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ABSTRACT

A new thermomechanical processing route,
labeled recrystallization controlled rolling
(RCR), and the alloy design philosophy
corresponding to this processing are proposed.
RCR avoids the high mill loads and low pro-
ductivity associated with conventional
controlled rolling (CCR) and is based upon
(1) achieving a very. fine as-reheated
austenite, (ii) repeated deformation and
recrystallization above the recrystallization
temperature of austenite and (1ii) accelerated
cooling to some intermediate temperature,
followed by air-cooling to room temperature.
Steel compositions which are ideal for. this
processing should have a relatively high
grain coarsening temperature during reheating,
Tges @ relatively low recrystallization
temperature during rolling, Tpy, and a low
grain coarsening rate after deformation, Rgc.
In addition, the steels should exhibit an
adequate capacity for undercooling and
precipitation hardening of the ferrite.

Experiments conducted on .13V and .13V-
.017T1 steels have shown that a very small
addition of Ti to V steels markedly raises
the Toe. The Tgg of the V-Ti steels in the
as-slabbed condition increases with increasing
N content while the T.~ of the same steel in
the as-cast condition is insensitive to N
content. Nevertheless, in all cases,, the
former is much lower than the latter. In
both the .13V and .13V-.017Ti steels, the
lowest temperature at which austenite
completely recrystallizes in a short time
after a 50% reduction, the Tpy, increases
with increasing N level; however, the T, , of
the V-Ti steels is much lower than that of
the V steels if the procéssing parameters
are the same. The temperature difference
(Tec-Try)» the temperature range of RCR, is
at least 175°C higher in the V-Ti steels
than in the V steels. In the .13V-.017Ti-
.012N steel, an effective austenite inter-
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facial area, Sy, of approximately 160 mm-1 can
be generated by rolling in the range of 850

to 1080°C. This Sy is remarkably temperatutre
insensitive and resulted from recrystallized
austenite in all cases. The hot strength in
the second hit of interrupted campression
tests at 850°C and a strain rate of 5 s~1l, to
which mill loads are directly related, 1is 60%
higher in the .13V-,025N steel than in the
.13V-.017Ti steels. In addition, the V-Ti
steels show strong inhibition of grain growth
after hot rolling due to the pre-existing

fine TiN particles. Uniform and fine ferrite
grain sizes to 6 microns can be achieved

using RCR. The precipitation potential in a
of V and V-Ti steels increases with increasing
N content as well as cooling rate. An addition
of .017 wt%Z Ti to V steels decreases the
precipitation potential; however, the loss can
be reduced by using a relatively high N level
and accelerated cooling.

While extensive grain refinement is
achievable using CCR, the high mill loads and
low productivity have kept this process from
being widely applied in North America as well
as in most of the rest of the world. The
attractiveness of RCR is that it 1s a rolling
procedure which can result in extensive grain
refinement, and, which at the same time, can
be immediately employed on existing rolling
facilities.

IT IS WELL KNOWN that a fine ferrite
grain size in the final product can be
achieved by proper hot rolling. Recent work
has focused on the ferrite grain refinement
which results from!/the conventional controlled
rolling (CCR) of austenite. As much of the
deformation in CCR takes place below the
recrystallization temperature, Tpy, high
ferrite nucleation rates are promoted.
is due to the high effective interfacial
area, Sy, which results principally from the
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change in austenite grain shape and from the
generation of deformation bands.(l Unfortun-
ately, this rolling is done at low temperatures
and is associated with high mill loads.(2-5) 1n
addition, the productivity of CCR is low because
of the lengthy delay times between the roughing
and finishing passes required to reach the low
finish rolling temperature. The present

work attempts to develop a high S_ in the austen-
ite and hence a fine ferrite grain size without
the high mill loads. and low productivity associat-
ed with CCR.

