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.. .. CHAPTER 1

A . . "'. . . ’
‘ , g INTRODUCTION 0
A The object of this research is to determine the hot working

behavtour of low carbon steel and hioh strength Tow alloy steel . !
{HSLA) .under oontinuous*and"interruo;ed deformation conditions. The

;.. literature review therefore will be a background against which the -

experimental work and resu]ts“can~be compared and analysed.

The experimentals method employed in the present hot workability
) s \ . L.
. . study of low carbon agd HSLA steels is-the ‘torsion test. The project
involves in the deterﬁina;ion of the stress-strain curves and ductili-

ties at typical hot working temperatures ahd strain rates. Interrupted
‘“geformation tests are also conducted with different interruption

L times. - ' : M ,

b, ) : L, : £

‘ ’ Torsion testing for determining hot working characteristics

‘ has two outstanding advantages compared with the more frequently :' 4 '
t [ '10

condUCted tension or compress1on test. Test at constant ‘and high

-

\? deformation rates can be nead11y made by twist1ng at a constant rate. i
) In add1t1on, strains can be reached without comp]icat1ons of thé kind

_introduced when necking occurs in the tens1on test, or when barre11ng

i~ due to fr1ct1ona1 end effects arise in compress1on testing. One . 5‘
~ disadvantage of the torsion test is that the strain and strain rate
. vary from zero at thd wxis to & maximum' at the surface.
) As a brief introduction.to the general characteristics of ;the
. . I r .
{ . HSLA steels, the following subjects are examined in Chapter 2:

=




0 ¢ B .
¢ L
.. -2 . . :
, ‘

3 . s’
Y ‘ *

"

1 ‘their deve]opment from low carbon stee1s. :

2. their advantages relative to these steels. . " ‘\

\\‘ - The literature which provides the’ background to the experi- °,<

\ mental work then follows in Chapter 3, it covers the general hot
workingz;haracteristi of sFee]s and the recrystallization and
ﬁrecipitation charact:j:bti sﬁgf HSLA steels.

G

A brief-description of the hot torsion machine along with its
' |
o operating procedure are presénted in Chapter 4. A full description--

, ~of the experimental procedures adopted in the present/study.is also )
‘ ~‘gi;en 1q this chgpter. Chapter 5 déals Qith the expérimeﬁtaf results
and a detailed analysis of these results follows.in Chapter 6. Eina11y,'
in Chapter, 7 sd%e cong]ugions are drawn concerning the hot deformation

. characterist1c§ of Tow carbon'anq Nb-bearing steel based on the preséht '
/ ' : o
~ work. ~ /f




0y A ' ‘2‘ , - .
S , CHAPTER 2 -
\ | DEVELOPMENT ‘0F MSLA STEELS ' .. :

{ . . In order to understand why high strength Tow allpy (HSLA), ‘ -
or nicro-alloyed, steels have been developed we must firstly look

- at the 1imitations of its forerunner, low carbon steel. ’

v -4
A

2.1 LOW_CARBON STEELS ‘ R

P ‘ , " Mild, or Tow carbon steel, is a most important steel produc%
\ ) N
for 94% of the world's metal products are made from iron and steel

and 85% of this 94% is Tow carbon, stee] [ij. An impdrtant use for .
L i - .
y mild steel was for structural purposes and this will be dealt in

« this chapter since the major applicat1pn of HSLA steels [1 2 3] 1nc1ude

Y

p1ate or section for ships. bridges, buildings, pressure vessels,
- heavy vehicles and tubes and p1pe11nes, especially for the transpor-
. N

tation of oil and gas over long distances. ‘ ‘ i

) .
B o &

Early mild steels were relafﬁve]y high 1n’carboq, in the ° 7

order of 0.3%, since design was then based on fensile strength and

good weldability and resistance to brittle fracture were not . .

)
'

requirements [2,3]. This was followed by steels with carbon co tents\ -
" around 0.3%. In these’steels the main factor which centributes/ to

the tensile strength:were:_)7-

; . ’(a) the % pearlite,
’. -~ {b) the ferrite grain size, ,
k . " and (c) solid soyﬁtion hardening by Mn.

e
.

greerr
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. The“nay in which these factors mary with énanging,c_and Mn, content

[2] are shown ‘in Figures 2.1 and 2.2.

-

g

' <
These. figures show that the pearlite content is the major
strengthening factor and thus 1nEreas1ng the carbgn content is the

'simplest and cheapest way of 1nereasing the tensile strength Also

by having 1 - 1 5% Mn and 1% Si strengthen1ng by solid solution

’

hardening can be achieved [2].

' ' s

_ 2.1 Meldability

As fabrication by welding became a frequent process'man?
d1ff1cu1ties\were?experienced using these relatively high carbon
| stee]s The main problem was the heat - affected zone cracking
This was due to low transformation temperature products, in the
region of the weld whiéh‘had been austenitized and cooled’sufficiznt
rapidly to produce martensite [2]. This effect was renuced by -
Towering the carbon content, steel BS 968 : 194] (C 0.23% maximum

and Mn 1.3 - 1. 7%) [2]. Silicon was also varied in order to obtain

solution strengthening 1s not very effective (Figuré\2.3) and

.
B

differences in solid solution strengthening. Eherzlif. solid

usually expensive [3]
Y

During World War II, major structural fai]ures in shipplate

m&de 1t necessary to improve weldabi]ity and fracture resistance [3]
The effect ﬁQgt_:ir:on, i.e. pearlite, has on impact transitjon
tempereture curves™of ferritic-pearlitic steels [3] is shown

-Figure 2.4. Better weldability and lower impact transition tempera-
Y )

’ -
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ture thus is achieved by havingolower carbon contents.

A o ) - . . \‘ . .
ey ~2.1.2 Grain Refined Ste€ls ) . '
T(iﬂj . ! . o -,

*2?%?32’ About this time, it was accepted that designslthg}d be based

on yield strength rather than tensile strength. The genera1.néquf;gr

ments therefore for these steels were [3]:

(a) High yield strength. o .
(b).Low impact transition temperaturest ~ . t
&ﬁk (c) High ch?rpy-sheﬂf energy. |
(d) N{nimum toJ;pness and ductility anisotropy. )
' (e) Good weldability.  ° . ’
(f) Good formability.. . \ _ T w

Al . - -

S - (g) Mirfimum cost.

The y{e]d strength and impact transition temperature have
: . »
beeni quantified using micro-structuraland compositional parameters

/\
} / (
Jin the following relationships [3]:
/’ ' o
/ " Yield stress (MP;)
. R - ¢
='15.4[2.5 + 2.1(% MR) +°5.46% Si).+ 23(% N¢)+1.13(a°HT (2.1) ,

-

Y

" Impact Transition Temperature (Tc)°C ,

= - 19 + 44(% Si) + 700(v% N¢) + 2.2(% Pearlite) - 11.5(d‘*) (2.2)

where N¢ = the "free" nitrogen content, and
~ d = the ferrite grainsize in mm. S :
. ‘ 4

The compositions are .expressed in weﬂght‘percent.

1 - -
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Since grain\ref}oement increesés thelyieldﬁstrength:and
decreases the impact transition temperature in a ferritic-peartitic
steel the carbor content shou]d be low and the grainsize should be
kept as finé' as possible. A coarse grainsize is ASTM 4-5 and a
fine grainsize should be between AS%M 30-12 [2]. 'Figure 2.5 shows
the grainsize depéndence of the yield strength of a 0.15%C, 1.5%Mn
.steel. As the grains1ze varies from ASTM 5 to ASTM 11, the yield . L "

P po1nt 1ncreases

'The ferrite grainsize developed‘after allotropic transformation

from austen1te depend updn the original austenite grains1ze ‘from
which it is formed

e‘se of ferritic huc]eation on the Qustenite-

grain boundaries. A refined austenite and thus a fine ferrite

L

grainsize can be achieved in the following ways: )

' (1) Depressing the transformation temperature by a]loyinq
additions (one disadvantage of thigkepproach 1; that as the alloy
content is i&&reased the steel tends. to be semi-air’hardening)
et B

N

(2) Degressing the transformation temperature by»increasing’

the dbol‘ﬁg ;ﬁte as g1ven in T.T.T. diagram prov1ded acicular - - -

l‘?‘h (h ¥y ,

structures are not produced . _' R 'uk )
(3) Refining the prior au;tenite:grainsize using aluminium- ¢ “
~nitride, niobium, vanadium, or titanfum additions [1].
(4) Using controlled roll1ng techniques and thus recrysta]-
1izing the austenite [3,4, SJ,ANiIm '

'v_
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Fig. 2.5: Grain Size Dependence of the Yield Strength of a
© 0.1%C - 1.5% Mn Steel (After Irvine, . Ref. 2).
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}:> In the cése of the use of aluminium nitride for grain refipe-

" The main'diéadvantage of usingntitanium andia1uminium s gra\q

Thesesteels have aqditional §trengtheﬂ1/’ due to prig;?1tation

. u

ment, gra1ns1zes from ASTM 5 to ASTM 11 with 1ncreased y1e1d

:‘strengths can be achieved w1th 0.03% o //Amore of AIN [2] Th1s level

of AIN requires 0. 015% N and 0,05% Al.. The effects of Al and N

on 1mpact properties are shown in Figures 2.6 and 2.7.  The mechanism

thCh produces this ref1nement is that partlcles, prec1p1tated by -

prior treatment, pin grain boundarles and retard grain growth dur1ng
Pd

rehedting. These steels are usua11y normq]ized at temperatures

between 850°C and 950°C to obtain refinement since at higher tempera-
] o [ b,

tures the part1c1es(begin to red1ssolve‘g1v1ng raise to gra1n -~

H

coarsen1ng Eﬂ] . ‘. dﬂ¢<°

Titan1um is a1$o used for grain ref1nement but it ;% not o

‘popdﬁar, since 1t produces d1rty stée]s Also the carb1des and
K

nitrides formed by titanium give grggter difficulty thén aluminium

does in'prodqcing thecorrect size of paFt{é]es for grain refinement.
- B . . [ 7.

ref1ners is thelr strong aff1n1ty to oxygen [1].
o ; .
2.2 HIGH STRENGTH LON ﬂLLOY STEELS (HSLA) .

