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ABSTRACT

The incentive to develop Ti-V microalloyed
steels stems from the desire to combine the
excellent grain-coarsening characteristics of Ti-
grades with the effective precipitation strength-
ening derived from vanadium, especially when the
latter is combined with nitrogén. The present
study has been undertaken to establish the degree
to which V and excess N detract from the grain-
coarsening resistance of a Ti-steel, and to de-
termine whether or not the presence of Ti
modifies the precipitation-strengthening from
V(C,N).

It is found that Ti-V-N alloys are, in the
as-cast condition (strand), charscterized by
GCT's only merginelly lower than steels based on
Ti-only.However, in hot-rolled material, the
presence of fine V(C,N) in addition to (Ti,V)N
can result in a deterioration of the grain-growth
inhibition. The effective elimination of grain
growth of austenite both during and following hot
rolling renders Ti-V-N grades especially suitable
for recrystallization rolling, whereby relatively
fine as-rolled ferrite grain sizes can be
achieved via conventional schedules with finishing
temperatures in the range 900~1000°C. The pre-
cipitation-strengthening potential of vanadium
and nitrogen is diminished somewhat when, in
addition, Ti is present. The reason for this is
partly that vanadium is combined as stable
(Ti,V)N-particles which are responsible for the
limitation of grain growth at high terperatures,
and partly that V(C,N) deposits epitaxially on
pre-existing (Ti,V)N-particles in austenite
following the termination of rolling. Both these
effects reduce the amount of vanadium and
nitrogen available for strengthening via
precipitation in ferrite.

THE USEFULNESS OF SMALL ADDITIONS of Ti (<0,02%)
in microalloyed steels stems from the extreme
stability of titanium nitride (TiN) precipitates.

63

Alf Sandberg
Institutet for Metallforskning
S-114 28 Stockholm, Sweden

William Roberts

Institutet f&r Metallforskning
S-114 28 Stockholm, Sweden

Particles of pure TiN are resistant to both
coersening and dissolution during reheating and
hot rolling, and in association with welding
(HAZ). With continuous-casting technology, it is
feasible to produce fine TiN-precipitates even in
the as-cast condition (average size of particles,
5-20 nm); these remsin comparatively stable
throughout subsequent processing. Microstructur-
ally, the principal benefit derived from the
presence of such a dispersion is an enhanced
resistance against austenite grain growth. Hence,
Ti-steels can be processed to give relatively
fine as-hot-rolled ferrite grain sizes even when
the finish-rolling temperature (FRT) is quite
high. The reason for this is that a fine suste-
nite grain size is attained via static recrystall-
ization when rolling is finished in the tempera-
ture range 900-1000C, and, most important, that
such a fine microstructure can be retained during
cooling down to Ar, because of the grain-growth
inhibition vie TiN} furthermore, the latter is
effective in limiting grain growth between the
individual rolling passes. This type of high-FRT
thermomechanical processing is called recrystall-
ization rolling and is a realistic alternative
only with Ti-microalloyed grades (1).

Another useful effect of the grain-growth
inhibition derived from & fine TiN-dispersion is
the very pronounced limitation of HAZ-grain
coarsening during welding of Ti-microaslloyed
steels. For a given welding cycle, the resulting
austenite grain size is smaller in Ti-steels than
for other microalloyed grades and the HAZ-
hardness, after transformation, is therefore
lower (greater volume fraction of polygonal
ferrite as opposed to plate-ferrite products).
The low hardness and high proportion of polygonal
ferrite in the HAZ confer good impact toughness
and superior resistance to hydrogen embrittle-
ment irrespective of whether hydrogen is
introduced during welding or in subsequent
service (e.g.HpS-environment).

At the alloying levels which have been found
to confer optimum grain-growth inhibition
characteristics (<0,02%), titanium does not
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engender :any pronounced strengthening in micro-
alloyed steels, Hence, for HSLA grades, it is
necessary that Ti be combined with some other
microaddition. Venadium would seem to be a suit-
able candidate for two ressons:

i)  the element is comparatively soluble in-
austenite and the formation of compounds, type
(1i,V)(C,N), during reheating and hot rolling are
less likely to detract.too ‘seriously from its
precipitation~hardening potentasl, and

ii) +the rather weak effect of vanadium on the
kinetics of static reerystallization sbove 900°C
is desireble from the point of view of effective
grain refinement via recrystallization hot roll-~
ing (i.e. recrystallization can proceed to
completion at a sufficiently low temperature,
which will not always be the case for, say, Ti-Nb
austenite).

The present paper is therefore concerned with the
possibility to combine venadium and titanium
additions in microslloyed steels. Such an ende-
avour is motivated by a general interest to
produce fine-grained HSLA-steels with moderate to
high strengths via straightforward rolling
schemes involving high finishing temperatures
(>900°C). Apart from yielding an attractive
product, such rolling procedures carry the
additional advantages of high throughput
potential combined with rolling loads with are

manageable for most mills. Attention is focussed
on steels having (wt.%) 0,13C-1,5Mn-0,01Ti base
wlth vanadium and nitrogen levels in the range
0, 03—0 13 and 0,01-0,02 respectively. Questions
of particular concern have been:

i) if and to what degree the grain-coarsening

inhibition derived from TiN is impaired by & Ti:N
ratio less than the stoichiometric one (excess
nitrogen being required for effective precipit-
ation hardening from V);

ii) “whether effective grain refinement via re-
crystallization rolling is feasible in Ti~V-N
steels over the. entire range of vanadium and
nitrogen contents studied; and

iii) to what extent the presence of Ti detracts
from the precipitation-hardening potentisl of
vanadium.

