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ABSTRACT

Hot tensile tests have been performed on a variety of plain
carbon and micro-alloyed steels, in order to determine the
influence of such factors as phase transformation, grain size

and precipitation on hot ductility. The Y- phase trans-
formation has been shown to produce a significant ductility
trough in the high temperature tensile behaviour of plain C
steels, and factors which alter the A. temperature, such as
cooling rate and C content, have been”shown to produce a

change in the temperature at which the ductility trough occurs.
This ductility trough is due to strain concentration in the
ferrite films surrounding the grains, leading to intergranular
failure. It has also been shown that an iacrease in grain size
can increase the depth and width of this ductility trough. For
plain C steels with a C content of 0.35% or above, and for some
micro-alloyed Steels, a ductility trough may also be present in
the single phase austenite region. For the plain C steel, this
is. believed to be due to the increase in activation energy for
deformation associated with increasing C contents. In micro-
alloyed steels, the trough is due to the retardation of dynamic
recrystallization associated with the presence of fine carbide
and/or nitride brecipitates, which allows intergranular cracks to
develop. The depth and width of this ductility trough is
primarily dependent on the size and amount of precipitates present,
although it has been shown that grain size has a secondary eff§ct-
In  C-Mn-Nb-a1 steels, factors which tend to reduce hot ductility
by reducing precipitate size and/or increasing the amount of
brecipitate present include the reheating of tensile samples cast
"in-situ', the introduction of temperature oscillations during
Cooling from solution temperature, and the presence of large
amounts of'dynamic' precipitates formed during tensile testing.
In C-Mn-V-Al steels, 'dynamic' precipitates do not have such an
adverse effect. Strain rate was also shown to have an important
influence on hot ductility, and decreasing strain rates have been

shown to reduce hot ductility in both plain carbon and micro-alloyed
steels,
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In recent yezrc, the amournt of steel procucsd by tne fontinucud
casting route hzs increased dramatically, &35 shown in Fig. 1.7,

As with any other casting process, continuous castirg can lead to
the formation of g wide variety of defects in the solidified slab.
(Brimacombe and Sorimachi, 1977) Therefore, as the tonnage of
steel produced by continuous casting increases it becomes more
important to gain an understanding of the formation of these
defects, in order to prevent their occurrence.

One such defect is known as transverse cracking, described in
section 2.2. These cracks are particularly deleterious, since
they form at the slab surface, and hence cannot weld up during
Subsequent rolling. 1In some cases, the cracking can be so severe
that an entire slab must be scrapped. These problems have
resulted in intensive study of transverse cracking over the last
decade, and these studies have shown that particular grades of

Steel are especially susceptible to this form of cracking. For
€Xample, experience at BSC Ravenscraig Works has shown that

BS 4360: grade 50D steels are particularly prone to cracking.

These steels contain small additions of Nb and Al and after hot
rolling and normalising, the resulting fine grained, ferrite-
Pearlite structure is particularly suited for offshore applications.
To gain a better understanding of the transverse cracking phenomenon,
hot tensile tests have been performed using thermal cycles and

Strain rates designed to simulate the continuous cracking process
(see chapter 2). These studies have related low ductility

failures in hot tensile tests to the occurrence of transverse
cracking in continuously cast slabs. Factors identified as being
responsible for low reduction of area failures during hot tensile
testing include the austenite to ferrite transformation, and the

Precipitation of carbides and/or nitrides. It is intended in this

study to investigate further these aspects.
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The influence of grain size on creep ductility has been extensively
studied, but there appear to be few reports in the literature
relating grain size to hot tensile test ductility, and to trans-
verse cracking.