The proposed alternative to CCR is based -
upon (i) achieving a very fine as-reheated austen-
ite grain size (ii) repeated deformation and re-
crystallization above the T __, and (iii) acceler-
ated cooling to some intermggiate temperature,
followed by air cooling to room temperature, -
This new process is labelled recrystallization
controlled rolling (RCR).

Steel compositions which would be ideal for
this proposed processing should have certain
metallurgical characteristics, i.e. a relatively
high grain coarsening temperature, T c @ re-
latively low recrystallization tempegature during
rolling, T ., and a low grain coarsening rate
after rolling, R c* s well as an. adequate
capacity for undgr cooling and precipitation
hardening of the ferrite.

It is well known that the T., can be raised
and the R, can be lowefgd b§ the presence of
fine, stagge particles. »7,8) In fact, the
stability of the precipitate determines both the
TGC and the temperature range over which the RGC
is a minimum. It is also well known that the
recrystallization temperature after hot rolling
“"is directly related to the amount and size of
the strain-indiced precipitate.(9-14) fThat is,
high recrgsfallization temperatures are promoted
by large amounts of fine strain induced precipi-
tates, Conversely, steels with low recrystalliza-
tion temperatures, similar to those of plain
carbon steels, should not have a large capacity
for strain induced precipitation. The V-Ti-N
system appears to be ideally suited for this
purpose, since TiN will precipitate at very high

“produced as 22 kg laboratory heats.

of the austenite and inhibiting VN precipitation,
and VC is not known to precipitate during low
temperature rolling. Hence, the V-Ti-N system
should exhibit a high T.,, a low R, ., and a low
T,.,. Finally, the vanaggum left i csolution in
the austenite would be available to form pre-
cipitates during the ferrite transformationm,
imparting greater strength to the final product.

EXPERIMENTAL PROCEDURE

The steels used in this investigation were
The V-Ti
steels were aluminum killed and the V steels
were silicon killed. Chemical compositions are
given in detail in Table 1.

The ingots were reheated and hot rolled to
plates 40mm thick and to bars 16mm in diameter.
Specimens for reheating (cubes 10mm on a side)
and hot rolling experiments (blocks 50mm x 50mm
and 16mm thick) were machined from the plates.
Specimens for hot compression experiments
(cylinders 12mm in diameter and 18mm in height)
were machined from the rounds. Therefore, all
hot deformation studies were conducted on
slabbed materials.

Reheating was performed under an argon
atmosphere in a box furnace. Materials were
available in both the slabbed and as-cast condi-
tion,

Rolling experiments were carried out on a
laboratory mill operating at a strain rate of
4,9 or 6.9 s~1. After rolling, the specimens
were water quenched, air-cooled, or subject to
accelerated cooling by forced air or water spray.
In this fashion, cooling rates of 2, 7, and
15°C s=1 could be obtained as desired.

Hot compression experiments were carried
out on an MIS machine modified for constant true
strain rate testing. Barreling was avoided
by using g modified Rastegaev's grooving
technique and applying glass lubricant
(Deltaglaze 347 or 349) to both specimen and dies.
Most hot compression experiments were perfgrmed
at constant true strain rates of 2 and 587,

The specimens could be quenched within a fraction
of a second for metallographic observation. 1In
some cases, interrupted compression tests were

Chemical Composition of Experimental Steels, wt%

temperatures, \+>~ thereby reducing the N level
Table 1
’
Steel c Mn Si Al Total
v .08 1.25 .43 .002
V-N .08 1.23 .43 .002
V-Ti 07  1.24 .42 .034
V-Ti-N .08 1,22 .40 .032

Al Soluble N v Ii
- 006 .13 -
- .025 .13 -
.017 .006 .13 .017
.014 .012 .13 .016

P < 0.05; S <0.05 for all steels
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carried out in which the gpecimen is given a
certain amount of strain at a prescribed tempera-
ture and strain rate, €PRE" The deformed
specimens are then unloaggd and held at the de-
formation temperature for various times to allow
for microstructural change. The sample is then
reloaded and deformed further at the temperature
and strain rate of the pre-strain. In order to
assess both the yield stress and rate of work
hardening, an average flow stress,

0
= L
0.3

0

was used as a measure of hot strength in both
the first and second hits.-

When applicable, the specimens were examined
by optical metallographic techniques. A linear
intercept method was used to determine the grain
size. A modified pieric acid was used to reveal
the prior austenite grain boundaries and nital
was used to reveal the ferritic microstructures.
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Figure 1 Grain coarsening behavior of V and
V-Ti steels during reheating.