MATERIALS AND EXPERIMENTS

STEELS EXAMINED — The results reported in
this paper pertain to four Ti~-V-N microalloyed
steels, with various levels of vanadium and
nitrogen, which originated from Svenskt St4l AB,
Oxel&sund. The analyses (wt.%) are tabulated
below: .

TABLE 1
Designation|C Mn |si [P s A v ™ N
A 0,14 | 1,59 | 0,44 | 0,012 0,013 [0,029 0,029 [0,009 {0,011
B 0,14 }'1,51 [ 0,45 | 0,014} 0,011 {0,025 {0,036 0,013 {0,011
c 0,14} 1,22 0,35 | 0,021} 0,019 |0,027 {0,061 |0,010 {0,013
D 0,13 1,47 0,42 | 0,014} 0,019 |0,023 {0,130 ]0,011 }0,023

Steels A-C were full-scale BOF-charges and, in
each case, material was provided in both as-
strand-cast and as-hot-rolled (16 mm plate)
conditions. Variant D was prepared as a 50 kg
laboratory ingot and was tested for the most part
in the as-cast ¢ondition. The conditions during
solidification and cooling of the ingot were such
as to closely approximate those prevailing during
strand casting. The as~received meterisl was
formed into suitable specimens for dejermination
of the grain-coarsening resistance (10x10x10 mm
cubes) and for hot~compression testing (eylinders,
Hox@, =15x10 mm).

THERMOMECHANICAL TREATMENT — The hot-com-
pression equipment used in the present study is
built up around & 100 kN MTS servo-hydraulic
testing machine. A detailed description of the
apparatus has been given previously, e.g. (2).
Quenching of the speclmen can be -effected at any
partlcular point in a thermomechanical treatment
by rapidly withdrewing the lower compression tool
into e water spray located benesth the furnace.

For the rolling simulations, the specimens

were first austenitized for 5 min. at 1200°C. The
reduction scheme adopted comprised four steps
each involving a 20% height reduction; the flrst
three’ were performed at 1150, 1075 and 1000°¢c
while the temperature for the final deformation
step was varied between-800 and 950 C. Cooling
during the deformation phase of the thermo-
mechanical schedule and during the subsequent

Y*0. transformation was such as to simulete roll-
ing and air cooling of 40 mm and 12 mm plate
(average rate of temperature fall between T50 and
550°C = 0,25 and 0,99C/s respectively). In some
cases, the applicatlon of accelerated cooling‘be*
tween the FRT and a 'water—end temperature' in-
the range 600—700 C was simulated; the cooling
rate subsequent to the forced coollng was
reverted to the rate characteristie for the plate
thickness under consideration. The strain rate
during compression was nominelly 2s™1 which is
within the range typical for hot rolling of plate.
For each combination of steel and deformation
scheme, & specimen was 'quenched out' immediately
prior to the start of transformation in order to




characterize the prior sustenite microstructure.

METALLOGRAPHIC EXAMINATION — Grain-size
determination (linear intercept) was effected via
standard methods on samples etched in 1%-nital
(ferrite-pearlite) or saturated aqueous picriec
acid containing a wetting agent (prior austenite
grain boundaries). Charscterization of precipit-
ates with electron microscopy was carried out on
extraction replicas and foils; the general exsmi-
nation relied on & JEOL 1000D HVEM while & Vacuum
Generators HB 501 STEM instrument was used for
high-resolution analyticel microscopy.

YIELD-STRENGTH DETERMINATION- Small com-
pression specimens (Hy= 5 mm, @,=5 mm) were
machined from previously thermomechanically-
processed samples and used for evaluation of the
'as-rolled' lower-yield strength (Rel). Compress-
ion tests were performed in a 250 Schenk-
Trebel machine at 20°C and €= 5.10"%s™1; the Rels
values given are mean values from four separate
determinations.

GRAIN-COARSENING BEHAVIOUR

EFFECT OF DIFFERENT VANADIUM AND NITROGEN
CONTENTS — The grain-coarsening temperature (GCT)
of Ti-microalloyed steels in the as-continuously-
cast condition is very high, usually 1200-1300°C,
so it is pertinent to inquire to what extent the
resistance to abnormal grain growth is impaired
when, in addition, vasnadium and excess nitrogen
(w.r.t. stoichiometry with Ti) are present. The
GCT's characterizing the various steels in the
as—cast condition are listed in he table below
(heating rate to temperature = 4°C/s; time at
temperature = 30 min.):

TABLE 2
Stee1™ aeT (°c) D' at GCT (um)
A (0,029V; 0,011N) 1210 17,4
B (0,036V; 0,011N) 1190 17,2
¢ (0,061V; 0,013N) 1170 16,8
D (0,130V; 0,023N) 1210 16,7
e ——

x) 0,009-0,013 Ti

The above values for GCT are probably somewhat
lower than might be expected for steels with
0,01-0,015 Ti and & near-stoichiometritc gmount of
nitrogen (0,005 N), for which 1220-1250"C is
typical (3-7). Increasing the vanadium and nitro-
gen contents to high levels does not seem to
affect the GCT adversely. The probable reason why
the GCT is reduced in steels with Ti:N< gtoichio-~
metric can be gleaned from standard solubility
arguments (Fig.l). An austenite with excess
gitrogen will start to form TiN,after solidificat-
ion,at a higher temperature than if Ti:N were
equal to the stoichiometric value; hence, the
amount of Ti present as amall TiN-particles,
formed at, say, 1400 °C or lower, is less in the
former case,

