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- . SIMULATION OF .CONTINUOUS AND.INTERRUPTED '
| ROLLING PRACTICE OF HSLA STEEL
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& Continuous and interrupted torsion tests were

R conducted between 800 and 1000 [ at surface shear strai

urates of 0.1, L.0, and lOs l on_ﬂSLA steels. One set of
. . v A

tests simulated a hotqreversing mill with‘hot coiIers.'

°

: The strain in- eaqp pass was held constant at 0. 3 but- the

intErVal between passes alternased between 150 and 10,

-

seconds. A second series of tests were conducted at

strains of 2.5 and interruption:time of 10 secohds to «

* . N ]

determine the effect on static restoration of dynamic .

recrystaIllzation as opposed to that of dynamic recovery
» ‘ )’
which is the preponderant mechanism at the losttrains, o

3
-

The static softening’ mechanisms operating\quing e,
‘an interruption were determined from the fractional soften-

'ing and by comparison of the stress level after the

o
interruption with that“prodhced by continupus deformation.

' (8 ° /. >

' The restoration mechanisms observed were static recovery[f .
gtstic recrystallization and grain growth. Thegamount of -
softening achieved‘depended\upon the strain, strain rate,

deformation'temperature and iength of interruption.
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" i CHAPTER 1

’ Introduction . ' ’ Tt
-,’ R . " . . - s . . ) ‘ "(
' Since -their introduction ,.i‘n 1960, HSLA* steels have

1

H

been déed extensively as a structural material. The .
addition of small amounts of niobium and vanadium has

the -effect of increasing the yield stfeﬁgth of fhese;,f
‘ o ‘R . ¢ f
steels. The predominate strengthening mechanism Being a’

s

reduced--ferrite grain size rather than precipitation of
niobium or vanadium.carbides. However, precip;tatlon of
5 I ‘-.these carbides makes the ::Z:;/pf het deformation of HSLA

steels more complex as bo

ecoVery and recrystall*fntlonh'

ratébhﬂré\ifffcted dlfferently by the presence ©f niobium

nT f ngr vanadium in solute form or as prec1p1tates. Thus -
~rolling schedules for such ste ls should take 1nto accccnt

not only the kinetics of recoiery and recrystallization but

also those of precipitatipn and the interactions between

the mechahlsms. These can hava,SLgnlficant effects 51nce .
. - a retardatlow of dynamic récrystalllzatlon causes - an "4

increase - in Fflow ‘stress and 2 decrease in ductillty.
T o ! ”/Qfa * ' _’ ’ L . !
“* High strength low alloy . ‘ - ’

? ‘ - s *
v Y L4 P a
. f " N
.
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The torsion test has proven to be a useful tool

for investigeting the flow characteristics of metdls ’
: ) S ) ¥
» during hot and cold working operations‘beceuse it is able /

to produce hién and constant strain rates. Also the

problem of necking, encountered during ten91le testing, ' .

and barrelling, encountered during compression testing, .

do not exist in torsion..'In consequence, a torsion tester S .
* 0
is capable of a sequence of tests which simulate a hot

rolling operation which'has a high total strain.

L 4 ' ‘ ’ ) "
-~ ' To simulate rolling schedules for an HSLA steel .

5 P o ! ¢

- ..

v both continuous and interrupted torsion tests were
"conducted. In particular, deformatio:s and interruption J‘,‘
: _times’ were matched to the rolling schedule utilized at >
Contrecoeur, Quebec by SIDBEC-DOSCO on a reversing hot .

mill with hot cozlers. R ' : - o




_Hot Working of HSLA Steels

‘strain rates of 10

[ f h

- 3 Y

CHAPTER 2

t

13

* Hot working has been simply defined as the

deformation of a metal above its recrystallization

tempfgature. However;'this definition 'is not completely

suitable because several softening mechanisms aye

loperatlng during and between deformations, all of ‘'which

contribute to the total softening (1- 7). Therefore, the .,

qccepted ‘definition of hot working is deformation at

"3 0103  s7} vhich is imparted

. above,0.5 Tm.where Tm is the melting temperature of the

__metal in degrees Kelvin (8).

1
i

o . ' ‘o . *
3 A Y -

2.1 Dynamic Softening Mechanisms

a)-  Dynamic Recovery i
: X 2
. »

a

° During déformation, dynamic recovery and dynamic

recrystalllzation soften the, metal and increase duct111ty.
vt
At low- strains, dynamic recovery is the only goftenlng

mechanism operating in all metals, and continues as the

sole mechanism at high strains in metals of high stacking

@y

| | \ -
r ' ‘ . d ‘ l’
. . ‘ - ?\_ (ST S, w— T e T ,
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[ o

= (4) P i

» ‘

:j @ - . .

e NI fault energy in which dislocations can easily move out y

: t + of the s8lip plane. . : . 5

;g\ ° o : . ‘

: As deformation proceeds, dislocations multiply

}' . and become entangled into a substructure within the

s -grains (1,3,9). As deforma%ienﬂﬁﬁ&ﬁiﬁgsjﬂzggfggg-

% . .boundaries increase in dislocation density until in tn§

? ' case of metals with a high stacking fault energy, a R

g - N - ‘ '

H dynamit equilibrium is reached between dislocation

\ generation and annihilation (1,10,11). When the .
subgraing reach éhe‘equfiibrium condition, asteady state »

is established in which the flow stress remains constant
(Fig. 2.1). These subgrains remain equiaxed ‘even after

A i : .
true strains of 3 or 4 have been.attained indicating that

1 4 ) indig}dual sub-boundaries are being formed and decomposed.
1! .’ ° ' .
4 ; " The mechanism for unravelling of the substructure. ;

‘undoubtedly invglvgs the unpinning of the attractive
junctions (3,12). | g -

i ) ' a . . ‘
4 “ - ' & .