- ’. .
Since, 1960, niobium and vanadium are added to steel as gra1n

refiners since only a small amount of ‘these e]ements are required.

\ é .

harden1ng by niobium or vanadium carbides, over and dhove that

resulting from the fine grainsize. Early work on thefr effects on

'qyantitht%ve relationshipslhquatdbns (2.1) and (2,2)]w§¥e carried

out by Morrison and Woodhead [6]: The result deviated from the
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Fig. 2 6 and 2.7: The Effect~ef A1 and N on Impact Propé>t1es

I

(After Irvine, Ref. 2).
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all influence yield stress for a constant grain size as shown in-

-14 - - o ’ '

r 4 - '
i . 3
4 ¢ -

< 4 . : - %
E1assicaﬂ'Ha11-Petch relationship [7,8]: : .
Oy = 04 + Kyd'§ . . - /. (2_3)
Tc = flgp) - kd-} ‘ ‘ (2.4) ,
~ , , \,' .
where oy = lower yield strength

~

0f = a stress constanf,egpe;::;éing the effeéts of lattice-.
friction and‘so1ute atoms ' ‘ ‘

’ Ky = the grainsize coefficient assoc"iated to the &nsity

of dislocation sources along the grain bouﬁdayies |

a constant

T«

d

mean ferrite grain size,

the graphical construction for Equation (2.3) is shown in Figure 2.5.‘{

Reheating temperat?re, finish rolling temperature and éoo]ing rate

-

Figure 2.8. ) . . N
8 - r

Niobium is effective on]y at high reheat1ng temperatu es as, to w .
N
ohtain adequate 567’t1on of niobium. But s1nce vanadium carbide ‘is - \
~readily soluble at Tow temperatures such as 950°C, marked precipi- o,

tation hardening occurs even in the normalized condition. Figure 2.9 ~

shows the effect of variables on the gtrength-grain size relationship
'Y

of vanadium steel [2]. : ' .. \ L

1
v .

A completed Hall-Petch relation has recently been proposed [9]:

oy = o + og + op + op +. ot + Kyd'i : (2.5)
F :
\\ Te = flog + og + op * Oop + ot) - Kd-% - (2.6)

‘©
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where , _ S

o; = a small relatively constant term arising from the'.

/

friction stress of iron,

»

: gg = solid sqlution strenghéninq,

_ \ op = precipitation $trengthening,
06 = sub-structural strengthening, : -. A » T

Ky = graiq size streng;bqn;ng, |

7 the main strengthening efﬁgct comes from grain size and precipitation = *
. ] N

effect in niobium steel at higher finish rolding temperature. At

finish rol1ing temperatires below 700°C dislocation and texture -

hardening also played signifigant roles as in Figuré 2.10.

' In controlled rolled plates, micro-alloy carbides and nitrides .
Qrehipitated during rolling in the austenite Fégion. From micro-

structural examination, Morrison et al [9] showed niobium carbide
£y N

- preciﬁ&tates on prior austenite boundaries, on sub-boundaries‘within.

"' the austenite grains and in rows in the ferrite grains.

Y

ot - . Gladman et al [11] (using Ashby/Orowan Model) showkd precipita- .

{..~‘.r tion strength:

s T 5.9 Nf X ' 7y
' op = In [———~ - 2.7
: Pz Lo L (2.7)
where .
o o N¢' = volume fractions of precipitate from the ghemical
T, ' . L/')' .

\, composition
"y % = mean planar intercept diameter of a précipitate from

.~ & ~ < ' electron microscopy.
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, _ . It is more difficult to predict fmpact properties froma S
knowledge of composition and structural factors .than it is to C
N . ' .
predict yield strength. In niobium and vanadium steels precipita- "
. ’ R > -
tich hardening raises the transition temperature but is counteracted
' by the grain refinement [9,12]. : t 4
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CHAPTER 3

‘ h \¢/) ’ HOT WORKING CHARACTERISTICS OF STEELS
e e \

—

. R 'JNIReDUE§i6N

A .
- N 7

_Hot working refers to deformation at temperatures above

'xr . n0.6 Tm (Tm,gJsthe meltinq temperature in °K) and at relatively high
“strain rates (102 to }03 s=1) [13-15]. At these temperatures, most
metals have low flow stresses and high ductiliéies [lq]. Both dyﬁg-
mic ;hd ;thtic soféening précesses takes place during the entire

- hot working process [17,18] and this chaptér examines the way in
which thesé~sbftenid§ processes- changes tﬂ% structure and thé

mechanical properties of metals and particu]arly of steels. ;

‘ 3.2 RESTORATION PROCESSES ON HOT WORKING

/

Recovery and re rysta]]f}ation have traﬂgtionally been consi~
.dered as mecqliisms of festoration through which hot worked metal

i returns partially or ‘coxpletely to its condition prior to working.

The restoration process occurring in the absence of stress or strain
is termed static and restoration during straining is pal]ed dynamic.
\The pr1ﬁciﬁa} factor that determines whether.recovery or recrystal-
f1zation w111 be the main restoration process/during working seems
to be the stacking f?ult energy. It has been.proved that for low
stacking fault energy metals, the téndency for\gynamié recnysfa]]i-
zation to occur is more while in metals of mediuﬁ’and high stacking

fault energy, d&namic recovery operates as the main resporation

. process [14,19]. “Table 3.1 shows ghe-v&Fious high temperature
§

&

-

fer
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softening processes occurring in most meétals.
f 3

3.3 DYNAMIC RECOVERY | . s

‘e

i
The typical flow curve, of a metal undergoing dynamic recovery -

15 ;\bwn schematically in Figure 3.1. It exhibits an “initial work
hardening portion up to a strain-of 50-100% and a subsequefit steady
state region with the stress 1ndependent of strain. The flow curve
is divided into three distinct stages [20] The tirst is the micro-
strain reglon, the region in which the plastif strain rate in the
saup1e increases from zero to approximate1y the app]ied strain rate.

It has been recently found that some dislocat1on multip]icat1on~takes
increase in dislocation

place during this interval, causing an

density [217. . ’ ) - 5

The second staié-or the work hardening regime starts with"a
decrease in the s]ope‘Qf the flow curve at the end of” micro-straln

interval. The slope oi the flow curve here, as well as in the first

stage, depends onboth temperature and strain rate. During the
second stage deformation, the work hardening rate gradually decreases.

unt11 finally, in the third or steady state region, the net rate of

dwork hardening becomes zero [22] . e

“ ®

3.3.% Mechanism of Dynamic Recovery .

During micro straining some dislocation muitiplication takes -

place and the dislocation density increases slightly. In the strain o
hardening stage, the dislocations climb, glide and entangle to form

a cellular structure. Jonas et al [23] showed that by the time steady }g\‘

, ;
N
o A .




