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ABSTRACT

Constant strain rate, interrupted comiSression tésts
“were carrigd out at temperatures of 1000 and 900°C on a

. serives' of four Steels. The base éteel @ha:i a composition of \ \
0.06% C and 1.4‘3%' Mn and the others contained one ;3f the . f
following set of additions: (i) 0.115% ¥; (ii) 0.29% Mo; and '
(1ii) 0.035% Nb. 1In,the latter stdel, the Mn level was raised
to I.90%8. The load-free time was decreased from 5000 s to
50 ms and the degree of static -softening during this period
was célculated from the r:eloaéing yield stress, which &;s mea-
sured byftwo different techniques: (i) back extrapclation; .
(11) the convent:.onal offset method. Fractional softening vs.

holdlng tlme cufves were prepared from these data and the in- o

i

- fluence of ‘Mo, Nb and V addition on the softem.ng behav:.or
\ I3
was determined. x : a

The results show that the presence of Nb, Mo and V in
solution retards static recovery and recrystallization in a °

significant way. On an equal atom fraction basis, Nb has a
b 7

considerably greater retarding effect than either Mo or V,
. ; G
which has the least effect. In the Nb steel at 900°C, the

S 1

©

strain induced preclpltation of Nb(C,N) after a holding time

. of around 10 s "led to a further delay of about an order of
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magnitude in the onset of static recrystallization: No pre-
cipitate retardation was obsir\}ed in the V steel. The use
of ‘gr$pi1ite instead of gliénss’ luybrication decreased the retar-
dation of static s‘ofltexiing in the Nb s\zte,el: This result is
attributed to the \pr.esclané:e of undissolved precipitates of —
NbC after they vaustenitizaticzn heat treatment, which reduced
the amount -of Nb in solution before dgformation. ~Values of -
the Solute Retarda\tion Parameter were determined for Nb, Mo

and V under static conditions. Although tﬂe \cqmparison wi@:h

the "corresponding dynami.c quantities showed the same rank

qrder of effectiveness, considerabl_y higher SRP's were Xé-

tained under static conditions.. The tot?l amounts of soften-

LY

ing due to static recover;lz calculated by the offset method

[

are twice those determined by back extrapolation. The latter
technique is considered to be more useful for predicting the

influence of recovery on mill loads in indust;ial'practice,«

\
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) RESUME ¢ ’

Des tests' de compression ’av“ec inter'ruption et a3
vitesse“de déformation vraie constante ont &té effectués 3
900 et 1000°C éug une s&rie de quatre aciers. A la composi-
tion de base 0.06% C et 1.43% Mn ont &té& ajoutés successive—.
ment: (i) 0.115% V; (ii) 0.29% Mo et (iii) 0.035% Nb. Dans
ce dernier cas, la concentration en mangan&se a &té& augmentée
3 1.90%. Le temps d"}intefruption variait de 5000 s 3 50 ms
et le taux d'"adoucissement statique pendant cette g;ériqde a
&té cal.culé d'apré&s 1la iimite &lastique aprés interrupt.ion,
mesurée de ‘deux manidres di'fférentes: (i) par exérapolation
invérse (ii) Z;ar 1la méthode 'offset' classique. La v‘aria‘tio‘n
du taux d'adoucissement en fonction du tempk.x.devmaintien a pu
&tre ainsi déterininé:,e‘ et 1'influence de 1'addition de Mo, Nb
ou de V déduite. ' ’

Ies ré&sultats montrent que la présence~de Nb, Mo et V
er;‘ Qolution retarde “la . restauration stati_que et la ‘Eécristallisa-—
tiox}’ de maxlmiézze significative. Pour une méme _fracti;n atomique,
leJ niobium a un effet retardateur beaucoﬁp plus impox.:témt que
le. molybddne lui méme plus efficace que le vanadium. Dans

1'acier au niobium & 900°C, la pr8cipitation de Nb(C,N) induite

par la déformation, aprds un temps de maintien de l'ordre de

3
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10 s, conduit & une auqmentqtlon d'un ordre de grandeur le
ten@gp du début de recrlstallnsatlon stathue. Aucun retard
dG 3 une éventuelle préc:.pl’éat:.on n‘a été ohservé dans 1'acier
au vanadium. A utlhsatlon du graphite au lieu de verre comme
lubrlflant diminue le retard de 1' adou\)rssement stathue dans

1'acier au niobium. Ceci est attrlbué ala p;ésence de pré&-

<

cipit&s non dissous de NS'(C,N) aprds le traitement d'austénitisa-.

tion, ce qui réduit le pourcentagé de niobium ‘en selution avant
&
la déformation.  lLa valeur du Paramétre de Retard en Solutx.on

Solide a &té calculée pour le Nb, Mo et le V dans le cas

statique. Bien que la comparaison avec les quantités corres-

]
pondahtes dans le cas dynamique ait montr& le méme ordre
c‘{'efficacité, les valeurs du PRSS obtenues dans le cas stéti‘&ue

sont beaucoup plus grandes. Le faux d'adoucissement dd & la

-

4

restauration statique calculd par la méthode ‘'offset' est deux
fois plus important que celui déterminé par’extrapolation.