The subgrains increase in size as.the temperature

BN

l“ ' -of deformation increases or as the strain .rate decreases

\

: ~
(1). These large;/gubgrains contain fewer dislocations

o




o

<
\and thelr boundaries also contain less dIElocations.

Along with the formation of a subatructure, dynamic

recovery also involves annihilation of dislocations tn

pairs. , , N ' : »

-

- b) Dynamic Recrystallizelion \\
B > ‘.
If the dislocation density builds up to a

1

'ogltlcal level, dynamic recrystallization can occur
(1,2,7,8); in other words, there is a critical strain
hfor dynamic reérystallization. Dynamic recrystalliza-
tion is generally observed in metals with lowfsteckiné
;fault energy wnereas in metals with highsstacking’fault *
energy it seloom occurs 5ecause dyn;mic recovery produces
a very low dislocation density (1). , Since face-centered,

‘cubic structures, such as copper, nickel (4,17),

) austenitic stainless'steels (5,15), nickel based super- . 4
) N v ¢

alloys (6), and plain carbon steels (when worked in the i

—

austenitic region) (15){ have a low sfackingqfault enerqgy, '

JETITLICE N U, - P

. dynamic recrystallization is observed operating at high

strains. HSLA" steela above 750 C are facevcentered-cubic

.
RSP U PN O A o Y

and exhibit- dynamic recrystallization under appropriate s

deformation conditions. -
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recrystallization. This distribution of dislocation

(6)

‘At lower strain rates, nucleation of dynamic
recrysﬁallization appears to'Qccur by buléing of an
existidg grain boundar& (17). At ﬁigher strain rates, -

nuclei develop throughout ébé'grain when misorientation

. between the subgrains reacheé approximaéely ten dégreel

A

. 41,7): The grains whiéh ?rginate from these nuclei are

being deformed asthey grow. At low strain rates (below'

those cSémmonly used in hot working), the recryépalliza-

" tion goes to completion before the dislocation density

{

builds up to a condition at which recrystallization is
again nuéleated. At higher strain rates, however, the
dislocation densities at th;icenter of thé‘;ecrystallized
grains increase sufficiently that nucleation occurs again
before rgcrystailization is complete. Thus, throughé t

the grain, different degrees of deformation are,pfése t -

from zero deformation to strains high enough to cause

dislocationg'by migrating grain bo

tion involves the eliminatjon of lar ‘numbers of
@i& It should be
N 4




. (7) D ’ §

A

" noted that during dynamic recrystallization, dynamic S
recovery continues to operate in the regions where

deformatign is causing dislocetions to‘accumulate.

2.2 High Temperature Stress - Strain Curvesy

8
H ¢ ‘\_‘ N .
The stress - strain cufves-obtain:;¢§pring

)

deformation of a metal are influenced by the'softeninq'

mechanism operating. For a matérial‘;hich7on1y
. AN o
.dynamically recovers, the flow stress increases to a g

\ i
plateau and ideally malntains this steady state (1 2)

(Fig. 2.1). However, in many cases, other softening
&

) w/
mechanlsms reduce the f]q:tress after the plateau has

been reached. These mech include adiabatic heating,

, preci;}tation coarsening, etc.

/

. The flow curve obtained during dynamic
lreciystallization inereases to a peak in the work

hardening region (Fig. 2.2). This peak is associated .
with the initiation of nuclea;ionq‘nd is followéd by a ,
decrease in stress (work softening region), to a value

still conszde ably higher than the yield stress (1 2).

Al
- a 3
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Q_ , i . U ‘ . . v
At higher strain rates,.the stress after the work
softenin§ remains constant (Fig. 2. 2),.dndicating recrys-

tallization is continuous as already descrlbed "At lower

‘ stra;n rates, recr}étalllzaézon goes to completlon and °
. there is a stage of renewed hardenlng until recrystalllza- '

~ ' tion is again nucleated. This results in a cycyic flow

AL T R I T A ST R N
<

stress after the peak (Fig. 2.2). . e o .
\—-|. L)

2.3 StaticvReBtoration Process

] ' . , Softenlng between passes or after completion of

\

R deformation is accompl;shed by static recovery, ‘static

-
»

recrystallization, or metadynamic recrystelllzatlon

: S (Fig. 2.3). If the high temperature is maintained after
. recrystalllzation iB completed additional softeninq
beyond the level of} the starting material occurs due to the.

growth'of'the recrystallized grains.

a)  Static Recovery ° o \

« ‘o °
- . > .