Al,a-Fe

TRUE STRESS , o

& T,
| & T p
€, > €,
¥, <T,

. TRUE STRAIN , e

7

* °

Sehema tic Representation of the Flow Curve of Metals That
Recover Dynanﬁgaﬂy

-c




J

v . "l24' W

« $state regime is reached, the dislocations hdve arranged th'emse]ves

into subgrains. Dynamic recbvery leads to an equilibrium between
the rate of dislocation generation ang the rite of internal annihis

" lation [24,2;-6],\'*50 that a stable dislocation density is maintained
during steady state déformation which accounts for the constahcy of
the temperature, strain rate and flow stress [14]. McQueen et al
-[14] showed that dur1ng steady state deformation the sub-bOundaries
are continuously bredk ng uprand reforming. This dynam‘ic regeneratwn

termed repo]ygomzatwn, explains the absence of distorted subgrains

)

4 ‘ * . 1
even after very largefstrains. In hot torsion tests, subgrains remained
approximately constant in size throughout the steady state deformation

[26-297. S

3.4  DYNAMIC RECRYSTALLIZATION

g .
- " The typicé] flow curves of a material undergoing dynamic s

recrystallization ate shown in Figure 3.2. These cu'rves show a

sharp peak at higher strain rate at a particu]ar strain sp termed

-peak stram. The work softening region is foHowed by a steady

staté region, the minimum stratn required for this is denoted by es'.m
At lower strain rates in the hot working range, the dynam1c recrystal-
hzation fo]low a cychc flow curve of approximately constant periéd
with declining amp]itude [30, 31] "New grains appedr at the gram

boundaries when peak stress is reached, suggesting that the strain

to peak stress can be re]ated to the critical strain Sfor dynamic
recrysta]Hzation (Ec) [32- 35] According to Rossard [36] eq is o
given by the approx‘imate relatgon _ S .

| ‘ L ! . ) s

2

5 ‘.var'

.: i" i
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E ' * 3. 4 1 Mechamsm of 'Dynamic Reustaﬁi-zaﬁ% ‘

In metals arid alloys ¥ low stacking fault energy With less,
o diglocation mobility; the rate of annihildtion of dislocations is

: CON . - .
R ' "smal‘l lcompared to rate of generation. This leads to high dislocation

A" ." " dens;iity which accounts for the nucleation of dynamic recrys';allization

e, At lower stram rates, the evidence 1n”d1cates that nucleation
N. o ; k occurs by bu'lg1ng of an ex15t1ng grajhlboundaryg [35,37-38]. As it. \
, ‘ » ' ‘llnig—'rates, 'it elimina.teélthe ‘dis1ocat:.ions and leaves behind a dislo-
' " cation free recrystaﬂned structure. Once recrystaﬂ‘izatmn is
comn]ete, the dis]ocatioﬂ *niy builds up aga*in, ;tsmg the flow

¥ - " -
e o« stres' untJ] recrystaﬂizatwn is again nucleated [3 R ‘ j & 1
- ’ Loy .,:’ / ’ & .

At higher strain rates, a f1ne tangled cellu]ar strucfure 1\

9 . - '
Ge

D deve]oped throughout a]] the gra'ins which does no(]eave grain ' . Ny

. ) j

e 'bound)r"segments /long enough to bu]ge [39]. McQueen et al [40]

showed as the strain increases some tang]es buﬂd up to high mic- v

@ ' or1entat1ons. giving rise to nuclei throughout ‘each grain, initiating

the dynamic recrysta'leation In high strain rate-deformation, the A

' ! gradient of deformation from center to boundary of a recrystallized

*

_' I oy ’grain is'high So before recrystal’vization is complete, the dislo-
. - cagion densities at the centers of the recrystaﬂiz'ing grains have
e ‘ 1n9'eased suff1c1ent'ly that another~ cycle of nucleation ogcurs. Thus,

\

oo at any 1nstant, thefe is a distﬁbuﬂon of dislocatio.n sub-structures )

which maintains the average ﬂowrstresﬁ at a steady state [30] ‘ e
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. 3.5 INTERRELATIONSHIFS BETNEEN FLOW STRESS STRAIN-RATE, -
Vo, TEMPERATURE AND GRAIN SIZE
- \ N
p 53_ A numbereof mathematical expreséions have been proposed to

describe the relationship between flow stFess, o, strain rate, ¢ and

femperature. T [§6,41-49]. Jonas [42] showed that power law
= A o" exp(-aH/RT) ‘ (3.2)

where A, n are constant - . s

B » 8H is activagion energy (cals/mole) . . :
. - s R 1s gas constant , i - )
1 _ can-be used effectively to represent hot working data. ~ .
. | . - ’ ,
As the dynamic restoration mechanisms are thermally activated,
‘the resultant %1ow stress depends on both strain rate and temperature.

~— The effect of these variables can be combined by using, the Zener-Holloman

% A B parameter, [50] ' , RS
=€ exp(Aﬁ’RT) sec™! = (o) ‘ : (3.3)
» which is mainta1n§3’honstant dur{ng & hot working experiment.
o

Both subgrpfn size and reerystalliied grain size produced\
+ during deformat1on vary 1nverse1y with Z [14 26,51].° When either \)

tge,ipposed temperature is raised. or the imposed strain rate is

|

- decreasey, the &nhanceg/mobility of the dis]ocatfcns leads to a

J t o grea rirate of hihilation, a IOJZr equifﬂbrium dislocation density. Ve
and a greater subgraig size. From Figure 3 .3, it can be st\ped that

tq; subgrain size, d, varies 1nverse1y as the 1ogap1thm of the

o
4 ﬁ v, @ . ‘o

R L A AT
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Zener-Holloman paramefer (Z). The dependence of the flow stress on

the gubgrain size (Figire 3.4) was derived as

g« g ' (3.4) ‘

3.6 STATIC RECOVERY

o

This static softening process takes‘place afteﬁ/high/tempera-
ture deformation or between intervals of hot working. During
pvecovery annihilation of*ﬁis]ocations takes place. Static recovery
does>not rep]ace‘the deformed grains but leads to structural changes

&

on a fine scale within the existing gjgfns. The driving force for
ry is-the high density d
P

Ao ‘ I~ .
static recove slocation sub-structure which
rearranges to attain a lower energy level. The recovery process

does not lead to full softening,, but saturates at a"softening level

2 .

3.6.1-Effect of Experyézntal Variables on the Rate of Static

ra
well below 100% [30]., v

Recovery

- The main experimental variables affecting the recovery rate

after high' temperature deformation are the deformation and holding "

temperature, strain and strain rate. Djaic [34] EE9WEd that the
recovery rafeqincreased with gemperature, strain and strain rate. The
effect of high deformation and holding temperatufe, on the recovery
}ate is not as‘ﬁarked as on recrystallization rate. The d1f%brence is

accounted for by the strong dependence ofigrain bound&ry\mobi11ty on

higher holding temptrature. Indreases in strain lead to increases in

. [
the. recovery rate until steady state f#tow is reached. This can be
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_ depends on temperature and on the“amount of prior strain, as will be

“incubation period.

T - 30 - : g

~

attribbted to the attendant increase in~di§]ocat1on depsity, and
therefore‘driving fdrce,,with §tra1h uhti] equi]ﬁbriuw is reached. ~
The’strain rate of. prior workiﬁg also affects the recovery rate.
With an jpcrease in strain rate at a fixed temperature, the recovery

o~ -

rate fncreases [34]. .

3.7 STATIC RECRYSTALLIZATION

v

In this classical recrystalijzation process, dislocatfons are
P ‘ -

eliminated in large numbers as a result of the motion of high angle
- . . 3

boundaries. Static récrys%aﬁ]ization results in new strain free
grains nucleated from the strained.grains. A critical strain of the

order of 10% is requirea for statie recrystallization to take ptace.

The fraction transformed in this process is related to time by a

sigmoidal curve (Figure 3.5). The length of the incubation period
discussed below [52,53]. If the critical strain for recrystallization
is éxceeded,,softening by static recovery takes place during the

o

3.7.1 Experimental Variables Affecting Recrystallization

Inclusions, precipitates, solutes, strain, strain rate,
temperature and prior recovery all affects the recrysta]]ig?tidﬁ.
Inc%usions and precipitates have similar effects on recrystallization.
Nucleation can be retarded or. accelerated, depending on the particle
size and inter-parti¢le spacing. If the_particles are large and

the spacing is- coarse, then nucleation is accelerated [55,56]. Such
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- acceleration has been attributed to the high dis]ocation densities ,

produced in the neighbourhood of the partiEles by the deformation.
. But if the precipitates are small and finely spaced, they interfere
with the growth of subgrains during the nucleation stage. ‘
° 1S
Luton and Sellars- [35] showed that rate of recrystallization

can be reduced by the addition of suitable solutes. There are

- several reasons why this trend is observed. One is the drag effect

=]

of impurity atoms on moving grain boundaries; another is the increase
in the density of possible nucleation sites caused by impurity

additi . '

Fine recrystallized grains are obtained after high strains at
high Z particularly if the initial grain size is also fine [57,58].
Both increase of strain rate and'temgerature increases the recrystal-
1ization rate [52]. It has been also found that the rates of nuclea-

tion and growth decrease with the amou;t of prior recovery [57,59].

3.8 METADYNAMIC RECRYSTALL IZATION \
' {

' When high temperature deformatfon is halted during dynamic -

.

recrystallization, many nuclei are é]ready present within the matewiai, “
that 1s some of the grain boundaries are migrating and sweeping

regions free of dislocations, ' These boundaries can continue to

migrate and the nuclei to grow without any classical incubation
period being required. This softening p}ocess resu1t1qg from the
continued growth of these nuclei is known as metadynamic or post-

L

. dynamic recrystallization. Nucleation of static recrystallization
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also takes place in regions which do not contain dynamic nuclei

[30], , |
- T
3.9 MULTIPLE DEFORMATION ' :

The plate or strip roiied from the ingot is not usually atiained
v by a single ppss.' The final product is obtained thr ugh a rolling
seguence involving a series of passes separated by intgrvais\of time.
Figure 3.6 shows schematically the multipleldeformations involved in
a plate rolling schedulé along with their temperatures, amosnt of
, ' deformation produced, strain rate involved, etc. The R,» R, etc )
shown in the figure are roughing stands and F,, F, etc are the finish- -
ing stands. Usually, in plate rolling, two high mills are used for
roughing and four‘high mills for'finishiﬁg. It can be noted that the
| strain rate of successive passes 1ncsg§ses{and reaches a very high '
! . value during finisﬁ rolling. The hot working characteristics of mild
. ’ steel and HSLA steels are different and are discussed briefly in the

forthcoming sections.