, The usual impression conveyed in the litera-
ture is that abnormal grain growth is invariably
associated with ripening and dissolution of the
restraining particles. However, this is not true
for Ti or Ti-V austenite since the TiN-dispersion
is virtually unaltered during holding at <1250°C.
The crux of the matter lies in the distribution
of grain sizes under the rélevent conditions of
holding. Following Hellman and Hillert (8), the
growth rate of spherical grains with radius R is
given by

L woom.(1/R, - 1/R £ 2) (1)
where 0. is a constant (V1 for a three-dimensional
grain array), O is the grain-boundary energy, m
the grain-boundary mobility and R,, is the size of
a grein which is neither growing nor shrinking.Zo
is the Zener drag which for spherical inclusions

(redius, r, volume fraction, f) is 3Bf/br where B
corrects for the fact that particle-boundary
contact is possible over a larger distance as the
boundary curvature decreases (8). From Egq.(1),
normsl grain growth stops when all grain sizes

-'sgtisfy the inequality:

Rcr/(;+zncr) <R< Rcr/(l-ZRcr). (2)

Making the rather arbitrary assumption that the
meen grain size when Eq.(2) is satisfied is the
same in two- and three-dimensionel systems, then
the grain-size limit defined by the particle dis-
persion is

R (limit) = 1/32 = 4r/9Bf. (3)

When further grain growth is inhibited by
particles R,, can be approximated to R (1imit)(8).
Tt is clear from Eqs.(1l) and (2) that when
graing of size_Ri exist in an assembly with average
size R(1imit)ZR, then growth of such grains can
continue if Ri/R >1/{1-RZ) i.e. if Ry> 1,5R.
Furthermore, the form of Eq.(1) is such that the
growth rate of such grains is initially very slow
but increases markedly as the relative size, R/R,
increases. Hence, abnormal grain growth can
proceed even in a situation where the majority
of grains asre pinned by stable precipitates; the
prerequisite that the particles are in the
process of ripening or dissolving is no longer
a necessary one. From Eq.(1), it is also evident
that the growth rate of abnormal grains will be
faster if R(1limit) is decreased or m increased
(higher temperature). The GCT is the temperature
at which the integrated dR guring the relevant
holding time is sufficie%@ to engender a notic-
able difference between the size of the abnormal
greins and that in the 'matrix' of average grains.
At first sight, the above arguments are at
variance with the experimental observations dis-
cussed earlier that excess nitrogen, and a
concomitantly reduced volume fraction of small
TiN particles, is consistent with a lower GCT.
Theoretically, a decrease in f should give a
greater limiting grain size and thereby an
augmented resistence to abnormal grain growth
(Eqs.(1) end (3)). However, in low-cerbon steels,
the likely situation is that the austenite grain
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size en@en&ered by transformatlon from ferrite +
pearlite is usually greater than R(1imit) and

there is ©o normal graln growth up to a size pre-

seribed by the particle dispersion. Thlg is
supported by the date in Teble 2 where‘R is about .
the same for all steels in spite of quite large
differences in the amount’ of nitrogen present
(i.e. different volume fractions of_ smell TiN
particles). In this instance, i.e. R is inde~
pendent of Z, Eq.(l) predicts that the GOT is
increased if the volume fraction of TiN, and
thereby Z, is ralsed, whlch ig in agreement w1th
observation.

A corollary of the above argument is that thee

the GCT of Ti and Ti-V microalloyed steels should

be a function of heating rate; R(o+y) will in~
crease with decreesing heating rate and the GCT
should be raised accordingly. Data for steel B
(0,036V-0,013Ti~0,011N) which support this
contention_are presented in Fig.2, If R(a+y) were
less than R(llmlt) then one would expect that
normal grein growth up to a limiting value should
proceed after transformetion, leading to a. GCT
which is independent of hesating rate. The data in
Fig.2 demonstrate that for heating rates typical
for reheating of slabs, the GCT's of Ti-V steels
are about 50°C higher than the values given in
- Table 2.

One additional consideration relevant to Ti-.
V-N steels is the possibility that '"TiN'-partie-
les may contain vanadium and therefore be less
soluble than pure TiN., STEM microanalysis of
specimens held for 30 min. at the GCT and then
quenched gives the following results (for a more
detailed presentation see ref.(9)):

TABLE 3
Steel Particle size | Approximate com-
position of 'TiN'
B(0,036V;0,011N) 5-40 nm (Pi. V. )N
o ) 0,9 0,1
0,130V;0,023N 10 Ti
130730, o (T39,25%0,75)%
80 nm (Tlo,h VO,6 N
" 0 Ti Vv
| (T sV, 5508
—————————————_&_._._____,____m

For the low-V. variant, the composition of the
particles is sufficiently close to TiN that their
solubility can to & first approximation be
regarded as the same as that of the latter.
Similar studies on 0,01Ti-0,05Nb steelf (10) indi-
cate that the particles inhibiting grain growth at
high temperatures have the approximate comp031tlon
g N, 8ince the solubility of NbN in suste—
) 1s iess then that of VN, it is perhaps reason-
able that x in Tll_xQxN is greater when QZNb
than when Q=V. The particles in the high-vanadium
steel, D, are considerably more vanadium-rich
than in steel B, as might be expected. In
addition, & clear dependence of TiiV ratio on
particle size was found; hence, for the larger
inclusions, which are formed at higher tempera~
tures, the equilibrium Ti:V ratio is greater than
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for those particles nucleated later on during
cooling (small). Naturally, the volume fraction
of (Ti V)N-partlcles in steel D is considerably
greater than in the low-V alloy; however the
GOT's are not much different (Table 2).

addition, the average particle size is greater
for steel D suggesting that the (Ti,V)N-particles
with low Ti:V ratio are characterized by a faster
rate of coarsening than 'pure' TiN, presumebly
becguse of theéir greater solubility. Hence, our
esrlier statement, that the 'TlN'-dlsperslon isg
completely. stable durlng reheating at the GCT,
may not be justified in the case of Ti-V-N steels
with high levels of vanadium and nitrogen.