Static recovery' involves dislocation annihilation

13

and rearrangement in the sub-boundaries’foiloﬁed by
. : N

growth of the subgrains (1,18,23). This process pegins"

1

immediately when deformation stopsQand proceeds at a

‘
~ . ’ . ° »
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decreasing rate as .the dislecatien ‘density falls. An o,
increase in temperature, pre-strain or strain rate
““acreases the rate of static recovery. The addition of
allomg elements usually decreases the rate of static ) ' !

Vv : récovery. Finally; it should be noted that full . '

\ ébftening normally cannot be produced by recovery ‘

v

processes alone. . ' toe .
) ! h ’

b) Static Recrystallizatioﬁ ' -

- ' . - ! . ’
Classical static-recrystallization is preceded -

“
3

by an incubation pe!iod for nucleation and proceeds’ by -

migration of new boundaries until 'all the deformed gfains

. jare repllaced. Raising the holding temperature has a - | .
.A/’ dramatic effect in increag%ng the rate ;?f static
recrystallization (4,15,17,19). - However, as the

temperature of deformation is increased, the static
' r‘r recrystallization at a' given‘ﬂtemperatur‘e requires a
' higher critical strain, procee& at slower rate and )

produces a larger gr_ain size. The inereased deformation '

temperature enhances the dynamic recov'ery thus lowering R .

\ the dlslocatlon density and hence the driving force for

recrystallization. At a given temperature, the greater

] ‘ T . ]




‘

(13)

- - . -
. ] A »
! t
!

the prestrain and the higher'the strain rate, the larger

is the drivzng force and therefore the faster the

recrystalllzatxn1(21) , An increase in strain rate -

- LA

reducés the’subgrain size and increases the sub~boundary

"density so there is a hlgher density of nucleation sites. . ‘

’An increase in strain during the wor# hardening region
also increases the. substruéture density and nucleation

rate but aftex steaﬁy state f}pw is achieved, strain.does

‘ot have further influence on recrystallization rate (22).

The increase in nucleation sites decreases .the incubation .

times and therefore static recrystallization is

accelerated.

The éritical str;in for static recrystallization

S
1

is 0. 15 to 0. 20 which is far less than the critlcal strain
for-dzngmlc recrystallization (0.3 to 0.6) (24). The

" reason for this di ference is that during dynamic recrys-
tallization thHe grains are béing deformed at the same
time as they.are being produced ;;Ich tends to inhibit
both nuq}eation And growth. -

% Ao A BAKL S B B et
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<) Metadynamic Reérystaliization~‘ ' ..

’ .

The third type of softening occurring between
passes, is metadynamic recrystallization. Metadynamic

recrystallization‘prpceeds by the growth of recrys-

‘tallization rduclei produced- during deformation (7,19).

Thus, no incubation periocd is involved, i.e., no time

’

delay for recrystallization to start (7,20).\ This
mechanism can only occur if the strain has exceeded the
peak strain, i.e., the critical strain for dynamic

¢
a

recrystallization, otherwise,,no nuclei are present.

' Also, the nuclei of a metadynamiéailv recrystallized metal

contain a higher dislocation density than those in a

»

statically recrystallize& metal.,

;_\\/5°th meéadynamic récrystallization and.static

recovery require no incubation time so operate 'as soon

as deformation ceases and account for a large fraction

of the softening in short interruptions between passes.

However, the softening obtained by recovery is far less

’H;yakhan the softening obtained by static recrystallization.

Metadynamic recrystallization cap obtain 100% softening

if continuous recrystallization in the steady state flow

\

-

curve has been reached (19,20).

Ty

-
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2.4 Effect of Niobium on Hot Working ", e '
o ‘ . C ! ' . e ' ~ .
The. influence of niobidm on the softening of - e
. steef¥ during -and af£er deformation depends upon‘whe{:her
\ .

-

the niobium exists in solid solutjon or as a carbonitride -

precipitate. In both forms- it tends, to ie'duce the size ) A

of the grains foﬁmed during dynamic, static or metadynamic °
. N 3 a ‘ . - .

recrystallization.
' o . L. : e ‘.. " . -

. The incr‘e’ts“e in the fl,ochux%re' up to the peak = .
Jstress compe}'red.to ‘the pure metal indicates tﬁatt niobium

© .
3

‘makes dynamic recovery more difficult (1,25-27). From the

o 3 ¢ , . .
results of Weiss, this retardation of recovery is pflue to

the effects of both the niobium as a solute and ‘precipita.-

L - . - :’ . N
tion of niobium carbides on the dislocation network. As a

fine precipitate, hoivevéif,‘ Nbc,jcan stabilize the L.
< éubstrugl:ure developed during dynamic recovery and hinder
- nucleation (28). ~ The net result, .in this case, is the

.'retandation. of dynainic recrystﬁalliz,at:j.éﬁ (si:rain “to Reék)

‘and the prolonggtiod of dynamic recovery as the sole .