RESULTS AND DISCUSSION

REHEATING BEHAVIOR-Results of the reheating
studies are given in Figure 1. The as-reheated
grain size for the four steels is shown as a
function of temperature for a common heating time
of one hour. The V steel exhibits normal grain
growth over the entire temperature range. On the
other hand, the V-N, V-Ti, and V-Ti-N steels
show three stages of grain coarsening, as pre-
viously reported.(7) In addition, the onset of
abnormal grain growth is conservatively estimated

- described as follows.
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and tabulated as the grain coarsening temperature,
T.., in Figure 1. The effect of N level on T
is "shown by the uppermost curves in Figure 2.

. Concerning the grain coarsening temperature,
there are three phenomena of note. Firstly, a
very small (,017 wt.%) addition of Ti to V steels
raises the TG markedly, Figures 1 and 2. This
is caused by ghe presence of fine and stable TiN
particles in the V-Ti steels.

Secondly, the T, of the V-Ti steels is
much lower in the as—gfabbed condition than in
the as-cast condition. As hot rolling marginally
changes the size distribution of TiN particles,
this lowering of TG' was explained as a con-
sequence of a direct relationship between mean
grain size and criticgl mean particle size in Ti
alloyed steels.(13-16) 1 y-Ti steels, it was
explained as a re?¥§§ of the dissolution of fine
V(C,N) particles. Current experiments con-
ducted on a V-Ti steel in the as-cast condition
show that after reheating to 1100°C, a single
60% reduction at 1050°C, followed by immediate
reheating again also reduces the T, .. In
this case and the case ofﬁvefree Ti steels,
there were no VN‘particlésVin lved in boundary
pinning and ripening. Also,/the difference be-
tween the average adstenite’/grain size of as-
cast and as-slabbed materials (2-4 microns) would
not be expected to cause such a great difference
(>100°C) in the T,.,. It is clear that further
investigation is ggeded to show how hot rolling
and y/a transformation compromise the role of the
TiN particles or change the mobility of austenite
grain boundaries.

Thirdly, an increase in ‘the N level in the
range investigated leads to an increase in the
TG of the V-Ti steels in the slabbed condition
bug does not affect the T,, of the same steel in
the as-cast condition. In other words, a nitrogen
content greater than the stoichiometric one for
TiN, which is about .005 wt.% in the case of .017
wt.%Z Ti, is beneficial or at least not deleterious
to the TG of V-Ti steels, The different in-
fluence og N level on T c of the V-Ti steels in
the as-cast and as-slabged conditions may be
At temperatures close to
the TG of the as-cast materials, the VN particles
have agready dissolved in the austenite. From
this, the T, A of the as-cast materials depends
primarily on the volume fraction of fine TiN
particles. In the range investigated, when the
N level is increased, the volume fraction of
total TiN particles will increase also, but the
volume fraction of the fine TiN particles pre-
cipitated after solidification may change only
slightly. One possible explanation for this be-
havior is because the dissolution temperature of
the TiN in the V-Ti steel is not far from the
solidification stop temperature. Hence, an in-
crease in total nitrogen will be taken up mainly
by the large TiN which would precipitate in the
liquid during solidification, Therefore, the
Tgc of the V-T{ steels in the as-cast materials
is relatively insensitive to the N content of
the steels. On the other hand, at temperatures

close to the TGC of the slabbed materials, which
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Figure 2 Effect of N on Tgg AND Tpy. The upper Tg.
-curve refers to as-cast material, all others refer
to slabbed material.