Therefore it was also decided to investigate the

influence of grain size on the hot ductility of plain carbon and

micro-alloyed steels.
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Literature Survey
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2.1 INTRODUCTION

Much of the previous work on hot ductility has concentrated
on either high strain rate deformation aimed at simulating

rolling or forging operation, or has involved creep tests

-

resulting in very low strain rates. The continuously cast

slab straightening operation is carried out at strain rates

in the range 107> - 107" s-T, as described in subsequent

Sections, and there is less information available on strength,

Structure and ductility at high temperatures for these immediate

Strain rates. It is intended in this chapter to briefly review

the literature describing high temperature strength and

Structure, and particularly ductility. Special attention
Will be paid to examinations using intermediate strain rates
and.steels with small additions of sﬁch elements as Nb, Al, V

and Ti.
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2.2 TEANSVEESE CRACKING IN CONTINUOUSLY CAST SLiZ

2.2.1 Observations of transverse cracks

Transverse cracks in continuously cast slabs are often difficult to
Sée on the original slab surface, and a control scarf pass is required
to reveal them. (Figs. 2.1 and 2.2. courtesy of B.S.C.;. They

appear at the base of the ripples on the slab surface left by the
Ooscillation of the mould (oscillation marks). It is believed that
these oscillation marks act as stress concentrators, and hence promote
crack formation. The crack width is approximately 0.2 mm and crack
depth varies from 1 to 15 mm. (Brimacombe and Sorimachi, 1977). It
is believed that the cracks form in the mould, and propogate during
the straightening process. (Schmidt and Josefsson, 1974; Mercer and
Mcpherson, 1979). 1In addition, Schmidt and Josefsson have shown that
the cracks propogate along the austenite grain boundaries, and that
Course grained regions are particularly prone to cracking. A

variety of particles have been identified on the crack surfaces,
including AIN (Mori, 1974; Cochrane, 1982) and MnS, NbCN and various
Oxides. (Cochrane, 1982)

The incidence of transverse cracking is dependent on many factors,
which can be classed as either process variables (including such
factors as secoﬁdary cooling patterns and mould oscillation frequency)
Or compositional variations. Process variables will be discussed in
Section 2.2.3 and the influence of composition on transverse cracking
in section 2.9.

2.2.2 Mechanics of the slab straightening process

TPansverse cracks propogate during the slab straightening process, and
Several estimates have been made to determine the surface strain and
strain rate experienced by the slab during the straightening process.
Fig. 2.3 shows the profile of a typical slab caster. Following
Lankforq (1972), Fig. 2.4 illustrates the surface strain ang strain
rate developed during the straightening process. These strains may
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be the greatest to which the slab is subjected during the continuous
Casting operation. The surface strain, €s» due to bending is given
approximately by

€q = t/2R ceeeennnnn 2.1
where t is the slab thickness, and R the bending radius. For typical
R values of 9.8 m, and a slab thickness of 229 mm, a surface strain
of 1.2% is expected.
The strain rate is less well defined, due to the uncertainty in the
gauge length necessary to develop the full bending strain. Lankford
has given three values for this gauge length, L (Fig. 2.4): the
distance from a tangent point to the first bending rolls ( A), a
distance equal to the skin thickness ( &), or a distance equal to
the slab thickness, (t). The strain rate, € , is then given by:-

€= €. VL ...... 2.2

where V is the casting speed. For a typical casting speed of 0.9

m/mins. and suitable values for L, the surface strain rate is in the

3 3

range 0.2 x 10~ - 3.0 x 10 s”'. similar results for surface
Strain and strain rate have been calculated by Bernard et al (1978).
It should be noted that these calculations are approximate, and deal
. With the deformation of the slab as a whole. Locally, at the bottom
Of the oscillation works, for example, different values may be

Obtained for ES and é . s

2.2.3 The influence of process variables on transverse cracking

In Section 2.9, results will be reported which show that when micro-

4 -3

alloyed steels are tested at strain rates in the range 10°" - 10 s-!

at high temperature, they can show a loss of ductility in the
temperature range 600 - 1,000°C. These conditions are close to those
€Xperienced during the straightening operation in which transverse
Cracks propogate, and so attempts have been made to alter the slab

Surface temperature by adjusting the secondary cooling pattern.
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'Soft! cooling patterns aim to produce a s£lab surface temperature

above the low ductility regién, whilst 'hard' cooling patterns try

to produce slab temperatures below the low ductility region.