’ s,

N4 ° © s .’ ‘ ’ [
gestoration mechanism to a much ‘higher strain,

[ @
.
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A
During aynamic‘fecrystiilizatioﬁ, niobium, as a

IS

. ‘solute, has ‘'a drag effect on grain boundary migration

{
.

; - I “'ﬁ - - ‘
while in the form of very fine carbonitrides, niobium pins

grain bourdary migration. - Larger niobium qarbideé may act‘,

as sites for nucleation, thus reducihg‘grain size (11).

1

<«
v

Insofar as niobium through’these'effecgs significant

reduces the'brain size‘during"dynamic‘(lﬁ), and‘also static : ‘ . )
1 |

" or hétadynémic~(26,27,3l) recrystallization,lit results in

! d'hiéher flow stress during deformation.

’-‘, ' Static recovery is also*rétardgd by addition of

niobium to a steel (26,27). Again, it appears that this -

"¢. retardation is due to both solute effects and to

precipitation of niobium carbides. |, .

A

. In the case of static recrystallizaticn, :a_large

. e \
increase in time for recrystallization has béen noted when

N

P the niobium is in the golute form (26,27,32); This

retardation of static recrystalli}étion is largely due to

the retardation of recovery. As a precipitate, /niobium

Yoo
" carbide-can incfﬁpse the time-for fifty per cent recrys- -

tallization by two orqérs of magnitude (33,34,35). N
. R N ' - -
- . - o , / : . . N

¥

. "




2.5 Effect of Concurrent Precipitation on
Recrystalljzation : o

- ;0
. i H
’ Y .

Both precipitation and recrystallization involve

[}

..-dislocations. The preC}pitation reactions uses dis-

locations as nucleation sites while recfystallization

3

requires a dislocatiom substructure for nucleation and as

e AT AT I TR T X

a'driving force. The relative effect of dislocations on
gach_reaption is among other things, temperature and

J prestrain dependent (25-27,30).\y

» [N

[

Investigators-have found the precipifation‘of
niobium carbides begins edrlier an& proégedg fastest at
500o c, (fig..2f4) (26,27).  This optimum temperature is
_a résdlt of an incréase ;ﬁ driving force as tﬁe tempeféture

P decreases - more n%obium carbides are fo;gedwout of solution
S and a decrease in atomig mobility as the temperature lowers.
| Since precipitates hinder recrystallization, rapid preci-
pitation at 900° ¢ results in an abnormlly slow
- | . recrystallization reaction at this Eeﬂbérature. The .
resulﬁant curve for recrystallization has' a geverse knee
at 900° c (Fig. 2.5) (26,27). »

b

o




-
0

Superposition of precipitation and req:yétallization cur&es

. (Fig. 2.6) indicates that at 900° ¢ recrystalliéatioq does
' LY

not start until nearly all the niobium has precipjtated.

: - o i
These curves also show that .whenever precipiation starts

before recryégallizatign,~static.recrystallization is -

3 »

)
retarded.
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Experimental Procedure ' ' _ -

L] , .
3.1 Torsion Testing

~ i

In the present work, the to;sion test was used to
determine the hot work}ng properties of HSLA steels. . in
. particular, a ﬂbt mill with coilers waé gsimulated.
Although the torsion test produces a var;ation*of strain
and strain rate (from zefo on the axis of rotatio towa
maximum ,in the outer fibers), it permits deforma n at
* high constant strain rates. Since neither necking nor

~ 'barrelling occurs, the true strain and stgain rate are .

equal to the engineering strain and‘strain fgte (2). '

. o For these trials, the angle of twist and the twist

rate were controlled by a:closed loop "MTS" system v

(Fig. 3.1). The data, in the form of torque versus

gngﬁlar displacemeﬁt,lmas recorded on a Hewlett-Pac}

x - y recorder. 'In the continuous trials at 1q;
' K‘{
. ‘computer was used to control the test, to gather the da A

and to plot to:que versuys angular dlsplacement'grgphs.
l‘ s ! & _ !
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.
K Sy {
' (23 r .
.« _ L . .
. ’ Jmerfgllo;ing férmula was used ts @onvert tq;q;e @

to sheaq stress (36 ~ 38):

wr

CQ

My (3 +4m+ nl) / 2vrrd ' ! |

torsional moment’

£
o
o
S
1

m - strain rate sensitivity LS

‘nl - strain hardening exponent Bt

~r - radius of thé gauge section .
Since all éxp%rimenté were conducted above 0.5 Tm
0 . - )
" where the strain‘haréening exponegt, nl, is small, m‘'is
. the dominant parameter (37 - 39). For all calculations,
L . the value of m was 0.15 (based on Rossard's analysis)

(36, 40) and«nl was zero since correlation was made for
L] .

the peak or for the steady state region.

% The tdrsiondl strain at the surface of the o 7

specimeh was calculated using the following formula (41) ¢

‘

L .- ‘ § = 2naN ) . '
) - "Lo . ’
where N =~ the number of turns ) N
Lo - the original gauge length -
* .
s
] o+




/\.. .
. \\ '

'TO'convert shear stresses ‘and stréiné‘ to effectiire-

stresses and stra:. 8, 'the von M:s.ses criterion for plastic

[}

yleldmg was used (42) =

“

Equivalent [stress, - J3IT.

