the ferrite, There is an ‘orientation re]atlonsnlp

between Nb(C,N) and ferrite matrlx(17 ),

{100} // {joo:}Nb(C’N)
Loi>  // 4)10}1%(0’N).

It 1s generally accented that a significant strengthening effect is
obtained when Nb(C,N) precipitates semi-coherently in the ferrite. Alqo
the size of the Nb(C,N) precipitates are extremely fine (L 50 &), and

thus are very effective strengtheners.

Hoogendoorn et al(110) studied the effect of the additioﬁ of vanadium to
0.0%% Nb steel on the precipitation of ¥b(C,N) in ferrite during ccoling,
and found that vanadium increases the amount of preclnvhatlon, possibly
due to a complete series of solid solutions existing between ‘Wb(c,N)

and V(C,N) (201).

10.1.4 Precipitation strengthening

Because of the higher precipitation temperature of Nb(C,N), much of it
tends to precipitate in austenite, particularly during controlled
rolling, and therefore very small amounts of niobium remain in solid solut-
ion to preéipitate in ferrite. The amount of niobium precipitated in
ferrite, and hence the precipitation strengthening, is greatly influenced
by solution temperature, thermo-mechanical treatment and transformation
temperature., In order to achieve optimum piecipitation strengthening
“from Nb{(C,N) it is desirable:-

(2) to soak the steel at tnmperafure where complete solution of

(133, n61)

Nb(C,N) can occur



© (b)  to suppress the precipitation of Mb(C,N) in austenite so

that more niobium is available to precipitate in ferrite(203’175)

(187)

the size and volume fraction of precipitate formed in ferrite,

(c)  to control the transformation temperat