3.9.1 Interruptgd Tests -

t ) . ~ ' . .
Interrupted mechanical tests have been used by many researchgrs fzr
[34,53,60-64] to analyse the progréss of softening dfter hot working :
of steel. The technique used is.based on the principle that the

~ stress at high temperatures is a sensitive measure of the structural

“ , . state of the material. The samp]es were loaded at a constant true
strain rate to the required deﬁdrmation and' then unloaded and held at '

‘no load condition for increasihg time intervals. Following the-delay

‘ L
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time the samples were reloaded at the same- strain rate. One such
test is shown ip Figure 3.7. After. a short holding time, t,, the
f1ow\st%ess on ré]oading riges rapidly ;0 a stress level comparable
wiih the unloading stress. On the Gther hand, the reloaded flow

\ curve after long delay time, t;, resembles that of 1nit1a1 loading.

The magnitude of the yield stress on reloading is governed by the
degree of structural change that has occurred during the holding
+ finterval and can therefore Be‘takgn as a measure of the progress of

softening. Several workers t34,53.60-65] have reported that the~.

softening after hot working can be due to one or two or-all the three

hY

softening mechanisms discussed before, depending_bn the strain rate,

. !
temperature and interruption strain. A detailed study of the amount

S

austenite softeéning with increasing time‘under different test condi-

tions is given by Petkovic et al [65].

Duplex mechanical testing was used by Dunstan et al [53] to

study the progress of softening of aluminium after hot working; in -

.. this case meta]]ography.confirmed the results. Interrupted deforma-
| tion with equal shear strains and equal rest period was carried out '
" = on A1¥5%~Mg a11oy\;y Farag et al [66] (Figure 3.8). The interrupted

- * ., curve shows an 1ncre§$e n torque level over that for éontinuous

deformation; this they ascribed to the strengthening associated with

the alloy addition which decreased during deformation and returned

|

i \ﬁ o during the rest periods by strain aging. The ductility was greater
[ ) in the interrupted tests because the statté restoration inhibits the
‘ o6 fracture .mechanism. -
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- “ 3,10 CONTROLLED ROLLING

[ 4
The effects of hot working and the rate of cooling onithe

\
& characteristics of recrystallizat1on are utilized in th proé ess

rolling to produce a fine grained austenite which is transAprmed

known as. ontrolled ro]ling tS 67 69]. The objective of cont ol]ed
%z
to a fine, uniform ferrite with high yield strength and |low transition
(

temperature [5,67-69]. ) ' . ;.

-,{In mild steel, fine grained austenite is produced|by static
recrystalliization fo]lbw1ﬁg deformation of 50% at the finishing
temperature. The finishing temperature here must %L fﬁw enough s
that there is very 1ittle grain growth during, run-out from\the rolling
mill. If the strain in the relevant passes is much greaten than 50%
austenite will recrystallize dynamically during deformation‘ Such

softening cycle can lead to undesirable m1xed f1na1 grain si?e [30].

v

Niobium addition to a steel decreases the recrysta]]iiation

rate of austenite especially in the static conditions thus giving °

- rise to fine ferrite.grains after transformatioﬁ.° The improv d‘
strength and lower transition temperature of these steels produced

by a lower finish-rolling tempéigture can be seen from Figure 13.9.

3.10.1 Problems in Controlled Rolling ‘ .

?>

Major prob]em in controlled-rolled niobium steel is th occur-

rence of a mixed or dupiex grain §ize [5,9]. This nonuniform/micro-
- structure of ferrite and pearlite have lower strength and'muc poorer

toughnegs than an equiaxed fine~grained one obtained from the same

- .-
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finish rol1ing temperature [1,5]. ° ..

\
. The difference in the rolling schedile resylted jin the dif-

ference of microstructure as 1]01ustrated in Figure 3.10. The thin :

_‘“"’ commercia) material showed a fine, uniform ferrite structure whereas
o ' ' thicker plates exhibited a mixed grain size, due to the occurrence of
e * partial recrystallization during the holding-peripd and absence of h

: . ) recrystallization during subsequent rolling [1]..

f | . U ) . As the number of r’oning passes 1ncreases, the” temperature
| “decreases ba]ow 1100°C and the time for complet'lon of- recrystaﬂ‘ization L
! ' . o 1ncreases During the ro]'Hng of th'l‘l'l p]ates. prec1p1tatior‘of :
1 niobium takes place on the subgrain boundaries formed by recov_ery at’
- . each pas's",‘;"end cqarsen during subsequent passes thus stabil izing sub-
grains and restraining ‘Fecrysta]lizaﬁon and grain pouﬁdary mi gratio‘n.
J \) ' , The overaH rate of recrysta]lization is thus reduced and if the

N ' _‘roning sequence is sufficient]y rapid no recrystaﬂizatign occurs in

d

‘.‘the austenite in the later rolling stages, and-a fine grained ferrite

| N : ; Ad
) ‘ « 'results after transformation. , - ‘ 5
—_ ‘ $

In thicker plates due‘ to Tong holding at?nten%diate stages -

""\vand temperatures recrystallization occurs partial 1y The partially
rgcrystaﬂized structure. conta'in(; large grains embedded in a matrix
v of small-ones as’ shovm in Figure 3 10 never recrystallizes again 1nto g : : .
wa Sat1 sfactory un'lform structure. since the temperature drops below
© 77 that of rapid recrystahization [1,5]. Explanation of the differences
aMsing in the two schedules can be schematically represented as in K

eRFigures 3.11 and 3.12 [1]. .
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., this can be achieved by [1,5].

- ‘ ' (,
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To avoid mixed grain size, the material should not be held
in the temperature range of 1080°C 'down to 950°C. Continuous defor-

mation in this range is essential for producing uniform grains and

- (W Ysing Tower reheating‘teﬁpenature of 1200°C rather than

the usual +1300°C and rolling cont}nuous\y to finish at 900-850°C.

. (2) If.reheating temperature is fixed at +1300°C, the rolling

. schedule is modified such that the "hold" is made above 1100°C or

below 950°C. The former case gives a rapid recrystallization and in

the latter it is too Tow for any recrystallization - in both cases,

& .

. there is small chance of an inhomogeneous grain size [1,5].

3.11  METALLURGY OF STEELS ON HOT ROLLING CHARACTERISTICS

]

3.11.1 Strength and Ductility of Mild Steel

~

The strength and ductility exhibited by a hot worked steel
depends on both temperature and carbon coq}ent of . the steel [n,72].
Increase of temﬁerature and increase of carbon content in f‘g auste-

nite range Tncreased the ductility and décreased tife strength of mild

steel. This is due to the fact that Eﬁrbon increases the self-diffusion

L)

of iron in austenite. When hot'worked in the alphagplus-cementilite
range,where dynamic recovery is the softening mechanism, increase of

temperature increases the ductility and decreases the strength of

mild steel for a particu]ér carbon content. In this range, increésﬁng

carbon content;(>0.1% C) decreased the ductility and increased the

strength, due £0‘the increasing amount of the hard, brittle cementite,

v » A

L} . ' - . /
\ v ‘ 1
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" between passes is found to occur in mild 'steel [58,73].

i
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' ‘ A
Iq‘the twe phase alpha-plus-gamma region jnceeasing temperature
decreases the ductility of mild steel because the amount of the
harder vy phase increases. However, in the lower part of this range °
strength confinues to decrease because of ‘the softer ; phase but
started to increase as the temperature approaches that for eomplete

austenite.

3.11.2 Restoration Processés During Plate Rolling of Miid Steel

Comparison of the usual strains in a rolling'pass with strain o
to the onset of dynamic recnysfallization in austenite indicates that
some*dynamic recrystalwﬁzation could occur during early rolling o
passes of mild steel. During the~1n1t1al rolling (1 e. at high temper-
atures and lgw strain rate) of mild steel complete static recrystal-
1ization occurs be@ween basses in less than a second. Although this

is followed by grain growth, the ové:;}%’effect in roughing is such

that the grain s¥ze is reduced in each successive pass. Later in the -

rolling sequence, where temperature is lower, individual pass strains

‘are too small to cause the onset of dynamic recrystallization and this

process is 1itkely to occur only 1f strain accumulates over several
passes because static recrystallization has not taken place between
previous_passes [58,73]. Holding between roughing and finishing
produces considerable grafh growth in mild steel. In f1n1sh rolling

due to high strain rate again cgmplete static recrystallization




)

3.11.3 Effects of Nb on Hot Rolling
#~ *

The main (ehtures, differentiating the behavior of Nb bearing

" from that of low carbon steel during hot rolling are [74]:

2

(1) At a given temperature the deformation required to iqjt1ate

dynamic recrystallization of austenite is higher in HSLA steels.