Equivalent strain, € = » Y

§
L

°7 _ These conversions enable the regults obtained by ‘

¢

the toréion tes;: to be compared to data gathered by other

investigators using tension and compression tests.

3.2 Torsion Testing Equipment
T

4

» O ' : . ’ \\‘ ¢

As mentioned previously, these tests were 'condugtecl )
on*a torsion t‘ester controlle by a closed loop/ "MTS" !
system. - The torsion machine is capable of applying a

maxmum torque of 110 Nm at velocities up to 15 revolutions

per second to a maximum of 100 revolutions.

Th,e-olosed’ loop. PMTS" system controlled a hydraulioL

motor w@ich iinparted the required angua.ar displacement to
a, superalloy loading bar which in turn transmitted this
ro‘ta'tion‘to the specimen. The other end of the specimen .

was held bj a superalloy reaction bar fixed to a torque

5




g - T — ‘
~ ! -
g \ B A
. s +
F , ‘ |
¢ B -
. (25) k )

. cell. The rotary displacement was measured by a dual l

gang potentiometer. A detailed description of the torsion

‘machine has been-given by Fulop et al (43).
{

The specimen was heated by a rad’ig{nt'furnace
which can attain i190° C. The furnace was purged with )
argoh gas during the experiments. to reduce the amount of "
oxidation c‘>ccurrim; during the tests. Also ,' a carbon

.. bla.}ck strip was épplied to @'x'e center of the furnace son’ '
that the temperature did not vary more than + 1° C 310@9 '
i:he gauge 1engt;h of the specimen.’' The test temperatm':? S

was controlléd by means of a thermocouple extending into

ve- :
the shoulder of the test specimen. This‘ thermocouple had
been pfreviously calibrated against a thermocouple
embedded in the gauge section. . /

) / .
3.3 ° Test Materials : . t

1y

' p The torsion test specimens used- in- these studies .
' . were machined from 0.625" thick niobium bearing steel
(gSLA)\plate supplied‘ by SIDBEC-DOSCO Steels Ltd. The -

chemical composition of the steel is listed in.table 3.1.

. '. ¢ - ! A Y
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(26)

- Chemical Composition in wt% of .

Steel Tested

Eiglnent ¢
A

Si
Cu
Ni

Cr

Sn
i

.. 0.05 .

. ‘

! 7

3wt

0.12 .o
0.94 | o
0.016

o'.

0.007

0.09 .o T
0.04 y
0.04

'0.007 )

0.01

0.000 '
0.005

0.002

545 Y _m ) . +

?,
»
i




A :j
. .- / T

The torsion test plieces /we;:e removed from the plate
ih such a manné€r that their axls coincided witix the rvlling .
direction .- The test specimén was threaded on one end v;hile
the other end was.rectangular in shape. The rectangx.{lar'
t_anfl provided easy positioning and removal of the spegimen
and é'ei:mitted free lvongitudinal motion during heating and

L

deformation - (Fig. 3.2). . /
o » ,

To insure the niobium carbide was ii'ssolved, the
specimens were heated, prior to testing, to 1250° ¢ for .

30" minutes and then' quenched.

3.4 Test Procedures,

N~ The specimehs were mounted into the grips wii‘:h
»

‘Parget Sure Turn¥ l'xigh temperature anti—siezé conipound;
The ’éempe:.rature was ‘then raised within 5 minutes to the
test temperature.: In i:;;eu case of tests coriducteé' at 800
and 850° C, the specimen was p_reheated to 900° C fbr 5

minutes and then cooled to the test tempergture.

o

This was

done to insure that the steel had'trapsformed to austenite.
» ' \ ®
* Registe&ed trademark of Releasall:Ltd., MoTtreal_
) . R

e ; N
» -
.
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. -
were also conducted at 900 950 and iDOO C at a strain

l :
slab pa531ng through a reversxng milli This was accom-

o (29)

The first set of tests were done, without

interruptibn to fracture.or to the 50 turn capacity of ;

the machine. These tests were conducted at 800, 850 900

950 and 10QO C at strain rates ' of 0.1 and 1.0s l. Tests -

v

rate of 10s ~L. - :

3

The second set of tests simulated’ the end of a_ -

!
plishkd by interrupting at a strain of 0.3 and holding for "

1nterruptions alternating in(dutation from 150 to-10

AN —

P

the rolls. The short intervals simulate the case where

seconds. The alterqatlng interruptions ‘simulate the time

takes the end of the slab to pass once again through

the end of'thevslablleaves the rolls last and immediately ‘ \

reientefs tﬁem upon~reversing. The 150 sécond interval -

'

simulates the case where the end of the slabj;eayes_the
4

roligefirst, and ugon_;ege;sing4_entezs_theezolis~%ast

»

During this time'the slab is coiled into a furnace to

mainta1n~its temperatu;e. These tests were conducted at
800, *850, 900, 950 and 1000° C at strain rates of p.lgj{.