Cette seconde technigue est considérée ‘comme beaucoup plus

A A

uti le pour .prédire l'influence de la restauration sur les
3 o

charges de lamlnages dans les procédés 1ndustr1els.
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RESUMO

-

Testeé de. compressac com interrupgao e a Zﬂh v¥locidade

dé de formagao constante foram realizaddos & 1000 & 900°C em uma
série— de, quatre agos. 20 ago de ?asé, com uma composigao gquimica
de 0.06% C e 1.43% Mn, foram feitas as seguintes adigoes:

(i) 0.115% V; (ii) 0.29% Mo:; e (iii) 0.035% Nb. Neste Gltimo ‘ago,
o teor de Mn foi auméntado para 1.90%. O intervalo de inter-

rupgao varicu de 50%0 s a 50 ms'e o grau de amolecimento est&tico

‘durante aste perfodo foi calculado a partir do:limite de esco-

T amepto no recarregamento, o qual foi medido por meio de duas
. X

diferentes t&cnicas: , (i) o método de extrapolagao inversa, e
(ii)~o convencional métogo 'offset'. Curvas de percentagem de
‘amélecimentg vs. tempo de interrupgac foram plotadas a partir
s destes dados e a influéncia de adicdes de'Mo, Nb e V na taxa de
amolecimento foi determinada.
0s resultados mostram gue a presenga ﬁe Nb, Mo e V, em
. olugéo.retar§a, de uma maneira significante,'os processos de %
recuperagéb e recristalizagac est&tica. Para uma mesma fragao
atdmica, o efeito de retardamento devido ac Nb & considera-
velmente maior que o do Mo ou V, © gqual Spresenta um efeito

&

. minimo. No ago com Nb a 900°C, a precipitagao induzida por

deformacao de Nb(C,N), apés um tempo de interrupgao de 10 s,

conduziuw a um posterior atraso de cerca de uma ordem de

L
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magnitude no processo de recristalizagac estdtica. Nenhum

- o 3 3

retardamento devido a precipitados foi observado no ago com V..
0O uso de uma lubrificaq:éo com grafite ao inv&s de vidro

diminuiu o retardamento gos processos de amolecimento no ago

com Nb.  Este resultado & atribufdo 3 presenca de predipitados

de NbC gue nao foram dissolvidos durante o tratamento t&rmico de

austenitizagao. Estes precipitados decresceram ._-a quantid'ade de
e !

Nb em solugao antes do material ser deformado. Valores do

”

&
Parametro de Retardamento dewido .a Solutos (PRS) foram deter-

3

minados para Nb, ‘Mo e V em condigoes est&ticas. Embora a com~
paragao_ com as correspondentes quantidades obtidas em condigdes

9

dinamicas tenha mostrado a mesma ordem de efetividade, valores
consideravel'fr;ente\ maiores'do, PRS foram.obtidos em cond:‘,.géés
esta&ticas. As quantidades totais de amolecimento dex}ido'a -
recuperagio estitica calculadas pelo método 'offset' sdo o
dobro das determinadas por e"xtrapolgqéo \inversa. Esta (ltima
t&cnica é consi-derada como a mais indicada para prever a
influéncia da recuperagao nas cargas de laminagao durante os

]
processos industriais. . s
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CHAPTER 1

!

INTRODUCTION
+  The controlled rolling of microalloyed steels has been
guccess?ully applied to the mass production of HSLA steels fgp
the past deqaée and a half. 1During these &ears, the increas-
ing demand for steels with high yield strengths, superior frac-
ture toughness and improved weldability has been the main
factor responsible for .the development and improvement of this.
rolling techhiquez Recently, the need for saving energy gnd
decreasing production costs, coupled with still more de;;ndfng
property requirements, are making imperative the optimization
of tpé desiqn‘of controlled {olling'schedules. Also playing a
rol; in the need for higher efficiency is the selection of the

steel chemistry on the basis of rationalnprincfples. This can

only be achieved\ if a clear understanding of the role played

:by the microa}lo ing e;eﬁents is available. For example, the
i of 4dditions of Nb, Mo, Ti and V on the retardation
of both static recovery and static recrystallizatign in de-
formed austenite must be well'understood. Two mechanisms have
been proposed to date regarding the modification of these-

*
. -, v
softening processes by the microalloying elements: the pinning
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effect of strain ieguced pfecipitateé; and the drag effect
attributable to the presence of solute atoms. Whlch of these .
has the more 1mportant role has been subject to great debate
and a general consensus has not yet been reached regarding
- ‘their specific contributions. Some researchers have favoufed
an explanation based solely on solute effects; others have
concluded that the key m&chanism is the process of strain in-
duced precipitation; still others support the ideauof a com-
bination o} both effects.
It was the main purpose of the present inVestigaEion
to shed more liéht on_thfs debate, and ﬂh order to accomplish
this aim, the effécts of Mo, Nb and V addition on the retarda- ‘}
tion of static recovery and recrysxallizatibn were determ}ned
in a series of microalloyed steels. Each of thése steels con-
tained one of the above elements as a single addition. The
retarding influence of each element was investigated by mea-
suring the amount of sofgening taking place after an'interval_
of deformation at an elevated temperature. The solute effects
of Nb and V were distinguished from their effects as precipi-
tates by the determination of the influence of these elements
' on ghe(sﬁatic“softening rates after intervals of deformation
as short as 0.05 s and, therefore, Ludor to precipitation. A
secondary ob]ectlve of this research was to compare the static

retardations determlned here with the dynamic ones obtained

<
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' in previous mvestlgatlons and to try to establlsh a calibra-

tion or conversion factor limking the onsets of static and

dynamic recrystallization. Finally, an inadvertent modifica-
-« = ey

LR

tion of the previous technigque led to the presence during
testing, of undissolved precipitates. "This accidental result

p&mitted the analysis of the influence of undissolved pre- '

cipitates on the static recovery and recrystallization of hot

L

3 e 4
worked . austenite.
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CHAPTER 2 ] ,
CONTROLLED ROLLING OF MICROALLOYED STEELS

" et

2.1 - THE CONTROLLED ROLLING PROCESS + .