GRAIN COARSENING AFTER HOT ROLLING — From
early work on Ti-microalloyed steels (e.g.refs.
(6,7))s it is known that the GCT of hot-rolled
material is lower than in the cast condition,
i.e. reheating more then once impairs the grain-
coersening resistance. This behaviour cen readily
be understood in terms of the refinement of the
average sustenite graln size engendered by
multiple reheating, i.e. R(o*y) is reduced end
thereby the GCT (Eq.(1)).

~ The GCT of steels A and B (0,029 and 0,036V
respectively) in the as-hot-rolled condition were
determined as 1080 and 1060°C for heatlng at
LOC/s; the correspondlng austenite grain sizes

were 13,6 and 14,1 um. Hence, hot rolling causes

& reduction -in GCT by up to 150°C (compare with
Table 2). This decrease in the resistance to
gbnormel grain growth is too- great to be 5
completely accounted for in terms of the reduced
size of the small matrix grains (17=1l4 um).

Some.effort has been expended in trying to
account - for the reduction in GCT of Ti-V austenite
which is brought about by hot-roll processing. The
following observations are pertinent:

i)  The size distributions of (Ti,V)N-particles
in the as-cast and hot-rolled conditions are only
merginally different (Fig.3). As-cast steel is
characterized by a greater number of fine partic-
les (cube edge <8 nm) and a somewhat larger spread
in the distribution, althought the average size is
very nearly the same in both instances.

The GCT of as-cest material can be altered
quite dramatically by performing a prior austenit-
ization trestment and cooling at verying rates.
Results from a series of experiments, involving
heating cast material to 1150°C, 30 min. and
cooling at different rates followed by a GCT-
determination in the normel way, are shown in
Fig.k. Corresponding austenite grain siges at the
GCT are also given. The grain—coarsening resist-
ance is augmented very markedly as the cooling
rate in association with prior processing is
reduced, i.e. the GCT is highest for a cooling
rate approprlate to 220 mm strand.

iii) The GCT of steel B in the as-hot-rolled
condition can be restored more or less completely,
1060: Jto 1190°C, via annealing in the o+y region
(750°C, 2n). However, this effect seems to be
~coupled with a considerable coarsening of the
austenite grain size, which was 25 um after such
en intercritical-snnealing treatment.

a
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The above findings suggest that the marked
decrease in grain-coarsening resistance of hot~
rolled Ti-V austenite owes its origin to the bi-
modal precipitate dispersion ('TiN' + V(C,N))
which is present on reheating from ferrite. The
typical appearance of precipitates in as-hot-
rolled steel B is shown in Fig.5; the number of
V(C,N)-particles greatly exceeds that of TiN. On
reheating, the austenite grains formed after
transformation are pinned mainly by V(C,N).The
latter ripen and dissolve successively during
holding at >1000 C (solution temperature for VN
in steel B assuming &ll Ti is combined as TiN is
ca. 940°C). When V(C,N) disappears, a number of
grain-boundary segments which are not in contact
with any TiN-particles, are released and some -
limited grain growth can proceed. This will have
the effect of widening the grain-size distribut-
ion (many segments remain immobile, pinned by
TiN) and increasing the risk for abnormal grain
growth (i.e. Rj/R for the critical grains is
initially greater and the GCT is lowered
accordingly). Such behaviour will be charact—
eristic for a situation where the V{C,N)-particles
are smeller and more prolific than TiN; the effect
will be much less noticable if V(C,N) and TiN
exist as equally-sized inclusions or if the former
are larger (the probability that segments
are pinned by V(C,N) only is then reduced). This
reasoning is in egreement with the observations
on the effect of cooling rate after prior
processing on GCT, which are summarized in Fig.l,
because the average size of V(C,N)-inclusions is
expected to increase with decreasing cooling rate.
Moreover, the improvement in GCT of as-hot-rolled
material engendered by intercritical annealing
is, on this basis, a combined effect of the in-
crease in austenite grain size (pre-existing y
nuclei) and coarsening of V(C,N)-particles which
is likely to be appreciable after 2h at 750°C.

In further support of the above rationale,
it is noteworthy that pretreatment of steel B in
the as-hot-rolled condition (i.e. after reheating
once) at 1050°C,30 min followed by cooling at
0,06°C/s (=80 mm plate, 750+550°C), causes the
GCT to increase to 1130°C (as<hot-rolled GCT =
1060°C; 16 mm plate). Clearly, for Ti-V austenite,
the cooling rate after prior processing has s
greater bearing on the GCT than the number of
times the steel is reheated.