'i{ N N - . ’ |l'
“ ! :

O ‘1;'1.. N - -
b e e e o L] PO .
B T il - 0. St SRR
. - -
.
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 interruptions was caléulated by taking the ratio of the

a strain rate of 108~ with interruptions at strains of
‘4.0 for 20 seconds. ;\_////<(§ - -

_Othe;.tfials were gonducted at arst;ain rate of
l.Os_l with interruptions at pass strains of 2.5. for -
10 seconds. These tests éﬁé conducted at 900, 95d and

1000° C. One test was also conducted at 950° and at
-1 '

The fractional softening. which occurred during°%he
o ’ {

difference in stress at the instant of unloading and-at—— —
he instant of y

e

---‘begiﬁﬁiﬁ§'5f~§gioading to the ihcreases‘in stress

to strain hardening during the first cycle of strain. “~

due

Figure 3.3 shows the mefhod of data ahalygis.

— e ——*




DROP IN STRESS Go) =0,

PLOT AGAINST INTERRUPTION /
STRAIN
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CHAPTER 4

Experimental Results

A

. i ' '
- - As-explained in the previous chapteiﬁtthe o8
recorded torque and twist data were converted to equi&alent'
stress (§) and strain (€). These values werg then plotted

and will be presented in this chapter?

8

L)

- —————

4.i Continuous Deformation

3

: : » ;
The equivalent stress-strain plots obtained during

continuous deformation at various test. conditions are ‘shown
( " ” 2
in figure 4.1. The curves exhibit a peak stress folleyed'

by a steady state region. A plot of strain to peak stress,
€p, versus temperature (Fig. 4.2) indicates that ép

decrgases with ﬁemperatu;e and ingreases with strain rate.

\ -
5

. ) The results\bf these tests were also compared to

previous data. In particular, plots of log € veisus log T

(Fig. 4.3a) and log o véersus 1/T (Fig. 4.3b) compares the

1

results obtained at 10s ~ to those obtained by Sankar (36)

at strain rates of 0.1 and 1.03-1. The slqpes-of thege

/ '
lines indicate that the following relationship applies: -

5 “
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'

=AQ" exp ( -AH/RT) -
strain rate
constant ) J
flow stress
stress exponent Y
activation.energy
" gas constant

~

, T ~- temperature in degrees absolute

 Interrupted Tests

.

[

Test curves for intérrupteﬂ deformations at a

- ‘ -
strain rate of 0.1s l"are presented in figures 4.4 and 4.5.
'yhe interruptions at pass strains of 0.3 have altifnating
-

durations of 150 and 10 seconds. The broken ljnes on these

graphs arj the corresponding continuous deformation curvés.
1

At the higher strain rate of 1.08 ", the interruptions
Jwere at st:éins of 2.5 for 10 seconds. - 'These curves for
'900, 950 ana 1000° ¢ with the cor;esponding continuous
curves superimposed aré~preéented in figure 4.6. qugure
4.7 gives the stress~strain curvg'for the test conducted

&

at 950° C and a strain rate of 10s”! with interruptions at: -

a'strdin of 4.0 for 20 seconds each.
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u To clearly show“the'staﬁic ies;oration between
passes, the fracﬁidnel'softehing duxing each interval is
‘ pldtted adgainst the'aecumdlated‘strain; Figure 4.8
indicates the fractional sogt Ainy which occurred during

the 150 and 10 secoﬂﬁ interruptions at strain rates-of

0.13-1: The ﬁractional softenings during these ‘tests are ‘¢ .

compared in flgure 4.9 to those obtained under somewhat

o

‘.

different.conditions by Sankar (36). The average -

1
/

'.fractional softening during the 10 and 150 second

Cinterruptions are pibtted against l/T’Ln figure 4,10. "The °

frgctional softening at the highef strain rates (1.0 and'

LY

N 1

10s"¥). are shown in figure 4.11.
I ; . ’
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g ) " CHAPTER 5
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5.1° Continuous Deformation ‘

The stress-strain graphs (Fig. 4.1) for all con-
ditions tested coﬁsist of a beak strgss‘follo&ed by work
softening to a steady state region. This ghape indicates
that dynamic recryséailization is occuréing (17’44)'4 At

constant strain rate, a rise in temperature lowers the

-

_ peak and steady state stress indicating that recrystal%i-

‘zation is more rapid and larger grains are produced. The'

lower flow stress can also be attributed to the iess
dense substructure in the deformed region due to the

higher degree of dynamic recovery. ~

~

At constant temperature, an increase in «strain

" rate raises the peak and steady state stresses. The

hlgher strain rate produces a finer grain and sub-grain
ructure as a result of a decrﬁase in' the amount of
dynamic recovery pef unit strain. 1In these tests it was

noted that increasing the strain rate by one order of
#

‘magnitude is appfoximately equivalent to lowering the / '

temperature 50° c; for example,:thé curve for 950° ¢ - |

and 0.1s”! is almost identical to that for 10006° C and

'1.09-1. .
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The aﬁouﬁp of decrease in flow stress from 850°
to 900 °‘C‘is much less than the decrease from 900 to
950° ¢ (Fig. 4.1). This abqormally high flow stress at -
900° C is probably due té the retardation of dynamic 3

recrystallization caused bY the concurrent precipitation

‘of niobium (26,27,29) which proceeds more negiély\at this

temperature than at either 850° or 950° c.