Mercer and Mcpherson (1979) have reported that 'soft’ gooling
patterns, using reduced amounts of cooling water, resulted in an
increase in slab surface temperature, and a redugtion in the

incidence of transvérse cracking. Offerman et al (1981) have also
reported reduced cracking using soft cooling patterns.

Birat et al (1981) have discussed the limitations of the soft cooling
pattern. They pointed out that the high temperature extent of the
ductility trough is more composition dependent than the low
temperature extent. Straightening temperatures therefore, either
have to be adjusted for a particular composition, or kept at
temperatures high enough to avoid the ductility trough of the steel
with composition showing the broadest ductility trough. Additionally,
there are strict limitations which must be put on casting speed if the
Soft cooling pattern is adopted: a rapid casting speed can result

in incomplete solidification at the straightener, whilst a casting
Speed which is too slow can produce a straigHtening»temperature close
to the ductility trough. | |

These limitations led Birat et al (1981) to develop a cooling

Pattern which reduced surface temperature at the straightener to
700°C, and this produced a decrease in the frequency of transverse
Cracking. Similar 'hard' cooling patterns have been used success-
fully by Nozaki et al (1978), and by Schmidt and Josefsson (1974).
The latter authors attributed the reduction in cracking to the
€limination of the coarse austenite grains with which they had
Previously associated transverse cracking.

However, the 'hard' cooling pattern also had disadvantages, as noted

by Offerman et al (1981). Although such cooling patterns reduce
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the slab surface temperature to below 700°C, at some point below

the slab surface, the temperature can be high enough to place it

in the low ductility region, leading to the formation of subsurface
transverse cracks. Cooling uniformity is more difficult to achieve
using the 'hard' cooling pattern. For example, clogged spray

nozzles can produce localised bands at the surface which are at an
elevated temperature, and cracking can then occur along these bands.
The impingement of cooling sprays can also lend to oscillations in the
Slab temperature near the slab surface (Fig. 2.5). The thermal
Stresses set up by this effect ére in themselves enough to form
cracks (Tomono, 1977). In addition, thermal cycling below the Ar3
temperature can increase the rate of AIN precipitation (Nozaki et al,
1978), and hence reduce hot ductility. Offerman et al (1981) have
also demonstrated this effect. Thus the introduction of a more
uniform cooling pattern which eliminates these temperature
Oscillations has been shown to reduce transverse cracking. (Nozaki

et al, 1978; Coleman and Wilcox, 1985)

Mould osecillation frequency can also effect transverse cracking and
€Xperience at the BSC Ravenscraig plant has shown than an increase in
mould oscillation frequency led to a significant reduction in plate
rejection levels, presumably by reducing the stress concentration

effect of the oscillation marks (Mercer and Mcpherson, 1979).



¢.3 HIGH TEMFERATURE STRENGTH AND STRUCTUFE

2.3.1 General
During hot deformation, work hardening and dynamic restoration
Processes are occuring simultaneously, and it is the balapce
between these processes that determines the hot strength. The
Operative dynamic.restorative process is dependent on strain and
alloy type, and the behaviour of different metals and alloys is
Summarised in Table 2.1.
Hot Strength is strongly influenced by temperature and strain rate,
and Sellars and Tegart (1966) have shown that hot working data can
be Correlated using the relationship developed from creep studies:-

€= A (sinhao )P exp (-Q/RT)....2.3
where ¢ is the strain rate, 0 stress (either peak or steady ;tate),
T the absolute temperature, R the universal gas constant, A, @ and
N temperature independant constants, and Q an activation energy.
Equation 2.3 can also be expressed in terms of Z, the Zener-Holloman
Parameter, where

Z = €exp (Q/RT) .... 2.4
SO that 2.3 can be written as

Z= A (sinhao )" .....2.5
This relationship has been successfully applied for a number of
alloys, including plain carbon steels (Tegart, 1968), and micro-
alloyed steels (Sankar et al, 1979) in the austenitic state. The
Value of Q may remain constant over a wide range of strain rates, but
in some cases different values are obtained for creep and hot working
Conditions (Jonas et al, 1969).
In the former case, Q is equal to the activation energy for self
diffuSion, and is indicative that the rate controlling softening
Process js dynamic recovery over a wide range of strain rates. 1In
the latter case, the higher activation energy for hot working is

taken to be due to the operation of dynamic recrystallization.
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during hot working. Steels in the austenitic state belong to

this second group.