One might suspect that the diminished grain-
coarsening resistance of Ti-V steels after hot
rolling will be of some significance wHen it comes
to welding. In practice, however, the thermal
cycle during welding is sufficiently rapid that
abnormal grain growth does not proceed to any
great extent. For example, after a weld cycle in-
volving heating at 300°9C/s to 1350°C, holding 6s
and then cooling at 10°C/s to 800°C before
quenching, the austenite grain size in steel B
(as rolled) is only 45 um compered with ca. 200um
for a correspondingly-treated 0,03%Nb -micro-
alloyed steel (9). The fmct that the Zener drag
from TiN is present throughout the welding cycle
means thet the integrated dR/dt. (Eq.(1)) is in no

case excessive, in spite of the fact that the
grain-size distribution, in itself, might well be
conducive to abnormal grain coarsening.

MICROSTRUCTURE EVOLUTION DURING HOT ROLLING

The behaviour of Ti-V steels during hot

" rolling is discussed in detail in a companion
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paper in these proceedings (1). The principal
effect derived from the presence of TiN-particles
is the virtual elimination of grain growth both
between rolling passes and, more importantly,
during cooling between the FRT and Ar3. The Zener
drag from TiN-inclusions also engenders a signi-
ficant decrease in the rate of static recrystall-
ization especially following smal]l prestrains.
STATIC RECRYSTALLIZATION — The recrystall-
ization characterigtics of 0,01Ti-0,04V-0,01N
sustenite (i.e. steels A and B) in association
with hot deformation are discussed in detail in
(1). The empirical dependences of time to 50% re-
crystallization'(to’s) and recrystallized grain
size (Dpey) On pre-existing grain size (D,),
strain (€) and temperature (T°K) are (tg,5 in's,

Dréx in ym): -
tg =5.1o'l§(e—o,058)"3’5 D2 exp(?—-——ag'ooo) (4)
s> o] T
and -0,11
_ 0,15 _~0,57 350.000]
Drex-h,3+195,7.no € [exp( wr )

(5)

respectively. These relationships have been
established via single-step, strain/hold experi-
ments using the hot-compression equipment des-
cribed earlier.

In order to establish the effect of raised
vanadium and nitrogen contents on the static-
recrystallization behaviour, & number of hot-
compression tests were run on steel D (0,13v-
0,023N), Some grain-size data from experiments in-
volving holding for 10s after prior deformation
to various strains at different temperatures are
given in Fig.6. For T% height reduction at_all
temperatures and for 15% reduction at 1000°C or
less, recrystallization is incomplete after 10s
and the grain size is not much different from the
pre~existing one (12,6 um). However, following a
30% reduction, the reaction does go to completion
within 10s at all tempegatures, Dypex being.
coarser than D at 1100°C but somewhat refined
at 900°C.

Results for Dpey from a considerable number
of deformstion/hold experiments with different
holding times conform to the following empirical
relationship,

-0,11

(6)

0

3 ;]
D,y =1»1+170,0.D

r
vhich is valid for Ti-V-N steels with 0,08<%V
<0,13 and "“0,02%N. Egs.(5) and (6) together with
all relevent dete points are plotted in Fig.T,
from which it is clear that increasing the
venadium and nitrogen levels in a Ti-V-N austenite

15 =0 ,57%xp ( gggq.?ooo )]



Fig.5 Particles in steel B in the as-rolled condition (16 mm plate);
thin foil, HVEM.
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Fig.6 Average grain size as a function of height reduction and temperature
for the high-V,high-N vartant, steel D. Hot compression, holding time
=10s.
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is concomitant with a reduced recrystallized
grain size, all other things belng equal (e DO,T)
Similar observations have been reported earlier
for V-N steels (11). The recrystallization
kineties of Ti-V-N austenite ere evidently not
particularly affected if the vanadium and
nitrogen levels are increased and the experimental
observations on .steel D conform tolerably well

to Eq.(4). .

PREDICTION OF MICROSTRUCTURE EVOLUTION —Optimizat-
ion of rolling schedules for processing of Ti-V-N
steels by recrystallization hot rolling requires
detailed knowledge pertaining to the coupling be-
tween rolling schedule (temperatures, reductions,
inter-pass times) and the development of micro-
structure (static recrystallization and recovery,

grain growth, austenite to ferrite transformation).

In the companion paper mentioned sbove (1), the
essence of e computer model for predicting micro-
structure evolution during hot rolling is present-~
ed. For Ti-V steels with 0,01%Ti, 0,03-0,04%V and
0,01%N (i.e. steels A and B in the present work),
the predictions of the model, with regard to the
relationship between deformation scheme and the
concomitant microstructural alterations, is well
confirmed in both laboratory hot-compression ex-
periments and full-scale rolling.

This computational routine has even been
applied to Ti-V-N sustenites with augmented
levels of V and N. Hence, Eq.(6) has been used to
define the dependence of recrystallized grain
size on Do, € and T; as regards the recrystall-
ization kinetics and the rate of static recovery,
the same behaviour as in Ti-0,0L4%V-0,01%N
austenite has been assumed (l) Furthermore, it
is presumed that the rate of grain growth is
negligible. The predictions of the microstructure-
evolution model have been compared with date from
laboratory hot—-compression testing of steel D.
Samples of as-cast material whlch had previously
been reheated for Smin. at 1200° C, were subaected
to the following deformation schemes.