(2) After deformation static recrystallization of austenite

o

generally proceeds at slower rate in HSLA steels.

After solution treatment in HSLA steels at ~1260°C the Nb(C,N)

brecipitation in constrained austenite proceeds very slowly [75].

e

Uﬁder deformation, dynamic precipitation occurs, retarding the nuclea-
tion of dynamic recry;ta11ization, thus increasing the strain to the

peak [75,76].

Al

-

In sfatic condition, Nb steels starts to recrystallize after

"a10 seconds and complete recrystallization is expected only after

103-10% seconds [75]. So during the holding periods of roughing
> !

operations, only a small amoﬁnt of static recrystallization is expected

in Nb steels. The delay in static recrystallization is due to the

pinning action of the precipitates on grain boundaries and sub-
boundariés. At high strain rate, it has been found that retardation
effect results from 'solute-drag effect' rather than precipitation

[76,62]. During the initial period, b}ecipitation is occurring and

‘ consequently recrystallization proceeds slowly. As the time increases

precipitation.is complete and the static recrystallization accelerates

(75]. In HSLA steels during the intervals between the first fey
\ : . L]
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L N © passes, static recrystat1izatioh frequently do not occur. However, z
it 1s found to occur when high strains have beén accumulated aftér

severl passes [73,75]. , .
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CHAPTER 4

y EXPERIMENTAL PROCEDURE

‘
A

4.1 TORSION TESTING -

Hot torsion of solid bars has been extensively used as a
deformation ﬁode in.hot working studies [48,77-78]. Torsion that
permits deformation up to high strains at a constant shear strain
rate, but is complicated by the variation in strain apd strain rate
across the section. Since the dimensions remain constant, tﬁe true
strain rate and the engineering strain rate are equal and constant
[16]. Both multi-pass processes, such as slab rolling and total
def;rmation, as in planetary rolling mil1l, are readily simulated in
tbrsjon machine [71,79-81]. In the present work, bot? the above
processes are simulated for low carbon and HSLA steel to' determine

s

their hot deformation characteristics.

. The data obtained in torsion testing were of the form of
- graph, drawn between torque and total angle of twist. Torque was
. L
converted to torsional shear stress by using the maximum shear stress

formula [82.33]: \

©owpM@rmenyemt C (4.1)
where | ' o
» Mp s torsional mement
m : strain rate sénsitivity'exqonent

n” : strain hardening exponent

r '+ radius of the specimen gauge section




*

At temperatureskpbovg 0.5 Tm, n” is extremely small and m
is the dominant parameter, whereas at low temperatures the reverse

is true [81-83]. N g

Tofsiona\ strain is defined as thé amount of relative rotation
under an applied torque, by reference points on the suri‘ace of the

specimen divided by the distance between them. Thus, the torsional

strain on the surface, v, is [713: "

-

%xn . | (4.2)

3 e

Y
where . ]
' 7N : the auﬁount of rotation

D : the gauge diametér, and

Lo : the original gauge length

In order to compare the present torsion results with other tension

and compression tests, 'the torsional shear stresses and s;rains were
/

converted ‘to effective stresses and strains using the Von Mises

‘ criterion of plastic yielding [84,85]. These relations are:

afrﬁ' L (4.3)
oL I, ,
and € =Y//3 L . (4.4)

where o and \'e\are{qu}(alent stress and equivalent strain respectively. .

4.2 TORSION TESTING SYSTEM AND PROCEDURE . .
t .“s . -
A servo controlled closed loop torsion tester was used for the

. hot deformation studies (Figure 4.1). The torsion machine
is capable of applying a maximum ‘of 100 revolutidns of twist at

1




Fig. 4.1 Servo-Controlled Hydraulic Tor'sion Machine

r AN )




‘%‘1
J ; /
: " . = 51 - >
E T \ '
\;elocities up to 15 revolutions/second with a maximum torque of .
)

110 Nm. On the torsional frame the test piece was held by superalloy
loading members. One end of.the test piece was twisted by a
measured amount by a hydraulic motor controlled by a servo valve,

while the other end was held fixed by a torque cell.

¢ I The displacement of the motor is controlled by a closed -Tloop
l "MTS" control system (Figure 4.2). The rotary ﬁsplacement is P
measured by a dual gang ppter{iiometer, which provides the feedback «
~signal 'to the controller. The torsion tester can l;e operate& 6n
either rotary displacement or torque feedback mode. The former was
used for the present experiments. A Hewlett-Packard X-Y recorder ’

was used for plotting torque against angular displacefient. A detailed
description of this machine has been given by Fulop et a1l [86].
)

A water cooled radiant spl1it furnace was used and- tests can be
mdde from room temperature up to 1100°C in either air or in an inert
atmpsphere (argon“ip the presenig 1nves"cigation)‘_ The temperature was
measured by a thermocouple axfs&ndi ng ir.lto the test piece shoulder .
through the reaction bar. A 15 mm wide strip of the parabolic mirror
of the furnace was shaded by carbon black so that the temperature
variation along the gauge length of the specimen was no more than
£1°C at any temperature. Before expeMments, a correlation between

" the controlling thermocouple and tﬁe gauge length temperature was
. ' found by embedding external thermocouples along the test piece's |

- length. The output of the reaction torque cell was also calibrated

- with a lever system and known weights. 'l




AR R A



o ity N [N o v ey Lo 20 oy P - - " .
. LI ~ B C . AR 3 ,L_ ?f R e U SO e i gy e s Pk L

-83.

I4 . w

. ‘ BaSed on the initial calibration, the actual experimental

va]ues of temperature and torque were within 0. 5% and 2.0% of

AN

.
—~

the recorder values.

N 4.3 TEST MATERIALS AND TEST PROCEDURES

" 4.3.1 Test Materials and Its Prep;ration B

The test materia\s, Tow carbon and Nb- bearing steel (HSLA)
used in the present studies were supplied by Sidbec-Dosco Stee]s Ltd,
Quebec. -The materﬁajs Qere in the 4orm of rolled plates of sizes

N i<
42" x 113" x 0.717" and 37" x 12"-15" x 0.625" for ijow carbon and

HSLA steels reseectively; The chemical composition of both the steels
are given in Table 4.1. Torsion test pieces were removed from the
plate witﬁ\their axes in the roll{ng direction with elose tolerances
> | - - especially in the g;uge sectionftoﬁinsure_that twisting woald be
' uniform." The test piece design is egpﬁn in Figh;e 4.3. One end o% “Q ?
the test piece was threaded, aﬁdathe other had a }ectan§u1ar section,
i ’ which sliped into a slot in the grip that allowed eaey removal without
- ; accidently straining the specimen. Fo; all the samples transition
shoulders of 1ntefmed19te diameter were provided fletween the gauge
_«length and the grip sections in order to'reduce the heat fiow and the ’
"+~ temperature gradient in the gauge length. ,
only -1100°C, the niobium steel specimens were presoaked in an outside
furnace for 30 minutes at'fé503c to dissolve niobium carEide.- This was

- done by placing the -samples with sdme zirconium pieces in a Sen-Pak*
/ (2]

" {\(/ + Registered trade mark of the‘SentFy-Qo., Foxboro, Mass.

’ T * As the maximum temperature reached in the radiant:furnace was
. . ' ¢ B
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stainless steel annealing envelope. Zirconium was used as a sacrificial
v , wes LA

oxidizer as they have strong oxidizing capacity compared to sfeel.
After 30 minutes of ﬁeating at 1250°C, the sp’ecims:ns Were quenched
1n‘water in order to keep the niobi'u;'n in/solution. ' The samples
treated in this way were quite bright ar:d showed very little d*

surface oxide. : ~

R
4.3.2 Test Procedure§ . - N

o

Prior to starting of any test’ '('«ﬂe mirror of the furnace was
cleaned so that the test temperature cog]d be reached as, quickly as
pgssib]g. : Spec‘imens were inserted into the grips of the bars with
high temperature anti-seize agent*. All tes{s were carried at

temperatures of 900°C, 950°C and 1000°C and at torsional shea\

"strain rate of 0./15‘1 and 1s”! in a controﬂéq atmosphere of argon.

Continuous and interrupted deformation tests were performed for both-

p ‘ \
';low carbon steel and HSLA steel (Nb-béaring steel).

In the continuous deformation tests, the samples were twisted

‘without interruption to fracture or to the capacity of the machines

t \ .
\

In the interrupted tes?s. experiments were conducted such t,ﬁat
the -interruptions were of equal time duration at equal strain intervals.
For both the steels, at lower strain rate (0.1 s“); the experiments
were carried out at all threé %empe“ratures of 900°C, 950°C and 1000°C
w1tt:\gqua1 i n;érruption strain .of 20%. At each partigular temperature

~ - . -~
° '
-us N .