2.3.2 Dynamic recovery

This softening process operates at all strains for metals in group
A, but only at small strains for group B metals. The micro-
Structural evidence for dynamic recovery has been reviewed by Jonas
et al (1969). This work has shown that the grains of the original
microstructure become eiongated in the direction of hot working,

and appear fibrous. This distortion of grain boundaries is
accompanied b? subgrain formation. For « iron, it has been shown
that the subgrains assume their final size by strains of 0.2 to 0.3
for strain rates o% 0.05 to 1.5 S~' (Glover and Sellars, 1973).
After their foréation, subgrain size and mis-orientation, and
dislocation density between the sub-boundaries, remain constant. a
Situation is reached in which dislocation generation and annihalation
rates are equal, and the straiﬁ hardening rate is then reduced to
Zero,

For group A metals, the subgrains are narrow and well defined,
whereas for group B metals,the subgrains are highly tangled, leading
Lo higher levels of stored energy for these metals. The subgrains
remain equiaxed even at large strains for both group A and group B
Metals, and it is thought that this occurs by the process of re-
DOlygonization, that is the repeated destruction and subsequent re-
fOrmation of new sub-boundaries in such a manner as to keep their
SPacing and dislocation density constant. The mean Subgrain size is

increased by increasing temperature and decreasing strain rate, and

is related to the Zener-Holloman parameter, Z, by:-

a Toas blog Z «.ev.. 2.6
s
where q  is the mean subgrain diameter, and a and b constants

<

(McQueen ot al, 1967). A =orrelation has also been observed by many

WCrikers between flow steezs 2nd subgrain size. The most Teneral
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relationship is of the form:-

Op = 0, +kd, " ......2.7
Where Of is the flow stress, and ob;k and m constants. Jonas et
al (1969) have reviewed the literature for Al alloys of varying
purity, and determined that for such alloys, m was 1.5. Other
values of m are 1 for Fe-Cr and Fe-Ni alloys. (Redfern and
Sellars, 1969).
As described previously; substructure differs between group A and
group B metals, and this is thought to be due to differences in
stacking faulL energy between the two groups; group A metals have
a high stacking fault energy, whilst group B metals have a low
stacking fault energy. These differences mean that thermally
activated cross'slip in group B metals is difficult, and hence
substructure cannot develop to the extent observed in group a
metals. In general, solid solution alloying additions to pure
metals reduce stacking fault energy, and hence makes dynamic
recovery more difficult, and as a consequence, flow stress is
increased. Subgrain size may either decrease (Zr -Sn alloys),
increase (Al-Mg alloys) or remain constant (Fe-Si) alloys, with
increasing alloying additions. (McQueen and Jonas, 1975)
Metals containing stable second phase particles develop sub-
structure more rapidly than an equivalent particle free alloy, and
these particles finally stabilize the sub structure. Subgrain
diameter. can be reduced to the order of interparticle spacing. If
the second phase particle is less stable, particle coarsening and
coalescence can occur. This process is great accelerated by hot
deforpation, as sub-boundaries act as paths for diffusion at higher
rates than the lattice. This process can lead to a decrease in the
flow stress during not deformation.

2.3.2 CDyrami~s recrystallization

-

Aft=r .nderzcing a limited amount of dynamic rec-,z- group 3

=
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metals can undergo dynamic recrystallization, if sufficiently
large strains are reached. The limited dynamic recovery occuring