is lowered by hot deformation and austenite/
ferrite transformation, a large number of VN
particles still exist, In this case, the T,  is
related to boundary pinning by the VN partigfes.
The higher the N level of the steels, the greater
the volume fraction of total VN particles, and
hence the higher the TGC of the steels iIn the
slabbed condition,

iced brine. Transfer of specimens from the
rolling table to the quenching vessel was
achieved within 3 gseconds. The state of the
austenite after 50% reduction by rolling was
determined by optical microscopy of quenched
specimens. The results are summarized for the
four steels in Table 2 as a function of T EF°
From these data, the lowest temperature aP

RESPONSE TO HOT DEFORMATION-The experimen-
tal procedures used to determine theT , 4 and
S,, of interest were as follows. Spec§§ensyl6mm
thick were reheated for 30 minutes to a variable
temperature,TkHT,allowed to cool at a rate of
1°C s~1 to the deformation temperature, TDEF’
reduced 50% by rolling upon reaching T 7° and
thereafter quenched by immersion in ag?gated

which austenite completely recrystallizes after
a single 50% reduction, the T ., was obtained,
and is given by the bottom cufVes of Figure 2,
Furthermore, the effect of temperature and
strain rate on the as-rolled austenite grain
size and the effective austenite interfacial
area, SV’ are presented in Figure 3.

Table 2 Recrystallization State

Rolling Temp., °C

. 27 899 871 850 830 788
Steel Teyrs C D,, um 1080 1030 982 954 927

' !
V-Ti 1050 19.2 , R R R R‘ R R P N
V=-Ti-N 1100 17.0 R R R R R R P P N
v 1050 107 R R P P N N
V-N 1100 49 + 171 R R P P N N N N

R = recrystallized

P = partly recrystallized

N = non~-recrystallized



AS-ROLLED AUSTENITE GRAIN SIZE, jam
40

aV-N 1100 494171
35p *V-Ti 1050 19
OV-Ti-N ~ 1100 17
el Y .

Sy, mm™!
Stoel  Trr("C) Do(pm) S0
av 1080 107

3o} “i\\
L)
N\ 475
25 -~ \\_
. n-‘u\L
20} N 4100
St e, o

15 o hd L ® e e i e __L

O e o L R ~ o 4150,
10 T(°C)= 1080 1030 982 954 927 899 871 . 850. <200

s~ =49 49 4.9 49 49 49 69 69
‘ ‘ i ‘ ‘ ‘ L ‘ .
1012 . 1013 1014 w!&

Z=¢exp (Q/RT), Q=71,500 cal/mole

Figure 3 Influence of rolling condition at 50% red.
on the as-rolled asutenite grain size and interfacial
area Sv. The TGC is marked on each curve.

In both the V and V-Ti steels, the T . in-
creases with increasing N level (Figure 2)

-although the initial grain size is smaller in the

high N steels than in the low N steels. Appar-
ently, this is caused by increasing the amount
of supersaturxation of N in austenite, enhancing
the strajin-induced pre?igifgtigy of VN in auste-
nite for the V steels, 2T and V-Ti-N
steel. However, under the condition of con-
stant total N level,-the Tpy is significantly
lower in the V-Ti steels than in the V steels. i f
the process parameters are the same. Thus, the
temperature difference (TG -T .), i.e. the temp-
erature range for RCR, is at &éast 175°C greater
in the V-Ti steels than in the V steels. The
cause of low T__ in the V-Ti steels is attributed
to (i) the dec§§ase‘in'ﬂ content of austenite due
to the previous precipitation of TiIN hence re-
ducing the strain-induced precipitation of VN in
austenite, and (ii) the fine initial austenite
grains obtained by reheating below the T. .. So
far, no evidence has been obtained t6~shgs that
the pre-existing TiN particles can inttfate
austenite recrystallization.