o

* In addition, the strain required to réach the
peak stress, éb, is raised by an increase in strain raﬁe
at.a constant temperature or a decrease in temperatu?e at
a constant strain rate (Fig. 4.2). The increase in ep
with.dgcreasing temperature is atpributab;e to a decreased
rate of nuéleation even though the stored energy is
greater. 1In the case of increase of strain rate at con-
stant,tempefature,Jthe criticai strain for recrystalliza-
tion is greater\aiphoggh‘the stored energy at any strain
is higher, thereby indicating that concurrent deformation
hinders the recrystallizationl -

: 2y ‘ \

. The new data at 10s ~ caused a revision of the
iogl g - lqg"é (Fig. :6.341) and the'log T - 1/'1‘ (Fié. 4.3b)
plots made by Sankar' (36) with the result that the value of

J '
“




»

% -
n was found to be 8.6 rather than 8.3 and AH is approxi- .
mately 104 Kcal/mole rather than 101.2 Kcal/mole. These
'results,.hpwever, q‘nnot be adequately compared to the

work of other people due to the lack of published data in

this area.

5.2 Interrupted Deformation

Softening during the intervals betﬁeen passes can .
bg attributed to one or several of the following A
mechanisms: static recovery, static recrystallizatioﬁ,'- ( \
metadynamic recrystallization, and grain grbwth following
recrystallization. At strains below the critical value “
for static recrystallization or dufing short interruptions, -
éoftenihg occurs only as a result of static recovery. An
example of this is found in the results of Sankar (36) for
interrupted tests at 900° ¢ and 0.1s™L in which the
* fractional softening is approximﬁtely 25% (Fig. 5.1a). At

higher strain rates (ls’l) or during long interruptions

8) recrystallization produces large drops in the flow

curves and softening of 75 - 1008 (Fig. 5.1b).

1
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/// ' | The effects of different hold times and tempera-

/]i tures can be s?en in the stress-strain graphs at a
strain rate of O:ls.l with intertuptions occurring at

pass strain of 0.3 (Figs. 4.4 and 4.5). The odd

numbered interruptions are 150 seconds ifhgpratiOn while

O S R ey e

the even ones are only %p,secénds long. The first
interruption of 150 seconds at al} temperatureés except
1000° C has a fractional softening between 20 and 35% (
(Fig. 4.8), tpereby indicating that static recovery is
“the only mechanism operating. In addition, upon }eloading

the stress-strain curve returns to match the continuous .

one after only a small strain. The large amount of
softening at 1000° C indicates recrystallization is

occurring during the first interruption. - = .

vDuring the short interruptions of 10 seconds, the
amount of softening isyalso small, with the exception of
1000° o indicating that again static recovery is the only .
mechanism operating. Partial recrystallization is taking
place in the lOQO? C test and possibly to a small extent
in the 950° C test. However, varying the temperature

between 800 and 900o C seems to have little effect on the

amount of softening at this short time.
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In the long interruptions, starting wi%h the third

interruption, softéning is large enough to indicate that

rec;ystal;ization is occurring. Rg}sing the teﬁberatuﬁe
éonsiderably increases the amount of softening during
these 150 second holds, until almbst‘complete recrystalli-
zation (100% softening)loccurs at\ 950° ¢. ' at.1000° c,
more than 100§ softenigé occurs indicating that recrys-
tallization is followed by a grain growth resulting in a

final grain size which exceeds the original.

—~

The occurrence of either recovery or recrystalliza-
" tion is also noticeable from a comparison of the inter-
rupied'curves to the superiﬁéqsed coﬁtinupus curves. At J
- 950 and 1000° C, the softening during the 150 -second
. intervals (excludiﬂg the first) is large enough that upon
reloading the flow stress never reaéhes éhe stress for the
comparable strain 5n the céntinuoﬁs test. Qt lower
‘temperatures where softening is less than 1oo§, the
maximum stress upon reloading exceeds the continuoﬁs flow
cﬁrve-in the éteddy state. The overgﬁoot occurs becaus§
of ‘the strain hardening'ﬁhich occurs in the reqrystalliéed,
grains before the critical strain is reached fo; dynamic

\recrystallization to begin; More- simply, because the




~

recrystailized grain size is cimilar to,or less than, the
oiiginal grain size, the reldiding curve rises towards a
peak as the loading curve did at the beginning of
deformation and is thus higher than the steady state stress

for continuous recrystallization.

y .
The fractional softening which ocqurred in - the

abpve_testq compares favourably to that observed in
previous work done at this strain rate but at a pass strain

of 0.2 (Fig. 4.9). Despite the difference in pass strain,

. the amount of softening which occurs in the 10 second
. interruptions at 900 and, 950° ¢ is comparable at the same

accuﬂjiated strain, At 1000° C, the softening after pass

strains of 0.3 is much higher than after pass strains of

0.2 indicating that considerable recrystallization is
B ‘ ]

.taking place in the former whereas little is taking place

‘in the latter. The softening during the 150 second holds‘
is in all cases much larger indicating that partial- or

complete recrystallization is occurring.