.2.1.1 Historical Considerations o ’ , :

1

Before the development of the High Strength Low Alloy

&

(HSLA) 5teels, hot rolled C-Mn steels were used for most

*

structural applications. The requirements for higher Strength

wgere achleved by 1ncreas1ng the C and Mn contents up to 0.35
and 1. 50%, res ctn_ve:“y\‘ia However, the impact properties and
weldablllty of these, ste ls were relatively poor (1 2). A ’
solutlon-to this problem was obtained by lowerlng the carbon
co§tent; compensation for the loss’df strength &aé made h@%
increasing the levels of elements such as s}licon and phos-
phorus, $r by adding ‘chromium, nickel or copper (2).
By‘;ﬁe early 1950's, it was well established that a -
fine ferrite grain éize»leads to aﬁ increase in yield strength
-~ coupled with a decrease in the- transition temperature (3-5).
The normalized, grain refined steels were introduced an§ the
first grain refining agent- used was aluminum‘(in%tonjunction“
with\niﬁrogen) (6). Later, small add%tions of other grain

refining elements, ‘such as niobium, vanadium, titanium and

{
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molybdenum, were found to have the additional benefit of
\\ ‘ contributing to precipitation hardening and.therefore to
highe; yield strengths in this way (7,8). H
‘ At thgs time, HSLA steel products were manufactured
through hot mill procésging and hea£ treatment schedules
closely rejjated to the concepts developed in the production

of plain C-Mn- steels, This procedure led to a coarse, as-

-7 "
- 5 rolled austehite grain size and the optimum properties of
v/
, the alloyed grades were not generally reached (2). The

solution to this’problem was the use éf controlled rolling :

e < - - ,
at a low finish-rolling temperature. ’ ,

The term 'controlled rolling' was already used in

1958 and it was first applied to rolling' schedules inp which «
the finishing teﬁperature wasqézbstantiall§ lower than that’®

’ employed in conventional practice (9). Such a low tempera-

%

ture rolling technigue led to a refinement of the ferrite

-
J e e

grain structure and to a corresponding improvement in the
{ mechanical proéerties (10). This procedure also eliminated
the need for further heat treatment. “Despite the improve-

ments that could be achieved through well designed rolling

. . e e s

schedules, tﬁe process did not Begin to be widely accepted

PR

until about the mid 1960's. This was probabiy influenced
by .the inconsistencies that occurred in some cases due to ;

variations in the processing parameters and/or as a result
4 ' ~N

o
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of an incomplete knowledge of the mechanisms involved (11).
Increasing demands by the oil and gas industry for

steels with high yield strengths, superior fracture toughness
b - J—»

and improved wel ility were the princfpal factors responsible

7 < ’
for the development and, finally, the universal acceptance of

the controlled rolling‘ proéess. ' The properties®of these
3
steels, used for line pipes, could not be entirely satisfied

by either the conventional hot: rolled or the normalizing pro-
cesses, but could be comfortably met with control rolled low

t

’ d

carbon steels containing microalloying elements such as niobium
¢ * -

and vanadium. The, term controlled rolling has now assumed a

wider significance and describes the rolling technique where

a low finishing temperature is employed in conjunction with a
b

rolling schedule and particularly a cooling rate, all of which are

closely controlled (12).

Recently, ris;’.ng demands for saving energy and lower-
ing production'costs are leading to the application of con-
trolled roll»incj techniques in the manufacture of plates u

B &
to about 40 mm thick for ships, pressure vessels and seamless

¥

pipes, of coils of hot strip, as weil as of section mill éro—
dtgcts. Further{nore, the increasing requirements for largf
diameter and thicker wall line pipe have accelerated the
developrﬁent of the technology fer producing steels with still

higher toughnesses and strengths.

s
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" 2.1.2 - Aims and Principles

The méjor purpose of controlled rolling is to pro-—-
mote ferrite grain refinement as a result of two mechanisms:

(1) refinement of the austenite grain size by hot rolling

v

at intermediate temperatures (about 1000°C);
(ii) production of very fine grained ferrite through the
Yy=-to-o transformation of deformed austenite/ grains.
The contralled rolling process can be divided into 3
. stages of rolling (13-15):

- deformation in the recrystallized austenite region (tgm—
perature range above about 1000°C) ;

- deformation in the unrecrystallized austenite region
(temperature range from about 950°C to the Yy-to-a trans-
formation temperature - Ar3) ;and

- deformation in the (a+y) two phase region (below Ar3).

In the first stage, the initial, ver‘y coarse austenite
grains are refined by rqpeatéd deformation and recrystalli-
zation. The number of recrystallization cycles depends on

» the temperature, reduction per pass and th“e' initial austenite
grain size (16). Rec;ystallization can take place during

" rolling (8ynamic recrystallizatjon) and/or during\gﬂé inter-

pass time (§tatic recrystallization). The processiﬁg dondi-

tions which favor the first¢ process are high temperature,

large reductions and low strain rate, ’
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The recrystallized austenite grain size depends on

factors such as deformation temperature, amount of reduc-
tion and initial austenite grain size. It decreases with
#cuiecrease in rolling temperature and in initial austenite
grain size. Increase in the amount of reduction also de-

creases the recrystallized grain size. However, during

this first stage of'rolling, austenite grains can only be

refined to a limiting-size of about 20 um, which is larger

i

than that obtained normalizing treat-

ment (17).

D By rolling in the unrecrystallized austenite region,
austenite grains are elongated and numerous deformation |
bands are produced. As the austenite-to-ferrite transforma-
tion takes place preferentially at austenite grain boundaries
and deformation bands, deformation in this region prodﬁces
very ‘fine ferrite grains because of the significant increase
in the density of ferrite nucleation sites. Recrystalliza-
tion is prevented in part because the ti to the onset of
recrrystallizationf increases cons}fidelrably at\ lower tempera-
tures. Although the recrystallization start time is reduced
as the&an.lount of defox:mation is ac,jcumulatedhin this tempera-—

ture range, the onset of recrystallization can be delayed

by more than an order of magnitude in time (with respect to

, the plain C behavior) by appropriate microalloying. This

»
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is a matter to which we will return below.