For both the V and V-Ti ateels, the as-
rolled grain size decreases and the S_ increases
with increasing N level, Figure 3. H er, a
much smaller as-rolled grain size and a much
greater S, can be generated by a single 50% re-
duction i} the V-T{ steels than in the V steels.
For instance, a graia size of 12.5 microns and
an S, of 160 mm™ were achieved by rolling
above the T . of the V«Ti-N gteel. This grain
size and S§R§re temarkably temperature ingen-
sitive in the range of 850 to 1080°C, and re-
sulted from recrystallized austenite in all cases.

The temperature insensitivity of S_ for the
V-Ti~-N system allows for the possigility of

.obtaining more uniform structure and properties

in plate products. The behavior of the V steels
1s quite different. The S, is much lower and is
temperature sensitive, Figure 3. (24)
Recent hot compression test results
show that a 50% reduction at a mean strain rate
of 4.9 s~1 exceeds the critical strain for the
onget of dynamic recrystallization at 860°C and
reaches the critical strain for completion of
dynamic recrystallization at 1020°C, This in-
dicates that dynamic recrystallization, under the
present experimental conditions, plays a more
important role in RCR of V~Ti-N steels than in

‘the conventional rolling or CCR of V or Nb steels

where the initial grain size is grisg)and hence
the two critical strains are high.

Measurements of the grain growth rate of
austenite following deformation were performed on
the four steels. All specimens were reduced 557%
(e=0.8) in uniaxial compression at a constant
deformation temperature of 1050°C, and at a
cohstant true strain rate of 2 s-1, Under these
conditions all the materials were in the steady
state regime of flow. Following straining, the
specimens were held at 1050°C for various times
before water quenching. No abnormal grain growth
was observed. The measured grain size as a
function of holding time is plotted in Figure 4.
The rates of grain growth are obtained from the
curves and presented in Table 3.

A small addition of Ti to the V steels re-
sults in a drastic decrease in the R_ ., Signifi-
cantly, the rate of the Ti-bearing ofels is
negligible beyond 20 seconds holding at 1050°C.
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Figure 4 Grain coarsening behavior after hot deformation
and recrystallization.

'~ Table 3 Grain Coarsening Rate -

~ Average RGC after Recrystallization, um/sec

in ¥st 20 sec in 2nd 20 sec after
1.30 0.58 0.
1.8 0.42 0.
0.38 0.075 ' 0.

0.37 0.065 : 0.
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Analogous results were reported by C. Ouchi,
et al.(8) for Ti steels and W. Roberts, et al.

(26)

for V-Ti steels. Another phenomenon of note is
that thevRG of the V-Ti steels 1is not sensitive
to N level fn the range investigated. The reason
for this may be the same as suggested in the
discussion of N level on T_, of the V-Ti steels.
The average flow stresses of the four
steels were measured by means of interrupted com-
pression tests at 850°C and strain rate of 5 s~1
with a pre-strain of 0.5. A great difference in
the hot strength of recrystallized and non-re-
crystallized austenite can be revealed using this
technique. The results are given in Table 4, In
the first hit of the compression tests, the aver-
age flow stresses for the four steels are al-
most the same (V steel has slightly lower hot
strength). In the second hit, however, they are
quite different. After 3 seconds holding, the
stress of the V-N steel in the second hit is 24%
higher than that of the V-Ti steel. After 6
seconds holding, the stress of the V-N steel is
60% higher than that of V-T{ steel. There is no
softening at all in the V-N steel during hold-
ing.(24)  The volume fraction of recrystallized
austenite corresponding to these short times is
zero in the V-N steel, i.e. 100% pancaked, and is
respectively about 70% and 80% in the V-Ti steel.
Thus, the high average flow stresses observed in
the second hit of the V-N steel are caused by
the pancaking of austenite and by precipitation
hardening in austenite. It follows that the
high mill loads associated with CCR are directly
related to similar high average stresses.
However, if the V-Ti steels are reheated below
the Tge» the austenite is able to recrystallize
in a short time even at 850°C and does not have
a strong precipitation potential. The result is
that the average flow stress on the second hit
is low, and hence the mill load in RCR of the
V-Ti-N system should be low too, even at 850°C.
GRAIN REFINEMENT THROUGH GAMMA/ALPHA TRANS-
FORMATION-The grain refinement ratio, d,/dy, of
the four steels was investigated as follows.
Specimens were reheated to the temperatures