— in these metals means that the sub structure is poorly developed,
with tangled sub grains having high stored energy levels. These
high levels of stored energy in group B metals are considered
€ssential ﬁo obtain the differences in stored energy levels required
Lo nucleate dynamic recrystallization.
Nucleation of dynamic recrystallization occurs at existing grain
boundaries at lower strain rates. (Luton and Sellars, 1969;
Roberts et al, 1979). The poorly developed sub-boundaries pin
Sections of the original grain boundaries, which bulge out and
migrate due to the strain energy difference across the boundary.
At higher strain rates recrystallization nuclei throughout each
8rain have been observed. (McQueen and Bergesson, 1972).
As the new grains grow the metal, and hence the new grains, con-
tinue to be deformed. At low strain rates, the stored energy
8radient between the centre of the new grain and the advancing
bOundary is low, and so the driving force for dynamic recrystalli-
2ation is not significantly effected by deformation. Recrystalli-
2ation proceeds to completion,with the centre of each grain having
a higher dislocation density than the edge. As deformation con-
tinues, the stored energy within the recrystallized grains' increases
until the critical level for recrystallization is reached. At this
Stage, the flow stress falls as recrystallization proceeds again,
and the repetition of this process leads to the cyclic flow curves
Observed for low strain rate deformation in group B alloys. (Sellars
and Tegart, 1966).
For high strain rate deformation, the stored energy behind the

migrating boundary is high, and hence the driving force for grain

b°Undary migration is reduced. Before recrystallization is complete,

the Storeq energy levels in the centres of the recrystallized grains

~ry
>
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P€aches the critical level for nucleation anc the cycle repsztc
itselr. This process leads to the steady state flow stire:s
Observed during hot deformation at higher strain rates.
Nucleation of dynamic recrystallization occurs at a cricital strain
level, GC, which is less than the strain at peak stress, ep’ as

Mmeasured from the flow curve. According to Rossard (1973), fc is
8iven approximately by:-

€. =0.83 €  ...... 2.8
p

€. increases as the initial grain size, do’ increases (Roberts et

al, 1979, Sellars, 1980; Ruibal et al, 1984), and as Z increases.

(McQueen and Jonas, 1975, Sellars, 1980). Sellars has shown that

for Steels, a relationship of the form:-

€Xists, when B and p are constants, and p is in the range10.125 to

0.17s5, At very low stresses, EC may decrease with increasing Z.

(Luton and Sellars, 1969). This complex variation of €. with Z is

hot fully understood. It is thought that at very low stresses, the

low dislocation density requires largeAstrains to provide the
neCessary stored energy for dynamic recrystalrization. At higher
Stresses, the increase in ec with increasing Z may be due to the need
for an increase in stored energy with increasing strain rate to
Provide the necessary driving force for dynamic recrystallization to
Proceed.

DYnamically recrystallized grain size, d; is determined by the flow

stress, 0., and is independent of temperature. 0} and drare
related by:-

Uf:Nd;q .....--.....2.10 |
Where N and q are constants - q falls in the range 0.7 - 1.0,

depending on composition and purity. (McQueen and Jonas, 1975),

Solig solution alloying reduces the rate of dynamic recovery, ang

hence might be expected to promote dynamic recrystallization; however,
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the rate of grain boundary migration is alsc recuced by allcying
additions and this reduces the rate of dynamic recrystallization.
For some alloys, this reduction in the rate of dynamic recrystalli-
zation can lead to the formation of a ductility trough.

The elements Nb and to a lesser extent V, are particulariy effective
in retarding dynamic recrystallization. The technical importance

of this phenomenon for the production of controlled rolled micro-

alloyed steels has meant that the subject has been investigated

extensively. Recent investigations (le Bon et al, 1975; Sekine and

Maruyama, 1976; Weiss and Jonas, 1979; Ouchi and Okita, 1982) have
all shown that increasing Nb additions increase ep. Weiss and
Jonas have shown that this effect is due to solute drag on grain
boundaries at high strain rates, and to the dynamic precipitation
of fine NbCN at slower strain rates, which reduce grain boundary
migration rates. The nucleation of dynamic recrystallization can
be delayed until the dynamic precipitation of NbCN is complete,
leading to the characteristic 'reverse knee' form of the RTT
diagram for Nb containing steels.