The deformation of austenite at low temperatures

accelerates ferrite formation and enhances the y=-to-a

transformatidn. It thus has the effect of raising the Ar

3
temperature (18,19). The increase in the transformation
temperature appears to he indepegééﬁt of the deformation
temperature, but is cumuiative for repeated deférmaéz:ns.
This temperature also' increases with decreasing initial aus-
tenite grain size. :>_

The increase in the transformation temperature has

two possible effeéts (10): B

(1) it reduces the temperature range within which only
austenite is present and‘consequentlyégpe temperature
range for controlled rolling if it is aesired to avoid
deformation within the ferrite region: ’

(ii) it increases the ferrite grain size that may result

from e increased growth rate of the ferrite at higher

\
!

temperatures. §
The effective transformation temperatyre can be decgreased by
increasing the cooling rate. ¢Neverth less, this tregd is
limited in practice by the improvement i%,the hardenabilitx
that normally accompanies the addition of elements such as
Cu, Mn, Mo and Ni.

-~

It is also possible to control roll steels within

‘v




5 S fan s

e oy

< _
? -

the auséenite—plus-ferrite, two phase région. This‘practice
can lead to further improvements in strength and foughness
(13,20). By rolling in this region, the ferrite grains are
preferentially deformed and elongated. Reductions in the
range 10 to 20% increase the dislocation density‘in the
ferrite without leading to substantial subgrain formatdon (21).
fngthis way, the strength can be increased without requiring

a sacrifice in gpughness. Further deformation decreéses the
toughness due to polygonization of‘the deformed ferrite. The

yield and tensile strengths continue to increase as the finish

rolling temperaturé is decreased, and as the amount of defor-

. mation applied in the a+y range is increased. This phenomenon

is not of industrial utility, however, because of the toughness

penalty which has alréady been referred to above, and because

it introduces the possibility of ’spliqting'.

The development of a {100} textﬂ%e when the amount of
deformation is greater than 10% causes the occurrence of
separations during the testing of edge-notched specimens. Due
to this factor, the Charpy shelf energy is reduced even though
the transition -temperature is lowered (14). The incrgase ink
strength of the steels rolled in the' two phase region also
permits the lowering of the cagbon equivalent at a given
strength, which improves the weldability of thick plates. .

Deformation in this region furthermore eliminates the decrease
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in yield stress due to the Bauschinger effect associated

with the UO process.

7

2.2 ~ DESIGN OF ROLLING SCHEDULES FOR CONTROLLED ROLLING

In its broadest sense, the controlled rolliné process
consists of reheating,'rolling and cooling, and the desiréﬁ -
properties are attained through improvenént of the microstruc-
ture by controlling the recrystallization and transformation
behavior of the deformed austenite. It also involves the
effective use of alloying elements. The translation of the
"above fundamental‘considerations into industrial practice
"depends for its success on the extent to which the metallur-
gical phenomena associated with the»different stages of the

* process can be manipulated within the scope of the available

rolling mill equipment and the overall production programs.

2.2.1 - Metallurgical Aspects

Intensive research has Heen concentrated over the

past decade on the metallurgical'aspects of controlléd rol-
v ling. This includes factors such as slab‘reheating tempera-
ture, austenite recrystallization rate and cooling rate.
These factors will now be discussed in turn.

- Slab reheating temperature -'The selection of the slab

reheating temperature must -be hased op two competing considera-

tions:

W S R . o 200
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(i) the formation of large ang non-uniform initial austenite
grains must be prevented;

(ii) the com;lete solution of all the relevant microalloy
carbonitrides present in the steel must be ensured.
In addition, now that energy costs have risen so greatly,
lower reheating temperatures can involve considerable
savings in fuel, even if this entails the incomplete
sp}ution of the microalloying elements.

Large austenite grains (about 300 um in dia.) are pro-
duced by the conventiogél reheating temperature of 1250°C.
Thus lower reheating temperatures have thé advantage of re-
ducing the initial austenite grain size (15,'22) . Smaller
initial aust;nite grains decrease the amount of deformation
required for the onset of both static and dynamic recrystal-
lization, and this makes égsier the refinement of the grain
structure during the first stage of rolling.

However, such low reheating temperatures must‘ still
be above thelsolution temperature of the appropriate micro-
alloy carbonitride. This is because the presence of undis-
solved carbonitrides after soaking reduce; both the retar-
dation effect of austenite recrystallization after rolling

- | and the strengthening effect by precipitation in the fbrrite

(23). By the application of a low reheating temperature,

the holding time between passes réﬁuired for the temperature
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to drop to the necessary finishing level is reduced. This
can permit the mill output to be increased. The reduction
in the/energ'y \costs involved in heating to lower tempera-

tures (which has already been mentioned) is somewhat offset
by the requirem%nt of higher loads. Thus the total energy
requirements can\ be increased or decreased when the reheat-

ing temperature is reduced.

- Recrystallization of the austenite - During.the‘ con-

trolled rolling of microalloyed steels, there are three

possible austenite grain structures which are dictated by

the actual temperature, reduction per pass, strain rate,

integpass time and sgeel composition (24,25):

(1) the fully recrystal"lized, equiaxed structure. This

1 structure is developed in the temperature range whick}
correspénds to the roughing passes. At high tempera-
tures (above 1050°C), strain hardening is followed by

rapid recrystallization (less than 1s), and grain

growth during the interpass time may give rise to large

austenite grains. At intermediate temperatures (from

1050 to 1000°C) and under suitable conditions, grain

refinement occurs by complete static recrystallization,

and the interpass time is too short for the new grains

to coarsen,

(ii) the unredtrystallized elongated structure — This structure

T AR W e B -
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is produced by rolling at relatively low temperatures

(below 950°C anSJabove the Ar témperature) . This is

3
the practice which correséonds to finishing when de-
formation during or after the y-to-o transformation
is avoided.‘ In this cage, recrysta“llizaticn is com-
pletely suppressed by controlling the temperature, the
reduction per pass, the interpass time, and most im-
portantly, by appropriate microalloying. . (The retar-
dation of austenite recrystallization by the addition
of microalloying elements will be discussed in more
detail in section 2.4.) The combination of a high !
dislocation density and a high austenite grain boundéry
area per unit volume results in the rapid nucleation
oﬂf ferrite and subsequent restricted growth by im-
pingement. This situation leads to a fine-grained
equiaxed ferrite with a final grain size related both to
the amount of.work carried out at these low tempera-

tures and to the rate of cooling through the trans-

formation range.