R . \: \ ) - -
+ Registered trademark of the Releasail 1\ Ltd., Montreal.
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three diff rent{tests.were conducted so that each had a constant
interruption time of either 10, 20 or 40 seconds. Interruptions were
made by swi \hing off the hydraulic power after the required amount
of’straining\and stopping the machine for the required amount of

: ] interruption %1me.

@

3 I ‘ Tests wgre also conducted for both the steels at temperatures
¥ . of 900°C and gqp°c at a- higher strain rate of 1.0 3'1 with 1nterrup-
: ‘ ) 7 B
tions at equal interva]f of 40% deformat1on Here also the interrup-

tion time were either 10, 20 or 40 seconds in a particular ‘test.
[ "’ .
e‘The difference in the level of stress at the instant.of unloading’

and of that at the béginning of reloading was measured to assess the

iﬁ . _ amount of restoration taking place during the delay period. Figure

4.4 shows the method of data analysis. The amount of restoration has

\

.also been expressed as ‘the freft1onal softening by calculating the

o rate of the above drdp in stress to the increase in stress ‘due to

strain hardening dur1Qg the first cycle of sgrain. ‘. . * ¢
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CHAPTER 5

A
EXPERIMENTAL RESULTS

ST AR TR TR e TR e

In the present research, the recorded torque and twist data
were converted to equ1va1ent stress (o) and strain (g) using the

E , quations (4.1) to {4.4) in order to compare the torsion results

‘ with tension and conpression results. - In Equation (4.1), the value
. ’(‘) of m is selected as 0.15 based on Rossard's analysis [87] and that
’ of. n” as zero [71,82]. '
/ Y
5.1 -, CONTINUQUS DEFORMATION

' ©
i The equivalent stress - strain plots for low carbon steel under

cdntinuous deformation atzvarious test conditions are presented in

Figure@§.1. The curves obtained on Sontinuous deformation of Nb-

bearing steel are shown in Figure 5.2. )
’ - * ’
In torsion tests, the number of turns to fracture represent

&
the ductility of a material. The number of turns taken by the two

steels to fracture are presented in parentheses above the right end

of each flow curve. It is observed that for both low carbon and Nb-

bearing steels, the ductifity increased with increase of strain rate

and temperature. For the\same test condifions, low carbon steel

always showed a higher qut{ y than Nbs-bearing steel.

variables on equivalent

* In order to analyze the-effect of tes

rmation, a greph is

strain to the peak (Eb) during continuous def

drawn between ep and ‘the test temepratures (Fi-uré 5 3). In'both . -
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S | . 0.12% C, 0.05 9% Nt STEEL
‘» | ° 014%C STEEL -
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foe
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Fig. 5.3: Effect of Temperature and Strain Rate on Equivalent
Strain to the Peak.
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strain rate. For identical test conditions, Nbfﬁéaring steel showed

/

a higher Ep than low carbon steel. S '

In order to determine the dependence 4f the flow stress on -

\

v

ﬁemperature and strain rate, Piots of Tlog € vs ﬁog & at constant
temperature and Jog'a vs 1/7 at constant ¢ were constructed (Figures
5.4 to 5.7). -This is done for both the peak stress and the steady

stagé flow stmess. Since there is often a slight decline in flow

—~§tress with 1ﬁgreas%ng.strain because of the specimen heating or
dimensional qﬁange. the sfeady state';?lue is taken after the work
softeﬁing«gééion at a strain of about 2.5. The presence of parallel

: Straight lines for each of the steels ‘i th% graphs indicate a power

law relationship: ‘e

, &= Ao" exp(-tH/RT) . (5.1)

/

_ \
Figures 5.4 and 5.5 show that the values of- n for the steels are

_as follows:

low carbon steel "¢ = 5.0

- b

¥ ' Nb-bearing steel "y = 8.3 ' ' 1

L3

! Use of these values in conjunction with Figures 5.6 and 5.7 permits

" calculation Bf AH for each steel:

lTow carbon steel AH, . =72.4 Kcal/mole :

Nb;bearing steel AHNb = 101.2 Kcal/mole , -

5.2 INTERRUPTED DEFORMATION . ‘ . \

. The.test'curves of interrupte deformation onducted at strain

© —rates of 0,1'§" and 1.0 s~ (strains of 0.2 and 0.4 ?espéct1ve1xi' .

4
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N © for low carbon and Nb-bearing steels are given, in Figures 5.8 to ,
P o— . 5. 17 with’ cor*respondj ng continuous deformation curves superimposed e
*on them. !l'he amohnt of softening at each 'lnterruption against

8 | ety f

o ,stra‘in for the ove steels are presented in Figures 5.18 to 5 21.

t
i
j

From these figufes it is evident that the rates of restoration

between pesses 're'quite differené\for the low carbon and niobium-

Q

< . [

"~

'@ . bearing steel S B ° ' -
)

<

qu Tgw carbon steel at a sLain rate of 0 1 5‘1 1a§ge ’i
S,
© amounts of oft‘ening are obtained which increase with _the temperature
agd U\terr ption time (ti). on the. other hand, in Nh-beoring steel ’, \
;'e1ative small amounts of softenifig and only a 51-1ght increase
. . with temperatur;e and/interruption time are observed The' relation-
ship, tNeen e envelope curve connecting the stress maxima of the
s E 1nte rupted curve and the continuous one is different for \éach steel.
' 'Fof the low carbon stee'l the. envelope %s generany higher whereas ) v

v " ‘ N for the' Nb-bearing steel it is generally the same as the continuous..

. i
' . / . At strain rate of 1. 0 s-1, low carbon s{eel shods\ a high
N / ;n}ount of 'softening in the 1nit1a'l 1nterruption followed b§ some

" cyclic pagtern 6f softening. Spmewhat similar Phenomena seem to A

S 3
e .operate in Nb'bearing steel One i nteresting feature 1§ the increase

o 1

1n the stress /1eve1 of the envéiope curve over that .of the continuous:

‘o

2 one.\ an effec{t which d1m1n1shes with temperature especially in Tow

L carbon Steel: \ n‘ o - . ' .

e \ g : »
l ¢ .

. ] ° -
. s M - .v * e 3
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Fig. 5. 14 Interr¥pted Flow Curves for a 0.14%C Steel at 900°C and

1.0 s=! at Pass Strains of 0.4 and Interruption Times of
40, 20 and 10 s.
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' ' Fig 5. 15 Inéerrupted Flow Curves for a 0 14%C Steel at 950°C and
, 1.0 s~1 at Pass Strains of 0. 4 and Interruption Times of
e ) 40’ 20 and ]0 Sn
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Fig 5.16: Interrupted Flow Cu“ves for a 0.12%C, 0.05%Nb Steel

at 900°C and 1.0 s~! at Pass Strains of 0.4 and

Interruption Times of 40, 20 and 10 s.




- 78 -

3 012 % C, 0.05 % Nb STEEL £=10°S"

L_' ' . 950 °C , Q=4OS
; . i . LI
- T 200 c . £=04
5 | .eof () e
* <160k i
4 :
| 120k S 100 ﬂf -.f ;
80" 30?‘ -

o)
|
o

— INTERRUPTED DEFORMATION

200 --- CONTINUOUS\ DEFORMATION

O
Q.
.
=~ c
) <60} , = .
¢ 160} 2 (b) =20
| a5t ATYS
E 1204 W -F- -V r &
b 80_%30 i -
E. 40k~ 15
-l
S o o
8200" 60k (a) t;=10s
w 160F
45¢
120
8ok 30
aor
v ~ o~ O i S A
. L 'l )T.!URN [l 4 1 )
N 0 1 23 4 5
2 EQUIVALENT STRAIN (E)

Fig. 5.17: Interrupted Flow Curves for a 0.12%, 0.05%Nb Steel
at 950°C and 7.0 s-1 at Pass Strains of 0.4 and .
Interruption Times of 40, 20 and 10 s. \
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(2. The degree of softening depend§ on the pr‘evieus deforma- .

a. if the critical strain (ec), 1.e. 0.83 of the peak
strain, shas not been passed; dynamic recrystallization

. . h 1 '
has not started; only. a dynamically-recovered sub- : \

1

'structure is pnesent, . .
b. accunulation ‘of strain, in severaT passes without .

dynamic recrysta'l]izat1on y'lelds a substructure wh‘lch

. moves. rapid]y through the dffferent degrees to produce

!

a finer recrysta]Hzed grain size,

c. high strain rate or a low- temperature produces a micro- ' T

structure which behaves as in b;

© d. accunulatign of strain or raising the temperature can
- . 4 N
lead to surpassing e, and to dynamic recrysgallization

so.pre-formed nuclei are available for nucleation and

hence more rapid progress through the stages of

-eﬁte ning,

A 1

e, the presence of precipitate “stabilizes the Substructuree. o

s]ow1ng both stat1c recovery and static recrystanization. )

a. 1ncrease of tempetatur the Eime permi_tS great r
progress through the degrees of softening,
b. at higher temperature softening by recrystalH ation

ofturs before precipitation of niobium [74-761.
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‘(4) Tﬁe degrge of softening’controls fhé shape\of the‘fiow

,curve on re1oad1ng The, pattern of successive softening helps to

’ i

y -
define the series of these curves as a who1e The.interrupfed curve . -

‘1s consf&ered as a whole byqneans of an envelope curve, j.e. a ;

T i t

continuous imaginary curve connecting the stress maxima of the

successive deformation\curves .;. IR
“gf static recovery lowers the initial flow stre t:'
o . permits the Tow curve to rejoin the contindous flow "’
' ‘ curvé possibly with small variations,- _'
' ;' " b. comp]ete recrystallization to the initial grain-size ' '
1ead§ to a. repetition of "the 1n1c1a1 f1ow curve before
" the peak which 1§ higher than the steady state portion : oo ‘lé.
: of the continuous flow curve. ]
: c: recrystdllization to-grains finer than the 1n1t1aTi~
size leads to a flow curve highen.thcn.the initial ‘ | . :1,

whereas B . . ‘ - B i

. referred to the above principles in ‘parentheses so that a clear

. tests are given 16 Ta51e 6.2.° The results there are cons1stent1y

‘ explanation of the softening mechan1sms can be made. From these\\

d. recnysta]1ization to a coarser grain size leads to a -
» lower f]ow curve which may be equal or below the

‘steady state value depending on the amount of coarsening. , ~ *

-

sz detailed analysis of the results obtained‘for the 1nterrhpted .