TABLE 4
Height reduction,(%)
T,(°C) Scheme 1 |Scheme 2 | Scheme 3
1150 18 17 17
1075 10 17 17
1000 10 17 17
950 17 25 o

The first specimen in a particular series was
quenched after having undergone the initial re-
duction plus cooling to the temperature of the
second deformation. The second sample was de-
formed at the first two temperatures before
cooling to the third, and so forth. Hence, the
development of the austenite mierogtructure in
association with the ebove deformation schedules
could be monitored step by step. Two specimens
were subjected to all deformation steps, one be-
ing quenched from Ar,; (“800°C) while the other
was allowed to transform to ferrite. The cooling
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rate during the experiments was maintained at
either 0,259C/s (scheme 1) gr 0,9°¢/s (schemes 2
and 3); between 750 and 550 C, these values
correspond to air cooling of 40 and 12 mm plate
respectlvely. After reheating, the austenite

‘grain-size was 13 um. The austenite grain sizes

found in the experiments outlined above are
compared in Fig.B with those predicted via the
microstructure model. The measure of agreement is
clearly acceptable. The experlmental ferrite
grain sizes for schemes 1-3 were 11,3, T, 8 and
7,1 um respectively which compare with 11,3 8,8
and 7,2 Um evaluated theoretically (see ref.
(1)). ,
In the compenion article (1), the effect of
the principal rolling variables on the degree of
microstructural refinement obtainable via re-
crystalllzatlon hot rolling of 0,01Ti-0,04V-0,01N
steel is 1nvestlgated theoretlcally in a syste—
matic way. It is instructive to compare the micro-
structural changes which are predicted for Ti-V-N
steels with different levels of vanadium and

‘nitrogen, when these are subjected to the same

rolling schedule. To this end, the following
reduction scheme was adopted (25 mm plate, 11
passes): 220(mm)=200~170~150-130-112-94=TT-60-L5-
33-25. This hes been combined with various roll-
ing temperature ranges partly by altering the
start temperature (1200,1100,1050°C) and partly
by introducing a 60s hold between passes 6 and T
(normal inter-pass period =10s); this gives six
FRT's in. all lying between 900 and 1070°C. The
microstructure model has been used to_evaluate
the austenite grain size at Arg (~800 C); this
is converted to a feralte grain size via the
correlation between D and DY given in ref.(1).
Figure 9 presents a summery of the results of
the calculation in the form of a plot of D*
versus finish-rolling temperature; the corres-
ponding sustenite grain sizes immediately prior
to transformation are also indicated. A more
detailed discussion of the form of such plots is
given in ref.(1l). For the present purposes it
is sufficient to note that the microstructural
refinement engendered by a given rolling scheme
and cooling procedure is greater for the high-V,
high-N steel. This is to be expected since we
have already noted that the statically-
recrystallized grain size, under otherwise
identical conditions, is smaller for Ti-V-N
austenite with high vanadium and nitrogen
contents than for the variants with 0,04%V and
0,01%8 (Fig.T).

Fig.1l0 compares theoretical forecasts re-
garding microstructural evolution for C-Mn and
Ti-V-N austenite, the latter having different
levels of venadium and nitrogen, which are sub-
jected to the same rolling schedule. These data
refer to rolling of 25 mm plate in 11 passes
starting from 1100 C; the initial grain size
after reheating was taken to be 20 um for the
Ti~V-N steels and 300 ym in the case of C-Mn
austenite. Again, the high-V, high-N steel is
characterized by the most effective micro~
structural refinement. It is interesting to
note, however, that the recrystallised grain
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size of the C-Mn steel following the final pass
is actually not much larger than for the Ti-V-N
austenites. However, the former is, of course,
subject to grain growth snd the austenite grain
size increases appreciably during cooling be-
tween the FRT (in this case 980°C) and 800°C

(mAr3).

YIELD STRENGTH IN HOT-ROLLED CONDITION

As was made clear in the introductory sect-
ion, the stable (Ti,V)N-particles in Ti-V-N
steels do not contribute significantly to the as~-
hot-rolled strength; instead, the major portion
of the precipitation-hardening component in the
lower-yield stress, Rqy, derives from V(C,N)-
precipitates which are formed in association
with or subsequent to the Y*0. resction. We have
already seen (Table 3) that the {Ti,V)N-inelus-
ions in high-V,high~N materials, e.g. steel D,
can contain large amounts of vanadium (>60%);
this is especially true in the case of particles
which have formed at relatively low temperatures
during cooling of the strand. The vanadium
combined with Ti as compound particles is not
available for precipitation hardening. Hence,

it is reasonable to expect that, for given process-

ing, the strength level of Ti~V-N grades should
be somewhet lower than for equivalent V=N gteels.

Simplified simulations of recrystallization
rolling have been carried out on steels A 0,029V~
0,011N) and D(0,13V-0,023N) vis hot compression.
The deformation scheme and cooling conditions were
as described earlier in the chapter on experi-
mental methods. The ferrite grain size and lower
yield stress were determined for every combinat-
ion of steel, deformation scheme and coo ing
conditions. Fig.ll gives data for Rer,s D7 and the
precipitation-strengthening contribution to the )
lover yield stress, ARp, as & function of finish-
rolling temperature. The latter is evaluated from
the regression formuls for C-Mn steels recommen-
ded Gledman et al.(12): ;

o
4R, (MFa)=R ;- [86+37Rn+83%51 429208 415, 1( )2/

where the amount of free nitrogen is taken to be
zero. Noteworthy from Fig.ll is that the increase
in ReL associated with & reduced finishing tempera-~
ture is derived for the most part from grain
refinement; furthermore, the grain size of the
high-V,high-N varient (steel D) is fignificantly
smeller than that of steel A processed in the
same manner. Moreover, it is quite clear thst the
precipitation-strengthening contribution due to
venadium is impaired when, in addition, Ti is
present. For a material with somewhet lower
levels of V and N than in steel D, Siweski et
al.{11) observed ARp#210MPa for FRT=950°C and
cooling at a rate corresponding to 12 mm plate
A/C; this is twice the value for verient D found
in this study (Fig.11). :