" the partially recrystallized structure - This struc-

ture can result from the application of relatively
small reductions at low temperatures.- In this con-
dition, fine recrystallized grains coexist with large

grains that are deformed but unrecrystallized. Such
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a situation can arise whenever 'the recrystallization
times are comparable to the times between passes. Jhen

partial recrystallization occurs at some stage of the

e T ARG TR A G

rolling schedule, leading to an uneven austenite grain
size after rolling, the steel will transform to a mixed

ferrite grain structure having poor ‘impact properties

[

(11,26). Another condition leading to the development

of a mixed austenite grain structure is the occurrence

of rapid static recrystallization féllowed by non-uniform

grain growth. Unless the subsequent deformation of this

coarse-grained austenite is extremely severe, a mixed
austenite structure is produceqjdue to inhomégeneous
deformation (27). It is imperative in the design of
controlled rolling schedules to avoid the formation of
partially recrystallized austenite because this struc-

> turé, once developed, cannot readily be eliminated by
further rolling and, on transformation, a duplex ferrite
with inferior properties results.

The micféstructural changes taking place in deformed
austenite can be followed y‘measuring the amount of mechanical
softening ‘occurring during the interpass time. This is shown’—«w/{ C
schematically in Fig. 2.1 by a fractional softening vs. inter-
pass’ time curve. Such a mechanical method was gsgd in the

present work to determine the fractional softening after hot

-
.
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compression. It will be described in detail in Chapter 3.
The factors influenging the fractignal softening are rolling
température, reduction, strain raté, austenite grain size, .
holding time between intervals of rolling, and the types and’
amounts of.alloying elements present. The softening due to
recovery, is gradual and is affegted by the temperature and
time available between the intervals 'of rolling. The transi-
tion, from Eeéovery to recrystallization is affected by the
temperature, reduction, strain rate, austenite grain size and
concentration 6f alloying elements, and once recrystallization
Starts, the progress of softening is very rapid (13). When.

recrystallization is complete, the fractional softening'is .

approximately egual to 100%. It is only equal to 100% exactly

in the absence of precipitation, and when the initial and re-
crystallizéd grain sizes are the same. If, for ;xample, the
new grains are finer than the original grains, then the frac-
tional sbftening c;n be less than 100%, even for full recry-
stallization (28).

At high rolling temperatures, which correspond to the
roughing passes, the complete recrystaliization of austen%ge
during the interpass time is desirable. This condition is
satisfied by rolling after ap‘inﬁerpass time longer than t,

(PFigure 2.1). In opposition to the roughing stage, during

the finishidg passes, it is necessary to avoid recrystallization
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Figure 2.1 - Schematic representation of the correlation betweer the

microstructural changes taking place in deformed austenite
and the amount of softening brought about by these pro-
* cesses during the interpass time.
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precipitation in the austenite (1). The resuiting enhanced

- of the refinement of the ferrite grains, but also in part be-~

. ing passes is less than the ime t% for the finishing passes.
t
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completely. Rolling must be performed in the recovery region

1 {Figure 2.1). Defor- }

!/ N
mation under conditions corresponding to thé interval between

with an interpass time shorter than t

t; and t, must be avoided because in this condition a partiallly
n A

recrystallized structure is developed: * .

[
v
L] :
s

- Cooling*raté —~ Controlled cooling after yolling can be

used to produce fine ferrite gfain's and hence to improve both

strength and toughness. Rapid cooling rates lower the trans-

¢ H

formation temperature, pre\;ent austenite recgstallization

@

prior to transformation, and reduce the extent of carbonitride

precipitation in the ferrite :leads to an excellent combination

of strength and toughness. This is achieved in part because

°

cause the precibitation strengi:ﬁening prodﬁced by the fine

particles in the ferrite does not entail a significant sacri- )
- 4
fice of toughness. ) : : *

In the case of hot strip rolling, an increase in the

cooling rate on the ‘rur{—ou}i table followed By coiling at a

lower temperature (b&élow 600°C) is a very effective way to

increase strength (29,30),. hSim:i;larly, 'in the rolling of

~

thick plates, the application of ;apld cocling to about

600°C followed by slow cooling below 600°C is recommended

to J.mprove the mechanical pfoperties. Nevertheless, when

*Note that the time t J.nvolved in plate rolAlng rough-
The softening curve (Fig., 2.1) shi s to longer. times as the .
temperature is decreased,

1 )
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°thé cooling rate is too high, the. toughness may be reduced

because of bainite formation. The optimum cobling rate must

-

therefore be defined in connection with the hardenability

of the steel, ‘

® ~t

2.2.2 - Engineering Aspecfs

A knowleége of the metéliurgical aspects involved in
controlled rolling is not enough for the design of optimum
processing schedules. The increasing demaﬂds for stronger
and tougher steels coupled with h%gher rates of production
have made neé;ssary the use of more stringent rollipg pro-
cedures. .Thus, particular atted&ion is currently being
paid to the engineering aspects of the controlled rolling
process. These are related to mill constraints such as the
mill force ard torqpe limits, and economic constraints such
as cogt and: productivity. ' ﬁ\///

As the ;dlling temperature is decreased, a noticeable
increase in mill load is pbse;ved because of the increase in
degormation resistance. As shown in Fig. 2.2, the hot strength

)

of austenite, K,is affeéted;by processing parameters such as
rolling temperature, reductioﬁ and strain rate, as well as -~
b? metallurgical parameters, such as chemical composition and
the extent of microstructural change during rolling. The

strength of austenite increases with increase in strain and

strain rate, and with decrease in temperatﬁre. In the case

=
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of microdlloyed steels, the addition of alloying elements
strengthens austenite by both solid solution and Rfecipiﬁh-
tion hardening (31).°

In the past, several formulae were proposed for the

- hot deformation strength of steels (32,33). 1In the use of

these relations, the effects of microstrucgural change were
generally simplified and the assumption was tacitly made
that complete restoration took place~by static softening
during the ;nterpasé time. However, in the ﬁicroalloyed
steels, the hot strength increases with the accumulation of

strain hardening during multi-pass rolling in the unrecrystal-

lized austenite region. This "residual strain" reflects the

' )

Nack of restoration in the microstructure and is dependent on
éhe absence of static pecry;}allization during the interpass
time.