- From the plot of average, fractional softening
Versus'l(il the two mechanisms (static recovery and static

recrYstallizationf‘hame different temperature dependences,
. ey




(54)
i.e., different AH valyes. Straight lines wér.je" drawn

’ through the average fractional $oftening for which statig

recrystallization was operating. From these lines the

. o . calculated 4H value was approximately 101 Kca:!./mqle.' .

\

, Previous wor}c (56,27) figure 3.4 inciicates Vthat
the precipitation of the niobium is complete within 120
% seconds ip all cases but 800° C and thus has occurred
during the first 150 second interrupt':ion‘(this couldn
' partially explain the low‘ static restoration). At 800° C,
precipitation. continued until appréximately 900 seconds.

. 4 s
Therefore, precipitation did not interfere with dynamic

. ' or static recrystallizationl‘ after the first interruption '
’ .except at 800° c. , R ¢

-
~

For thé tests conducted at a strain rate of 1.6.5'1

’ h;ith 10 second pauses at strains of 2.5, the continuous
steady state stress’ is exceeded on each pass (Fivg. 4.6).
'S;L&S!e the pass strain is greater than the peak strain, a -
new peak is obt_zained on each pass.” This peak is less than

the first one, indicating recrystallization has not gone

to .coppletion during the interruption and is proceeding

during the subsequent pass.

4
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" rupted test at 950° Cfstrained at 10s”

&55)

T
.The amount of softening betweenfpasses shown. in
figure 4.10 ifdicatés the fractional séfténing was similar
at 950.and 1000° c. Examinatgpn of the stress-strain
Q . ; v .

1 shows'that at 1000° C, the

curves at strain rate of 1.0s8"
flow stress at thd end of each pass:abproached the flow

2 ;
spresslobtained during the continuous tests. This indicates

that'dynamic recrystallization in the interrupted test has

| _significantly reduced the dislocation density at these

. -‘; —— i
conditibns. This leav less driving force for-=tatic—

recrystallization and/thus the amount of softening is not ¢

. —
significantly different from that. at 950° c. n

‘'

The stress-st;;}ﬂ'graph (FPig. 4.7) for .the inter-
1l

exhibits the
typical peak stress after eéch interruption. These peaks
3

do mnot decrease significantly after the second interruption

but exceed th% steady state flow stress. This reduction

‘ih'peak stress indicates that recrystallization has not

gone to completion during the-p&use and is proceeding in
the ‘subsequent pass. The fractional softening during the .
-pauses (Fig. 4.11) is less than '100% thus confirming the |

above statehent.

\



g

C \ ) ]
- ¢ . . V ! .
\ , S ,
, CHAPTERy 6 :
- A | o ’ /
Conclusions \\ - “e:JJ o

The following/c/nclusions were reached regarding -

»
R - o
.

steel.///’ ’ , "

the hot wortfﬁg/characteristics of a 0 12% C, 0.05% Nb

o

/////l) . During continuous’deformation, dynamic recrys~
Jtallization occurs at all the strain rates and tempera-
tures. The strain ‘to the peak stress increases with an -’

increase of strain rate or a decrease in temperature. . .
. . Q . . -
2) . The data obtained in-tne present'trials"resulted

in a minor reviaion of the values of the~conatants in
the power law rel;ting the.flow stress,‘strain rate and: v

-

temperature; 4H to 104 Kcal/mole and n to 8.6. ., .
' g - ,

3)“ In the low strain rate tests, principally static °
recoyery occurred during the 10 second pauses or during ) >

the first 150 second pause except at 1000 C. .

o
Ki

[

. ’ [§ :
4) Static recrystallization at low strain rates
'occuravduring the 150 second interruptionsakafter the
f£irst) “and in‘the short intervalg between strains to’

steady state at high.strain rates.

’ [ : R
«
. .
)
- 1
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5) “Fractional softening during an ‘interruption

s . .
rises with increase' in a) the duration-and. temperature

of the pause and ip'o) . the amount of.accumulated strain

- - .

energy, i.e., in strain-rate, in strain since last

" recrystallizatior and. in Ioweredutemperature. -f

;‘:‘

6) When the peak flow stress .is not ;eached in the

“I« first pass and only recoVery acts da¥ing an Lnterruption,
© . the floﬁ stress in the second pass régﬂrns to the flow.

curve for a COntinuous test.

Qo
g e
s - 3 . . t
.

7) When complete recrystallization has occurred,

- the flow curve in the subsequent pas§ rises to a peak
X :

which‘overshoots the steady state flow stress.

- 2

8y, If recrystallization is not complete during a
bt
pause, .the subsequent pass’has a lower peak stress

. A [ '
compared to a curve where recrystallization has been

. allowed to reach completion.

L] @ -

b

€

©
.

9) / When ﬁrain growth follows recrystalllzatlon

the interrupted Flow eu;yes fal% ‘'below the continuous

flow curves. - SN o @
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