o The effect of accelerated cooling between
950°C and 'water-end temperatyres' (Tena) be-
tween 600 and 700°C on R ;s D" end ARP is
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summerized in Fig.1l2. Fast cooling is clearly o
beneficial especially when Teng 18 as low as 600°C.
It would appear that for higher water-end tempera-
tures, the transformation is not complete when

the slower cooling is resumed, with coarser
average grain sizes as & result. Furthermore,
since the strengthening V(C,N)-precipitates are
thought to form during or immediately following
the transformation to ferrite, then a small
average particle size, and thereby a high ARp,
will be favoured by fast cooling and & low Tend,
which is exactly what is found (Fig.12). In fact,
for steel A, ARP$82MPa with accelerated cooling
at 12°C/s (V12 mm plate) and Tq,q=600°C; this is
about as high &s can be expected for such a lean
analysis. The high-V,high-N elloy (D) benefits
considerably from being subjected to accelerated
cooling both as regards increased strength and
reduced grain size. For fast cooling at 10 C/s
down to 650°C, ARy=1TOMPa, which can be compared

-with "“255MPa in en equivalent V-N steel cooled

at 5°C/s (11). Thus, the addition of Ti to &

high-V,high-N microalloyed steel evidently
detreacts from the precipitation-hardening
potentisl even when accelerated cooling is
applied, although the reduction in ARy, is pro-
portiondlly somewhat smaller than with air cool-
ing (see sbove). It is worth noting that ferrite
grain sizes in the region of 6 um are achieved in
the more highly-alloyed steel via application of
quite moderate sccelerated cooling and this with,
8 finish-deformation temperature of 950°C!
CORRELATION BETWEEN YIELD STRENGTH AND
PRECIPITATE STRUCTURE — For steel D with 0,13%V
and 0,023%N, the stable (Ti-V)N-particles which
limit grain growth at high reheating temperea-
tures contain more than 50% V. Since this
vanadium is: not then- able to contribute to pre-
cipitation hardening, a plausible argument is
that Ti-V-N grades are characterized by lower
strength than equivalent V-N variants because
the available venadium content is reduced via
its incorporation into high-temperature
particles. However, even assuming an average
enalysis of (Tig 3V0,7)N in steel D {Table 3),
only "0,025%V will bé combined in this way to-
gether with 0,01% nitrogen (if all Ti, 0,011%,
is considered to be in the particles). This
leaves 0,105%V and 0,013%N aveilable for pre-
cipitation as V{(C,N). According to Siwecki et al.
(11), AR, for s steel with these levels of V and
N but without Ti is 180MPa and 220MPs for cooling
(750+550°C) at 0,9 and 5°C/s respectively. The

. conclusion is that the smaller contribution from

precipitation hardening in steel D csnnot be
completely rationalized on the basis of vanadium
combined in particles which are stable at high
temperetures and which do not contribute to
strengthening.

Bince VN and TiN have identical crystal
structures  (face-centred cubic) and very similar
lattice perameters, 0,413 nm and 0,424 nm
respectively, it is feasible that stable (Ti,V)N-
particles can function as nucleation centres for
V(C,N)-precipitation in austenite during cooling
after the termination of rolling. In V-N steels,
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it is generally accepted that particles are not
formed in sustenite if the FRT is high (>900°C),
the rate of precipitation being low in undeformed
austenite because of the difficulty of nucleation.
However, the rate of precipitation of V(C,N) may
well be considersbly higher for Ti~V~N steels, if
the reaction proceeds via continued growth of
existing (Ti,V)N-particles, because of the
elimination of the nucleation step. This being
the case, the levels of vanadium and nitrogen
available for useful precipitation in ferrite will
be limited further.

In order to test the above rationale, a
number of specimens of steel D (high-V,high-N) in
the as-hot-deformed condition (cooling at
0,9°C/s) were subjected to very careful STEM-
microanalysis.Two typical examples of the ob-
served precipitate structures are presented in
Fig.1l3 together with keys showing Ti-concentrat-
ions both in different individual particles and
at different points within one and the same
particle. The single (Ti,V)N-particle shown on
the left is relatively large (70x25 nm) and has a
composition in its central portions which
corresponds to approximately (Tio uVO,G)Ni the
composition is similar at its rigRt-hand edge.
The bottom of the particle and the left-hand edge,
on the other hand, correspond more closely to
(Tig 1Vg,g)N. These results constitute evidence,
in the mdst concrete way possible, for continued
growth of pre-existing (Ti,V)N-particles via a
fully epitaxial deposition of V(C,N) at their
peripheries., The reason why such growth has
apparently proceeded preferentially in two
directions is not clear. It would also appear
that some interdiffusion of V and Ti takes place
within the particle during growth since the
latter element is always registered even in
areas where the particle has spparently grown
via incorporation of V{(C,N). In the right-hand
plate showing the collection of particles in
Fig.1l3, the larger precipitates (10-50 nm)
contain Ti, albeit rather modest amounts {(10-30%
of the metal atoms); all smaller particles
(510 nm) are 'pure' V(C,N) and have almost
certainly been formed in association with the
transformation to ferrite. The interpretation of
the r.h. plate in Fig.l3 is that the larger
particles are originally (Ti,V)N, with approxi-
mate composition (Tio VO'S)N’ after the terminat-
ion of rolling. These’gheﬁ develop further,during
cooling from the FRT down to Ar,, via deposition
of V(C,N) combined with interdiffusiof of V and Ti
such that the aversge vanadium level is increased
throughout the inclusions. Following transformat-
ion to ferrite, the driving force for V(C,N)-
precipitation is now so great that interphase or
homogeneous nucleation of this compound can occur
separately, independent of the pre—existing Ti-
bearing particles.