shown in Figure 5, reduced 50% by rolling a
900°C, cooled at rates of 2, 7, and 15°C 8™+ to
560°C, and air-cooled to room temperature. The
d, was measured from the specimens. The dy was
obtained from the data shown in Figure 3. The
d./d, as a function of dy and cooling rate is
plotted in Figure 5. The effect of N content
on ferrite grain size is. presented in Figure 6.
A comparison of the ferrite grain size dis-
tribution of the RCR V-Ti-N steel and a CCR Nb
steel 1s provided in Figure 7. 1Included in these
data are the average grain diameters and the
standard deviations.

The ratio, dY/da’ decreases with decreasing
austenite grain size and cooling rate. When the
dY is less than 10 microns (or Sy>200 mn~1) and
the cooling rate is lower than 2°C s~l, the
ratio 1s close to one, i.e. there is almost no
grain refinement through the v to a transforma-
tion in these steels. The transformed ferrite
grain size is also related to'N content, Figure
6. Uniform and fine ferrite grain size, down
to 6.3 microns, can be achieved using the rolling
schedule described. This average ferrite grain
diameter is 1 micron greater than that of typical
CCR material; however the standard deviation
of the diameter of the former is 1 micron less
than that of the latter, Figure 7. Some
especially large grains (diameters up to 18
microns) exist in the CCR material. This non-
unifozmity has a deleterious effect on tough-
ness.(27)" The RCR of V-Ti-N steels will appar-~
ently permit this unacceptable microstructural
feature to be avoided. ,

PRECIPITATION HARDENING IN FERRITE-The TMT
used to investigate the precipitation potential
of the four steels is the same as that used to
study the dy/dy ratio. The intensity of the
precipitation strengthening in the steels was
evaluated by the difference in the hardness of
microalloyed steel and a C-Mn steel of the same
ferrite grain size.(28) The results are shown
in Figure 8 as a function of N content and
cooling rate. The precipitation hardening in-

" crement increases with increasing N level and

cooling rate between 900 and 560°C in all the

Table 4 Avérage Flow Stress

Average Flow Stress* (MPA) at 850°C and 5 sec”

1

in fst Hit in 2nd Hit after Holding for 3/6 sec

Steel
V-Ti 146
V-Ti-N 144
v 130
V-N 146

163/157
166/161
176/162

201/250

*Average Flow Stress = fg'3 o(e)de/0.3
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steels. An addition of .017 wt? Ti to the V CONCLUSIONS
steels decreases the precipitation potential;

however, the loss can be reduced by using a RCR of microalloyed steels and the alloy
relatively high N content and interrupted design philosophy corresponding to this proc-
; accelerated or controlled cooling. ﬁim}laf essing have been proposed and discussed. The
: results have been reported for V steels 29 and reheating behavior, response to hot deformation,
V-T1 steels,(23) grain refinement through the y to o transforma-
Recent hot compression test results show tion and precipitation hardening in o of two

that the onset of the VN precipitation occurs +13V-,018T1 steels and two reference .13V micro-

at least an order of magnitude earlier in the alloyed steels have been investigated. The

V-Ti-N steel than in the V steel.(24) This 1s results are summarized as follows.

attributed to the pre-existing TiN particles 1.) The proposed RCR is based upon (1)

which may initiate the precipitation of VN in achieving a very fine as-reheated austenite grain

austen%te and has been observed by T. Siwecki, size, (11) repeated deformation and recrystalli-

et al,(23) zation above the Tpy, and (iii) accelerated
cooling to some intermediate temperature followed
by air-cooling to room temperature. Steel com-
positions which are ideal for this RCR processing

d/d should have certain, specific metallurgical

yha . ) characteristics; i.e. a relatively high Tges &

Steel  Taur{"C) Do(jum) ; relatively low Tpy during rolling, and a low
40F Iy 1050 107 15 °C/sec Roc after deformation. In addition, the steels
vl 1300 4e4 1Tt should exhibit an adequate capacity for under-
OV-Ti-N 1100 17 cooling and precipitation hardening of the
ferrite.