Similar studies on the influence of V on dynamic recrystallization
by Akben et al (1981) have shown that V in solution retards dynamic

recrystallization, though not to as great an extent as Nb. Dynamic

Precipitation of VN also increase €,



2.4  INTERACTION BETWEEN HIGH TEMPERATURE CRACKING AND
SOFTENING PROCESSES

2.4.1 High temperature intergranular crack nucleation and growth

It has now been known for many years that under appropriate con-
ditions of stress and temperaéures, intergranular failure can occur
during creep and during hot workability tests. As described in
section 2.2.1, transverse cracks propogate along austenite grain
boundaries. Therefore, the factors which influence high temperature
intergranular crack nucleation and growth will be discussed briefly.
This subject has been covered extensively by Evans (1984), who

deals with the subject in greater depth than it is possible to here.
Traditionally, intergranular creep defects have been classified as
either 'grain edge' or 'r type' (r for rounded) or as 'grain corner'
. Both types of cavity require

or 'w type' (w for wedge cavities).

grain boundary sliding to nucleate the cavity. The models proposed

for the nucleation of 'w type' cracks are illustrated in Fig. 2.6.
Calculations have been made to estimate the critical stress required
to nucleate a Qedge crack, the simpler models assuming no matrix
relaxation, whilst more complex models consider the role of thermal
activation in reducing the values of the local concentrated stress.

Stroh (1955), using no matrix relaxation, estimated the critical

Shear stress for wedge crack nucleation, T, as:i-

where v is Poisson's ratio, Vf is the fracture energy, K, a constant,

dg the grain diameter and u the shear modulus. Other more sophis-

ticated treatments have shown that wedge crack nucleation requires

Sliding rates greater than 1079 ms™! (Evans, 1984).
0

' , -1
Generally, steady state sliding rates are less than 10 " ms

Would indicate that nucleation only occurs under high, transient

Fates of sliding.
30



'.!._\ ) ; ) e i g
" Llype cavities also require grzir Lcuncary sliding for cavity

Nucleation, and one possitle mecnanisr for their formation was
Proposed by Gifkins (1956), and is illustrated in Fig. 2.7. In
this Mmechanism, ledges produced by the impingement of sl§p bands
With the grain boundary could lead to the formation of cavities

S grain boundary sliding proceeded.

Another possible source of stress concentrators at grain boundaries
are grain boundary particles. If the stress concentration at such
Particles is produced by grain boundary sliding alone, the slip
diStaNCe corresponds to the interparticle spacing, and large
applied Stresses are required for particle fracture or particle-
Mmatrix decohesion. However, for the case of the intra granular
slip impingement against a grain boundary particle, much smaller
applied stresses are required for particle fracture, as slip dis-
tances are much greater. In alloys which develop particle free
Z0nes (pPFz) adjacent to the grain boundary, particle fracture is
Much more 1ikely, as a large fraction of the specimen strain is
COncentrated in the PFZ.

It Should be noted that the critical stresses ?equired for the
Nucleation of 'r' type cavities are much lower than those required
for 1y type cavity nucleation, and so 'r' type cavity formation is
favoured by low stress, high temperature creep tests, or low strain
fate hot workability tests.

Many mechanisms have been proposed to describe the growth of 'r!
type caﬁities, and they can be classified as either cavity growth
by deformation mechanisms, or cavity growth by vacancy diffusion
Mechanisps, The subject is complex, and is dealt with in detail by
Evans (19g4)

2.4.2, Influence of dynamic recovery on hot ductility

As discussed in 2.4.1, low ductility failures at high temperature

€an be intergranular in nature, and intergranular cracks are

o1



nucleated by grain boundary sliding. In creep tests, It nac

observed that with increasing stress, crack nucleation sites

change from grain boundary ledges and particles to triple points.
Materials in which dynamic recovery occurs readily (Group A alloys,
Table 2.1) have low flow stresses and flow readily at triple points
to relieve stress concentrations, and thus diminish the initiation
of 'w' type cracks. In addition, metals which are susceptible to
dynamic recovery may form 'scalloped' grain boundaries (McQueen
and Jones, 1975), which diminishes grain boundary sliding, and
hence reduces intergranular crack nucleation. In such metals,
ductility increases with increasing temperature, because the stress
relieving processes are more sensitive to temperature than those
promoting crack nucleation. (Gittins, 1970) However, in group B
metals, the rate of dynamic recovery is low and ductility may
decrease with increasing temperature in the lower part of the high
temperature range, because of increases in the amount of grain
boundary sliding. (White and Rossard, 1968)

In general, solid solution alloying tends to reduce ductility.
This is partly because the smaller subgrains often formed in these
materials are not as effective in producing 'scalloped' grain
boundaries, so that grain boundary sliding is not impeded to the
Same extent. The scalloping is also reduced by :the retarding effect
801utps exert on grain boundary migration. In addition, the
decreased ease of dynamic recovery associated with alloying raises
the flow stress considerably, which is instrumental in nucleating
and opening up cracks.