The average composition of the compound
particles in steel D is about (Ti oVo,8)N which
will tie up “0,05%V and "0,016%N ?6n the assumpt-
ion that all Ti is combined), leaving 0,08%V and
0,007%N for V(C,N)-formation. For these V and N
levels, Siwecki et al.(1l) report ARp=130 and
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180MPa for cooling at 0,9 and 590/5 respectively
(steel without Ti); these values are in the '
viecinity of the 's found for alloy D in this
study (Fig.12). The conclusion is, therefore,
that the diminished AR, in Ti-V-N steels as
compared with equivalent Ti-free grades, stems
from a reduction in the level of vanadium avail-
able for precipitation in ferrite, partly because
it is incorporated in the highly-stable Ti-con-
taining inclusions responsible for restricting
grain growth, and partly because of the tendency
for V(C,N) to deposit in austenite on the
pre-existing (Ti,V)N-particles. If accelerated
cooling is applied after rolling, it is to bve
expected that growth of pre-existing (Ti,V)N via
epitaxial deposition of V(C,N) will proceed to a
lesser extent and, concomitantly, that the
relative reduction in AR, for T{7V-N steels, as
compared with Ti-free grades, will be smaller;
this is what is found in practice (see previous
section).

Very similar observations to the ones
discussed above have been made by Houghton et al.
(10) on 0,01Ti-0,05Nb steels. Their materials
were controlled rolled and it is likely that the
compound (Ti,Nb)N-inclusions were formed during the:
hold period between predeformation and finishing.
The demarcation bétween Ti- and Nb-rich zones in
the particles examined by them was also much
sharper than has been found for inclusions in the
present Ti-V-N steels, which suggests that the
interdiffusion of V and Ti in fee MX-compounds is
considerably faster than that of Nb and Ti.

SUMMARY

An inves*igstion pertaining to the grain-
coarsening resistance, hot-roll processing and
precipitation strengthening of Ti-V-N steels has
uncovered the following:

i} In austenite containing Ti-only or Ti with
<0,04%V, the dispersion of TiN or (Ti,V)N-
particles responsible for restraining grain growth
is quite stable at the GCT. Abnormal growth of
selected grains can occur even when the vast
majority of other grains are pinned by inclusions
which are neither ripening nor dissolving.

ii) The addition of venadium and nitrogen, in
excess of the stoichiometric amount (w.r.t.TiN),
to a Ti~-steel regults in only a marginal decrease
in grain~-coarsening resistance in the as-continu-
ously-cast condition.

iii) The GCT of a given Ti-V austenite is a fairly
sensitive function of heating rate; the size of

the small 'matrix' grains decreases with increasing
heating rate with a concomitant loss of grain-
coarsening resistance. This observation suggests
that the austenite grain size engendered by o=y

is greater than the particle-limited grain size,
i.e.that existing when normal grain growth is
arrested.

iv) The GCT of Ti-V austenite which has previ-
ously been hot rolled 1is considerably less than



th#t i !'sly*cast ccn&itlon. This
& unfavourable grain-size

"wheg,V(C;ﬂ &iasolves at

relatlvely 1@?\1
dispersion, ‘the
grain-cosrgening

augmented if cooling following prior processing is

slow or by 1ntercr1t1cal}y annealzng/ hekstéel in
(a+y). ‘

v) - For Ti-V austenlte; tha partlales responslble
for the restriction-of grain growth at ‘high tempe-
ratures are Tle -y Wwhere:x lnereases with the
vanadium level in the steel. ¥or gteel with -
0,13%V and 0,011%Ti, the present observations also
indicate that x increases w1th dec?#aaing partlcle
size, ,

vi) The pr1nc1pal benefit - accrulng from the
presence of Ti durlng hot rolling is the complete
elimination of grain growth of ‘sustenite, both '
between rolling pesses and during cooling once
rolling has been terminated. An important conse-
quence of thiz is that relat1vely fine ferrite
grain gizes can be achieved in-as~hot-rolled Ti-V
steels even when the finish-rolling temperature
is relatively high (900-1000°C); fine statically-
recrystallized grains are preserved down to Ar3
(recrystalllzatlon rolling). - A

vii) For steels with "0 Ol%Tl ‘the statlcally re-
crystallized grain size, for-given conditions of
strain, temperature and preé-existing grain size,
decreases with increasing levels of V and N.
Hence, the overall degree of grain refinenent
engendered by a given rolling scheme is greater
for a Ti-steel with say 0,1%V and O 02%N than one
with only O,04%V and O, Ol%N.

v111) The prec1p1tat10n—strengthen1ng contribut-
ion to the as=-hot-rolled yield stress derived
from V(C ,N)-particles formed during or subsequent
to the y*0 transformation, is lower for Ti-V-N
steels than for corresponding alloys without
titanium; the effect is:-especially pronounced-at
low rates of cooling. The vanadium and nitrogen
available for precipitation strengthening are.
diminished both vie. combination with Ti as stable
(Ti,V)N-particles and vie continued growth of the
latter after the termination of hot rolling,
‘through epltaxlal de9051t10n of V(¢ ,N) in
austenite. S -
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