) ' The hot strength of austenite is an important variable
for the prediction of réll separating force and torgue (34-36).
The accurate estimation of these two parameters is essential
for the selection of the optimum pass schedule and the design
of the mechanical and electrical capabilities of the mifl
process equipment. Recently, mathematical models have been
developed for the deformation resistance in which all the
microstructural changes taking place in the austenite dﬁring

controlled rolling are considered. Such models can improve

-~
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the efficiency of rolling mills managed by cbmputer con-

trol (37,38). ‘

™ A

One of the economic constraints that has to be con-

bl

|‘ i N
sidered in the application of controlled rollbhg for the

Production of HSLA steels is the increase in the process
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time. This is due partly to the necessity of holding the
material between intervals of rolling until the temperature&
falls to the required level. 1In addition, more passes are
generally required during the finish rolling s@agé’ﬁnder
these conditions. Longer process times cause a reduction

in the rolling rate and introduce a serious loss iQ produc-
tion, which may however be minimized by the use of 'lower
slab reheating temperatures and by suitably modifyin; the
mill layout(10;39). Another important economic aspect

of controlled rolling is the lower yield or higher rejection

rate associated with the more stringent process control

requirements (40).
{

2.3 - THE SOFTENING PROCESSES INVOLVED IN CONTROLLED ROLLING

The importance of understanding the role of "the static
and dynamic restoration processes occurring during "the con-
trolled rolling of microalioyed steels is already clear from

1
the discussion in the previous section. These softening

mechanisms have a significant effect on the hot strength of
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austenite, and their interaction is of vital importéhce in
determining the final structure, and’hence the final pro-
pérties of a hot rolled steel, The restoration processes

!
can act during deformation, i.e. inside the roll gap, or

during the interpass time, which is t%e time between inter-

vals of hot working. Softening take%;place ingide the roll °¢
gap by the mechanisms of dynamic recovery and dynamic recrystal-

lization. The restoration processes occurring during the inter=-

pass ‘time are comprised of static rebov;%y, me tadynamic re-

crystallization and static recrystallization (41). The soften-

ing mechanism which predominates depePds on the interaction
between processing parameters such as the temperature, strain
and strain rate, and material parameters such as the grain
size, stacking fault energy and precipitate charactér (42).

The characteristics of these softening mechanisms will now

!

‘be examined in turn.

2.3.1 - The Restoration Processes Occurring inside the Roll Gap

[

2.3.1.1 - Dynamic Recovery - .

Dﬁring the initial stages of hot deformation, the flow
\

stress rises, the dislocation density increases and some re-
b

d

arrangement and annihilation also take -place. An equiaxed sub-

%h“~structure begins to form, the scale of which.increases with

increasing temperature and.decreasing strain rate (43,44). 1In

metals and alloys of high stacking fault energy, such as Al

7
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and‘the bcc metals, the rate of work hardening gradually de-
creases with strain until a steady state tregime of deforma;
tion is established. Beyoqd this strain, the flow stress
‘remains constant and, even at large deformations, the sub-
grains maintain a constant size and shape, while the grains
undergo extensive elongation. This condition of essentially
constant dislocation density represents a balance between the -
rates of strain hardening and dynamic recovery, with the sub-
grains continually breaking up and reforming at an equilibrium
spacing.

In metals and alloys oﬁ moderate or low stacking fault
enerqy, whichpis the case for steels in the austenite range,
subgrains develop with very tangled boundaries and they are
smaller théan thos? formed in the metals described previously.
In this situation, dynamic recovery alone is not able té re-
duce the dislocation density to stable levels during deforma-
tion (4%). Thus, the rate of qislocatioﬂ accumulation is re-
latively high and sufficient strain energy can be.stored with-
in the subgrains to provide the driving force for dynamic ‘re-

srystallization.

2.3.1.2 - Dynamic Recgystallizatiop

A critical dislocation density must be.exceeded for the

onset of dynamic recrystallization (46). The occurrence of

this restoration process is marked by a drop,}n the flow stress,

and metallographic observations indicate that dynamic

ey A
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recrystallization is initiated at a strain considered to be
about five-sixths of the strain to the -peak in flow stress (47).
However, for all practical purposes, this difference can be
neglected and the strain at the maximum stress, referred to as
the peak straiﬁ, can be regarded as the critical strain for
the initiation of recrystallization.

- Dynamic recrystallization is nucleated by the local
bulging of austenite grain Sgundaiies (31,48). The grains

formed by dynamic recrystallization display a dislocation

substructure, in contrast to the dislocation free nature of

" the grains observed after static recrystallization (49). The

recrystallized érain size is not influenced by the initial
grain size and is primarily controlled by the combination of
temperature and strain rate. Deformation conditions correspond-
ing to higher values of the Zener-Hollomon parameter, Z, give
rise to finer recrystallized grains (48,5b).

The peak strain for a given composition increases with
increasing str?in rate and initial grain size (16), and de-
creasing temperature (49). As a result, the conditions which
f?vor dynamic recrystallization are rolling at high tempera-
tures, large reductions, and a low strain rate. These factors
indicate that dynamic recrystallization is unlikely to occur
in microalloyed steels under the hot deformatiSn cénditions
associated with commercial controlled rolling schedules (19,

Y

25,48).
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2.3.2 ~ The Restoration Processes Occurring during the Inter-

pass Time
2.3.2.1 - Static Recovery

The static recovery process does not involve an.incu-

bation time and consists of the annihilation of dislocations

of opposite signs, as well as, of the rearrangement of disloca-

tions within the subgrains. Durihg the process, the sub-
boundaries become sharper and the dislocation density within
the subgrains is reduced, with little thange in the shaée or
size of these. The main factors affecting the recovery rate
are the temperature, strain, strain rate and the addition of
alloying elements. The rate of recovery inéreases as the
tgmperature, strain and strain rate are increased (51). The
efgect’of alloying additions on the rate of static recovéry
will be analysed in detail in the section that follows. The
static recovery process is particularly important during con=-
trolled rolling in the unrecrystallized austenite region be-

cause, in this situation, it is the predominant softening

mechanism.