\\

results, it can be seen how the over-al][softening rate 1s affected

by prior strain. tanperature. interruption t1me, strain rate and

.
1 .
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Wl
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Table 6 2. Softening, S. Dur1ng Interrupt1on. ty and Relat1on of

Interrupted to Continuous Curve

1
/

&

(a) . |
LOW STRAIN RATE (0.1 s71), & = 0.2
T°C | tysec Low Carbon Steel’ Nb-Bearing Steel
gy < & \ E4.< Ec .
10 [Sjarge-partial recrystalliza- |Repeated Constant Ssmall-
tion??b)(Zc)[except recovery (la)(2e)
. Ssma]]~recovery(1a)(2a)] enve10 e = continuous(4a)
900 enve]ope > continuous(4c) )
20 -recry$ta11ization Same as above
“ . (Qa to lc) or (le) =
envelope = continuous (4d) .
.40 . Séme as above ‘Same as above ,
. S L LT piutadeteldd r- ---------------------------- oo b do ot o o 0m - - - o > > - -
y IN ALL TESTS| envelope > continuous(4c)(4d) envelope = continuaus(4a)
. N , - L . ' g
\ €y < €¢ £y < €¢ . s,
10 | partial recrystalliza-|Sgma11(1a)(2e); envelope >
' STe zqg)(3a | continuous(2e)
950 | 20. |Starge- recrysta]]ization Ssma11(1a)(2e); enVelope =
(1C$? . continuous(3a)
40 repeated Sconstant-recrystal- |same as above except after
* ~]lization to a constant grain accumulation of strain °
size(1c) SsH?htly higher{1b)(2d)
envelope = continuous(4a) -’
—---J--—-—:— P s o s - 7------—------—-’- --------------------------------
IN ALL TESTS| envelope > continuous(4c) N ¢ ehvelppe > cont1dubu§(4a)
| §1>§; &4 <Ec .
10 Pde --recrystallization Ssma1l initially(la)(2e);
(]3 gr le)/(3a) large after accumulation
envelope.#._continuous(4c) . of s%ﬁain.(]b)(Zd)
. " envelope < continuous(4a)
1000 { 20 Same as above but constant Same as above
N e %1ag?e with some grain growth .
40 Repeated constant S1arge-grain Same as above - effect more
growth(le)(3a) pronounced;
______ gggglgge_=_cog§jgueg§g4d) envelope = continuous(3a)
IN ALL TESTS| envelope > -continuous(4c)(4d)| envelope < continuous(4a)(3a)

b :i"\ '\‘.;';'\.“u‘n" :.\!l_,‘ om




A 4
7 > ]\
- e - L
- ?O'L ¢
(b) N | , , : *
[ " HIGH RATE STRAIN (1.0 s°Y), &;.= 0.4
' Low Carbon Steel ) Nb-Bearing Steel
R Ei < EC ¥ ) E-‘ < Ec
110 |Syapge-recrystallization(ic) [Ssma1y initially(la); with
. : 'cync“gs in amount of softening accunulat'ion ‘of strain, '}
. e rqe(1c) (2b) cyc'les in -
1 . i vy ing
9001 20 Same ‘as above - S:m? as above with effect
) T 0 3a
Same as apove(1c)(3a)

40

- r—. ------------ :--‘- -------- ﬁ----ﬁ

JIN ALL TESTS

3

enyelope > cont1nuous(41'5).(4c)

(3a H cycles in
?tgnir‘;&) -

----------------- L L L 1 Y 3

enve'lope > continuous(4b)

€y > &

E:i <Ec

10 recrystaﬂizat‘ion(ld) '( S]a {(1¢)(3b);
. eanSpe > continucus {4b) cyc?gs in softening
950 - 1{4c): cycles in softening ,
20 |Starger-large grains(le)- {Same as above
- enve?ope > continuous(4d) )
40 " [S1ar e-grain growth(le) Same as above + (3a) .
| enve ope = continuous(4d) v
IN ALL TESTS| envelope 3 cont1 nuous{4b)(4c)| ervelope > continuous AbZ
s, {4d) ~(4c
}
» \' " ¢
9 ‘
, B .
‘0 (} 3 -
/ . :

¥
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/Kiecreases’ relative to conti’nqous deformation curve.

l 4 '.' * . R . . ' \.\‘
anoymg'elénents. N . /
1 . \ﬁ)
, B 2 1 Som‘q Mechanisms of - Low Carbon and Nb-Bear*m Steel Dur1

Low Strain Rate Interrupted Deformation :
P
A
At ]ow strain rate (0.1 s“) when 1nterrup{ted for 10 sec
Y

at 900°C (Figure 5. Ba) low carbon steel shws a small amount of

'softening ds to recovery. But it can be seetgfrom Figure 5.18a as
the intérruption time 1ncreases to 20 and 40 sec the. softening also
1ncreases «» This is because of the greater progress through the

degrees of softening_ taking place with 1ncrea51ng emount[of time.

From Figure—5.9 to 5.10, it 1s observed as the temperature increases

to 950°C and 1000°C .the percent fractional softening.{Kigure 5. 18b

and ,c) also 1ncreases for a particular 1nterruption time. This is
due to the fact that softening is a tgermally activated mechanism.
In eeneral. whenevey a pre-strained meta] is reloaded ‘after an tnter-
tuption period,- th:Sf

. By producing a recrystanized gratins finer or equal to the iniﬁal

gr1 an sﬂze dur1~ng )1 nterruptions ’Ieads to an envelope of higher stress:

%VEI than that obtained on continuous deformation (Figures 5.9a to ' T

5.10a). Al though the recrystallized grains are produced more quickly
at a higher temperature and as & result of metadynamic recrystalr-
zation a longer interruption time coarsen the dynamically and stati-
cal'ly rcjcrystaﬂfzed grai_ns thus decreasing the genera'l streps_ Tevel ]
of the envelope relative to that of gontinuous deformatfion. This is .

\ -

why the-stress level of the envelope curve in Figures 5.10b and ¢

b

low curve developed depends on 1&9(‘grain size. o




On the contrary, in Nh-bearing steel at all test conditions, .
1t can be seen that (Figures 5 11 t0 5.13 and 5..19)‘pn1y smail
amount of softemng takes place This 1is because of the presence-_
of nfobium precipitate stabﬂizin) the substrueture siowing both -
static recovery and static recrystanization. This also leads to
)e higher ep observed in the envelope over that of cont1nuous
deformation But at high temperature and especiaHy a2 higher 1nter-

it By

rupt1on times (Figure 5. 13c) the soften1ng has\increased showing . .
that precipitation is hot as effective. One’can also see that the '

fractiona'l softening shows a”sudden increase after a series of low.
: A

values. This is due'to the accumulation of strain which leads to . - .
Q .
a strain hig!\ enough to’ produce recrystallization nuclei and hence

more softening. Since, general]y,‘in*‘aﬁ these tests recovery takes

y .
place as” the softening mechanism, the envelope curve approximately

~ matched that of the continuous deformation curve,

LY b ) N ‘
6.2.2 Softening Mechanisms of Low Carbon and Nb-Bearing Steel -During °
[N . s

High Strain Rate Inte“rupted Deformation '

!

n low carbon steel at a strain rate of 1.0 s=1 for all test

conditions (Figures 5.14 and 5. 15) large amount of softening is

l‘. -

observed (F1gurl‘ 5.20)¢ _ This_ occurrence is due to the faster soft-

ening kinetics .following higher strain rates. Due to this softening

v oo.

by; recrystallization, the envelope of the interrupted curves shows a

L

}rgﬁer str'm;s.le\.lelr than the continuous whe. But it can be observed
a -
from Figures 5.15b and 5.15¢ the above does apply when both tempera-

ture and interruption time ‘increases. In this case, the finer

\

O R Y T e
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%

< the envelope down towards the continuous one. ‘ ' K

'cont1nuous ones.