3.0 2.) A very small addition of Ti (.017 wt%)
to the V steels raises the Tgc markedly. The TGC

-of the V-Ti steels in the as-slabbed condition
increases with increasing N content while the

20 . o TGC of the same steels in the as-cast condition

"”g:::',—"”’ 1s insensitive to N content. Nevertheless, in
4J"’ all cases, the former is much lower than the
latter.

1.0 3.) In both V and V-T{ steels the lowest
temperature at which austenite completely re-
crystallizes in a short time after 50% reduction,

. ' ' . 2 N L the Tpy, increases with the increasing N level;
0 5 10 15 20 25 30 35 however, the Tgx of the V-Ti steels is much
lower than that of the V steels if the process
AS-ROLLED RECRYSTALLIZED vy, GRAIN SIZE, um parameters are the same. Thus the temperature
difference (T -TRX), i.e. the temperature range

Figure 5 Dependence of grain refinement ratio for RCR, is agcleast 175°C greater in the V-T{

on austenite grain size and cooling rate. steels than in the V gteels.

4.) 1In the .13V-.017Ti-.012N steel, an
do FROM RECRYSTALLIZATION ROLLED 7Y, pum

2, 50% Red. @ 900°C
121 C.C. to 560°C o
s ACRT
10} ~$
—.‘\°§~‘
\\ [
ol ”\o\ 2 °C/sec o
\ \\\ 7 °

6} o~
T
=15 Steel Taur(*C) Do(pm)
Ay 1050 107
4% OV-N 1100 494171
#V-Ti 1050 19
OV-Ti-N 1100 17
o 1 1 b [
T .006 012 018 .024

N, %
Figure 6 Dependence of ferrite grain size on N and cooling rate.
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effective inte‘ neial 8ral, » of approximately
3ea¢r erling,in the range

of 850 to 1080°C, This §, is vemarkably tempera-
ture insengitive in all ¢ 1ses.
5.)  The V-T{ steels show strong inhibi-

tion of grain growth after hot rolling due to the'

preexisting fine TiN particles.

6.) The averafe flow stresses. at 850°C and af

a strain rate of 5 s-1 in the. first hir are al-
most the same for the V steels and the V-Ti

steels; however, in the gecond hit the stress is -

60% higher in the pancaked ,13V-.025N austenite
than in the recrystallized ,13V-,017Ti austenite.
The low average stresgs: in ‘the eecoud hit for the
V-Ti steels is associated with both the sbility
of the fine austenite to-recrystallize rapidly
and the weak strain-induced precipitation poten—
tial. The mill loads, directly related to the.
hot strength of materials, would be expected to
be low during the RCR of V~Ti steels, '

7.) The grain refinement ratio, 4 /d s
deperids on the austenite grain size priorYto
transformation and cooling rate following rolling.
When d_ is leéss than 10 microns (SV
the coXling rate is lower than 2°C s~l, the ratio
is close to one, i.,e.: there is almost no grain
refinement through the y to a transformation.

Uniform and fine ferrite grain sizes to 6 microns

can be achieved using RCR. .

8.) The precipitation potential during and

after the y to o transformation of thé Viand-
V-Ti steels increases with increasing N content
as well as cooling rate. An .addition of ,017
wt%Z Ti to V steels decreases the precipitation
potential; however, the loss can be reduced by
using a relatively high N level and accelerated .
or controlled cooling,
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