2.4.3. 1Influence of dynamic recrystallization on hot ductility

Metals which undergo limited dynamic recovery often show a minimum
in ductility in a temperature range close to the hot working range.
This minimum in ductility is associated with.intergranular failure.

Thisvoccur‘s because the limited dynamic recovery gives rise to high

32



flow stresses and work hardening rates, preventing the accommo-
dation by lattice deformation of the stresses built up at triple
points or grain boundary particles. As the temperature is
increased beyond that of the ductility minimum, dynamic recrys-
tallization is observed. The introduction of new grains isolates
the cracks already formed from the grain boundaries, thus
inhibiting crack propogation. Further crack growth occurs by the
'capture' of a moving grain boundary for a sufficient time for
Vacancy diffusion and applied tensile stress to lengthen the crack
before the boundary breaks away. New cracks may also form in the
boundaries of the recrystallized grains. Thus under these con-
ditions, grain boundary migration rate may be the process con-
trolling crack propogation.

This increase in ductility associated with the onset of dynamic
recrystallization has been reported for a wide range of group B
metals: in Inconel 600 (Dieter et al, 1968), Fe-25%Ni (White and
Rossard, 1968), in a range of Fe-Ni alloys, (Evans and Jones, 1976),
in cupro-nickels (Evans and Jones, 1978), and austenitic stainless
steels. (Bywater and Gladwinn., 1976; Norstrom, 1977; Ouchi and
Okita, 1982). In all these studies, high ductility failures
Were associated with dynamic recrystallisation. The high temper-
ature failure of austenitic irons of varying purities has been
studieq by Wray (1975). Austenitic iron undergoes limited dynamic
recovery and displays a temperature range in which ductility ié
low. However, Wray showed that at temperatures less than 1000°C
electrolytic:iron defprmed using a strain rate of 2.8 x 10'5 S_1,
although undergoing dynamic recrystallisation, failed in an inter-
granular manner with low ductility.

Studies on the hot deformation of Nb micro-alloyed steelé show a
ductility trough within which dynamic recrystallisation does not

occur, due to the retardation of recrystallization associated with
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Nb additions. (le Bon et al, 1975; Sekine and Maruyama, 1976;
Weiss and Jonas, 1979) Bernard et al (1978) used these recry-
stallization arguments to explain the occurence of the ductility
trough in Nb micro-alloyed steels. However, for micro-alloyed
Steels, results have been reported which have shown that their
complex hot ductility behaviour cannot be explained by dynamic
recrystallization arguments alone. Ouchi and Matsumoto (1982)
studied the influence of strain rate on the hot ductility of
micro-alloyed steels. Their results showed that the temperature
of minimum hot ductility did not change with strain rate. They
pointed out that since the critical strain for nucleation of
dynamic recrystallization decreased with decreasing strain rate,
tests performed at low strain rates might be expected to have a
narrower ductility trough, due to an earlier onset of dynamic

recrystallization. Wilcox and Honeycombe (1984) showed that the
hot ductility of a C-Mn-Nb steel began to increase rapidly with
increasing temperature before the onset of dynamic recrystallization.

They concluded that in C-Mn-Nb steels, the precipitation of NbCN,

rather than dynamic recrystallization, was the most important

factor controlling hot ductility. However, in C-Mn-Al and C-Mn-Nb-

Al steels, Wilcox and Honeycombe showed that ductility improved

when a strain sufficient to nucleate dynamic recrystallization

Could be applied before fracture.













































































































































































































































































































































































































































































































































































































































































































































































































































































































