. hardening aﬁh dynahic recovery portions of the torque/twist cu¥ves

e

. N . - //
. \ L N -

. recrystal]ized grains due to higher 1nterruption strain'and strain é :
rate starts to grow. 1n the 1onger 1nterruption periods thus pushing

=In Nb -bearing steel at strain rate of 1 0s-1, It can bé seen
from Figures 5.16, .17 and 5.21 that high amount of softening takes /J
place during the ihterruptions 1n all tests exéept the first 10 sec
interruption at 900°C where recovery operates. ‘The above phenomenon'
is dye to the format1on of new strain free grains by static recrysta]- .
Tization. From Figures 5. Zla and b, it can be observed that the ‘ -
ameqhtlof softenjng 1ncreases with deformation temperature and'inteh-

ruﬁtion time. This is because at higher temperature the precipita-

" tion of niobium s slow leading to faster softening. This de]ayea

precipitation retards the growth of the recrystallized grains thus

leading to a high stress level. interrupted curves above "those of the

@

g vy
"‘*{5’?‘

6.3 EFFECT OF STARTING GRAIN SIZE AND PRE-HO_&ING TIME ON THE "

-

INITIAL FL( FLOW CURVE ¢

>
4

Both grain size and holding time before deformation affects the
stre '%1eve1 of the flow carve and the strair’ to peak flow stress
[3£‘76]. In the 1nterrupted curves especially 1n Nb-bearing steel
it can be observed that the initial portton of the interrupted curve

and that of the corresponding tontinuous deformatien curve does not

eoinE1de with each other. Sah et al [32] showed that the work

-

P
14 . - A . - i
. . ‘e




decreps1ng grain si;e, Petkovic [21] studied the effect of grain,

L]

« - . . A4

are steeper and peak torque and strain to. peak .stress decrease with.

size on the high- tenperature yield stress of,tough~p1tch copper.

She ebserved an 1ncreese in y1e1; stress with‘decrease of grain size
Weiss et al [76] showed that increase of holding tige befpre defor-.
mation 1n_Nb-bearing steel reduces the peak stress'gnd as well as
the peak stra1r| This is due to the fact-that increase 1n. holding
tfme 1ncrease§ the amount of prtor static p?ecipitation thus d1m1-

nishing the potentia] for. dynamic preaipitation.

¢

6.4 . STATIC R§§TORATI'0N STUDY OF PREVIOUS uom(gRs ON_LOK CARBON

-

™ AND Nb-BEARING SYEEL

/

It is clear from the results obtained, different amount of

©

softening takes place at. different temperatures and 1nterruption

¢
times. An attempt cag,be made to correlate the present resu1ts with

the restopration model. found by previous r Tesearchers. Although Lebon
et al [74,75] tested steels of 0.17%C,‘0.04%Nb. at strain rate of

! . ]
4 s=1, their resu]&s on the recrystallization characteristics of

carbon'and Nb-bearing steel can be considered‘to‘give antapproximate

. indication of the dsgree of recrystallization that-may occur in the

present work. The RTT diagram determined by Lebori et al is shown °

L]

. 9n Figures§:22. PTT curve determined by Weiss et al [76] fer a Nb-

bearing steel is given in Figure 5.23. Thelstegﬂ used‘for this study
. Q . ,
had a, composition of_0.0§%c, 0.035%Nb and the. tests were conducted at

a lower strain rates than the present study. From Figures 5.22 and

5.23, it’'can be observed that at- 300°C precipitation of niobium occurs

. ‘ v .
- @ ~
I -

P

P
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. 1 .
" . Fig 5,22 Recryst?ﬂi,zation - Temperature < Tdme Diagram for' ,
p - ' - . aD.]7%C - 0.04%Nb Steel (After Le Bon et al, Ref 74) .

» . . L ' v -
- ' . " . ‘
- N ' . ¢
M Al [% .<
v - ’ -
. A ’
, 4
» 4 . - -
/
a 9 M
N
¢ o L3 '.’ .
\ S - B * c ®a
4 (R N 4 .
o . < h s
o ~ .
v | » -
. - -
- ¢
o
o * .




N, 1

P
-
- p=} e o

— o ; ©+(9L *43Y ‘le 18 SSEaM JOWY)
193315 QN%SE0°0-I%50°0 ®© ;wm weabejq swjl - adnjedadwd) - uopje3ididoaud :€2°G ‘6ky - .
H ’ . .

. . .
.
: e . . s anii - .
\ _

.e 0
A . -

o0 o ol * o 0 ol 01 -0l LT

T sy SIRER 3 g, o,

o
T

) g » B
) T 4 1] T T ] - onh 3 M . R
* . * . oo ' t
. ) - 8 -~ ' *
. N X : . T - ) ’ ooy ’ -
3 . ﬁ . - . ) ) : T * . ‘
. Q3INYO43ANA —+— + - S L : 4008 o
. NIVHLS -3 d %G —o— S o -
“ g s e
: | "NOI,ldd OINVNAG —e— Jose — .
' - )
. -
> n-
N & / . “
LN Y m:.
fl > ) . 1 °°da ) .
b -4 v
s -4 i} :
, ’ n
- S
‘ N m - 1
: {o0s6 . :
. -~
. / o
-
NS " 4qoo0 o
4 . - > h -
) /l ‘ v N . i N - i -
n_ T A 9N % S£00 ‘9 %S00 -
. - - 3 1 1L ' L 3 L 1 ono- L B
L ) . L : -~ J - : <
. 4 g . , S .
: 2
. . \““Il ) . - L%;Mm /nw, -
" t . . R VR



»

[N

-

. \
. niobium is slow and’ $0 recrysta]Tization starts and is\ completed

]

-agree closely w1th those of ;he above workers.

rapidly and delays‘fecnystallization compared to what 1t would be*
if prec1p1tation d1d not occur. But at 1000°C, prec1p1tation of

quick[y. In the case of low carbon steel, s1A€; there \5 no preci-

bita;ion, recrystallization;starts to accur quick]y at afi\tempera-
) ° e -

tures especially at ihe‘higher ones. - )
o Static,softening results as a fyhction of tim%,wefe.determined
by Cordea et al [62],‘éape1ett1 et a1 [60]°for Nb-bearing steel and ’
by Petkovic [65] for both low carbon and Nb- booring steel. The present
resu]ts can be compared to these by determining the softening as a
function of time of 1nterroption from the first interruption in each

of three interrupted tests, af the same %emperature and strain rate.

The prgsent results when considered this way (Fidure 5.24 and 5.25)
< .~ Py
LS

o
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=~ «  CONCLUSIONS :

0

L ' ¢

From the preseht research, ihe following generq] conclusigns -

. Were reached: ] o Y

' , 1. Both Tow carbon, steel and Nb-bearing steel undergo dynamic \

)

recrystallization under the present test conditiéns. The strain to

4 ™

the peak flow stress increases with increase of strain rate and .. -
' decrease of temperature. )

q
@

2. The f1dw stress of the steels is'strongly strain rate and

temperafure ‘dependent and can be -effectively related by a power 1aw

- }
® of the- form: ‘ - ) ) & , o g
0 ‘g=Ad" exp(-AH/RT) : . “’-'_ \ '\‘
'for hot working. - . o , , o ] f
\ _ The values of ‘nF "and AH are fc;und to .bei:' e N\ " A
Ca n = 5.0 = 72.4 Kca”;me o - o

- b = 3:3 ’ AHNEj 1‘01 .}2 Kc‘a1/m018‘

' R B

Nbe ductility of eithet; steel Qr‘\c;‘e'ases with 1ncreasjle of .
temperature and strain rate. .

N\ / \ :
4. In comparison with Tow carbon steel, niobium bearing swe’
« ! ; .

v oo élway§ has-a higher flow stress, fﬂgher strain to peak stress and

4 -. lower ductility. ' - ‘

Q
~




\ interruption times preferentially at high temperatures.
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5. The amdunt of restoration during an interruption increases ,,
with strain rate, amount of. pre-straining, deformation temperaturé

and 1nterruat10n time.

6. When recovery operates during the intervals between
deformation, the flow curve on reloadin§ matches that of ontinuous

degprmation as exhibited by the Nb-bearing steel at the low strain-
~ . R

Y

rate. ) N

\

S

~

,7(/when recrystallization takes place during an interruption
period, the\flow curve on reloading 69ershoots that of the continuous

one. This behav1ou;;15 exhibited by the Nﬁ-bear1ng steel at high

/ . .

strain rates and by the“l1dw carbon steel at short interruption times
- ~ a

prefereritially at low temperatures. &

-

8. When grain growth follows recrystallization during an .
fnterruption period, the flow erve on relvading is lqwer than that

for continuous deformation as shown by phe low carbon steel at long

9 In comparison with the Yow carbon steel, nipbium precipi-
tates are effective in inhibiting either recrystatlizatjon'at the b
low strain rate or growth of the recrystallized grains at\the high

strain rate. S . - .
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