2.3.2.2 - Metadynamic Recrystallization

This type of recrystallization can only occur during
the interpass time if dynamic recrystallization has been ini-
tiated prior to the interruption of 5efor§ation (41) . Meta-

dynamic recrystallization refers to the continued growth of

B N T TN
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dynamic recrystallization nuclei after deformation has ceased.

The significant feature of this process is'that, unlike static

‘recrystallization, no incubation time is required, as the nuclei

are already present when straining is interrupted (52). Al-
though metadynamic recrystallization proceeds very rapidly
upon the termination of deformation, nucleation for static re-
crystallization can still take place in regions which do not
contain’dynamic nuclei.

' The deformation conditions favoring metadynamic re-
crystallization are the same ones described for dynamic re-
crystallization, which makes unlikely the occurrence of this

softening mechanism during the controlled rolling of .micro-

alloyed steels.

e

2.3.2.3 - Static Recrystallization

This restoration proce%§ is the most important of the
softening mechanisms involved in controlled rolling. By con-
trolling the progfess of sta&ic recrystallization dqring the
interpass time, the desi}able austenite microstructure can
be obtained at each}étage of the rolling process. 'In this
way, a final product with improved mechanical properties can
be obtained. A critical amount of deformation is also re-
quired for the onset of static recrystallization. However,
the critical strains associated with this softening mgchanism

I3

are considerably less than those necessary to initiate

it ATt Wl B N
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dynamic recrystallization (52).

Static recrystallization results in’thé strained grains
being replaced by new strain-free grains, with a large number
of dislocations being absorbed by fﬁe grain ‘boundaries which
are migrating through the metal (53). The recrystallized
grain size decreases with a decrease in the initial grain size
and an inc;ease ip the reduction. Finer recrystallized grains
are also produced by deformgfion at higher strain rates and
lower temperatures; such combinatiéns correspond to higher
values of 2, the temperature corrected strain rate. The com-
bination of this parameter and the amount of deformation con-
trols the driving force for recrystallization.

Both the incubation time- and the rate of static re-
crystallization are inf%uenced by the strain,(strain rate,
temperature and initial g;ain size. Finer initial grains and
higher strain rates decrease the incubation time and increase
the rate of recrystallization. For dynamically recovered
structures, which are generally present in microalloyed steels
produced by controlled rolling, the same result is obtained
by increasing the strain,(54). The effect of temperature is a
result of its influence on the driving force and on the kinetics

of static recrystallization through the Arrhenius term. For a

constant driving force, an increase in the temperature
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decreases the incubation time and increases the rate of re-
crystallization (51). The addition of alloying elements
also affects the incubation time as well as the rate of

static recrystallization. The manner in which this occurs

¢

will now be considéred more closely.

2.4 - INFLUENCE OF MICROALLOYING ADDITIONS IN CONTROLLED ROLLING

Microalloying elements such as Mo, Nb, Ti and V play very
important roles in the improvement of the strength and toughness
of steels by the controlled rolling process. These roles are
related té the retardation of recovery and recrystalliéation in
deformed austenite, to' the suppressioﬁ of grain growth, to
precipitation strengtheniné, and to a compdnent of solute
strengthening. The effects of these elements are manifested

along two lines-: they have iﬁ?fuence as precipitates and as

solutes,

2.4.1 - Effect of the Microalioying Elements as Precipitates

The precipitation of the microcalloying elements, in
the form of carbides, nitrides and carbonitrides, can také
place in austenite and/or in ferrite during both the deforma-
tion and the cooling of microalloyed steels. As the time
interval during which a steel remains in the roll bite or
deformation zone is very short during rolling (e.g. 10 to

¥

100 ms), precipitation during deformation is less important

%
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from a practiéal point of view than precipitation during’hold—
ing or ¢ooling. The precipitates present in austenite have
different effects according to their size and spacing (55).
When the particles are large (100 - 300 nm in dia.), with a

spacing greater than the size of recrystallization nuclei,

there may be little influence on the recrystallization kine=- |

tics, but a major influence on subsequent grain growth. When
they are fine (5 - 20 nm in dia.), with a spacing less than
the size of recrystallization nudlei, recrystallization may

H

be severely retarded. .
During slab reheating and soaking, the compléte dis-

solution of all the microalloying precipitateé §s desirable.

However, in the case of low temperature reheating, the amount

of the;e particles that can be taken’into solufiqﬁ is reduced

and undissolved precipitates may remai§ prior to rolling.

These ﬁndissolvea precipitates may inhibit grain growth of

the initial austenite grains (1,7,56,57), and may also acceklerate

recrystallization (58,59), particﬁlarly if they are iarge enough

to generate strain gradients, and hence recrystallization

nuclei, at their interfaces. The precipitation of very fine

and uniformly dispersed particles generally takes place in

deformed austenite , (during the interpass time) at low tempera-

tures. The deformation of austenite introduces largevquantities

of lattice defects which, together with the pre-existing grain’
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boundaries, provide the most favorable nucleation sites for
precipitation (60). This 'strain~inducéd precipitation' is

~ affected by the rolling temperanture, vthe amournit of <\ileforma-

v 3
tion, the strain rate and the degree ;)f supersaturation

(61,62) . Strain-induced precipitates can ‘ratard both the on-

» 1

set and the progréss of recrystallization. This effect has
been attributed to the retardation of both the nucleation

and the growth processes eby the following mechanisﬂms:

- ‘The stabilization of the substructure by the disper."sed

particles pre\'rents the n\icleation of new grains,(51); .and

- The pinning action of the precipitates on grain bouﬁdgries
. and su,b-boundaries inhibits their migration (60,63-65).
In addition to precipitation in austenite du;:ing hot working,
pPrecipitation may also take place during the austenite-to-ferrite
transformation (66,67). . Such interphase preéipitation is en-
hanced by high solute solubility and high tra{xsformation tempera-
tures. The chaz"act'eristic feature of these precipitates i?
tﬁeirrlinear arrangement, the spacings of which correlate with
the cg%bling rate through the transformation. As’ the cooling
rate increases, the rows become more closely spaced and £he .
precipitates more effective as dispersion strengtheners (60) .
Further precipitation in the ’transformed ferrite’ matrix is
desirable to impart additional strengthening via prec;tpitation

hardening, although a loss in toughness is also produced.

1
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The precipitates formed in ferrite are much fine# than the
others (68) and, apart from their strengthenlng effect they
also act as barrlers to the m%gration of ferrlte boundar;es
during cooling, leading 'to further grain refinlng in this
way (60). In this case, the deterioration in toughness,
caused by the precipitation sérengthening, may be lessened.

" The amount of each microallo?ing element availaple for
precipitation in ferrite is determined by the amount of prior
precipitation in austenite. The precipitates which have
already co;tributed to ferrite grain refinement through the
suppression of austenite recr&stallization, are no longer
effective for the precipitation hardening oé the ferrite
matrix (22,69). Consequently, hot rolling schedules'thch
emphasize grain refinement tend to minimize precipitation
hardening (70). The idéal controlled rolling SChedu}e would
be the one in which the ;elative amounts of precipitation iﬁ
the austenite and ferrite could be controlled in order to také
advantage’of all the beneficial effects of these two modes of
precipitati?n. ﬂ ¥ | ~

Among the precipitate;forming elements added in micro-

alloyed steels, niobium ((Nb) has been found to'be the most

b e SmpRTERRE o w e

effective in contrclled‘rolling. The precipitation of Nb(C,N)

can téke Place in both,6 austenite and ferrite, in all the modes

described above. Thus, Nb can be very effective for the .
i
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refinement of ausfénite grains upon reheating, for the re-

. tardatiop of austenite recrystallization, and for the

strengthening of ferrite. The addition of titanium (Ti)

up to 0.02% prevents the . grain coarsening of austenite dur-

ing reheating up to 1200-1300°C. This effect is dye to the

precipitation of very stable TiN during solidificatid® (55).

-

t higher concentrations, e.g. 0.1 to 0.2%, the precipitaqion
of\ TiC takes place at lower temperatures in the austenite and

caukes some retardation of recrystallization (71). Precipita-

» I

s\ ) . .. ./
. tion\hardening can also be obtained by the precipitation of

TiC ip ferrite. Because of its low solution temperature,
¢ i

(V) cannot prevent austenite grain growth during re- .

heating. \ Moreover, the influence of the strain-induced pre=-

cipitation\of VN on austenite recrystallization kinetics is

. i
weaker than Yhat of Nb(C,N) and TiC, and ocpuriﬁbnly at tempera-

tures bélow about 900°C. Nevertheless V contfibutes in a
substantial way to ferrite stréngthening through the pré;ipi—
'taéion of ;Ar onitrides and is ﬁrquéntly added’together with
Nb. Molybdenum (Mo) may also contribute to the streﬁéthening

by the prgcipitation of carbides in ferrite. It does not, on

There has been considerable debate over a period of
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years .r'Egarding the role of the micro_alloying elements in
the retardation of recovery and recrystallization. Some
((ev::.dence indicates that it arises from solid solution
effe%ts, whilst other evidence indicates that precipitation

Is essential. The difficulty in distingquishing between the

individual effects of solutes and precipitates arises from

the “following problems: -

- Niobium, vanadium and titanium’'can form carbides or
nitrides easily in the presence of very small amounts
of C and N: -

-~ The techniques available to detect precipitation in
austenite have limitations with regard to the minimum
observable size of precj.pitate; and

- The working variables, such as strain, strain rate,

N

soaking temperature and deformation temperature, have
najor effects on the recry:qtallization Kinetics.

The delay observed in the recrystallization of micro-
alloyed steels has generally been attributed only to the
effect of strain;induced precipitates (26,70,72-74). How—Q
evgr, evidence exists supporting the hypothesis of a solute
effect. Basically, four groups of experiments can be dis-

tinguished according to the approach employed in the attempt

fo separate the effects of solutes and precipitates:

L
S

°
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1
The first group includes the work of Le Bon et al. (75),

Weiss and Jonas‘ (76-78), and Coladas et al, ;(57) . The

i

approach used by these researchers was related to the

-

-

interaction of precipitation and recrystallization and

was based on the determination‘of RTT (recrystallization-
temperat\.fre time) diagrams for both pl/ain’ C\and micro- '
alloyed steels with the same base composition. The PTT .
(precipitation-temperature~time) curves were also de-—

1

termined for the precipitates formed in the latter steels. 4

<

The results obtained in these investigations showed that,“
in the microalloyed st;éels at temperatures above 1000°C,
recrystallization starts before the onset' of precipita-
tion and is nevertheless delayéd in“ compar}son with the
plain C steel;. It was concluded, therefore, that this
retarding effect is due to the microalloying e.]:emenrts

IS

in solution. At lower temperatures (e.g. 900°C), preci-

-
N

pita}:ion{wst&ft%before the onset of recfystallization; and
the latter. megf;ism is delayﬁd still further by the
additiSnal, retarding‘ effect of the fine precipitates.

The second group corresponds to researches in which the
microalﬂioyed steels being invest'igated are decarburized
and/or denitrided. As result of these heat treatments,

precipitai:ion is co/r’}\pletely suppressed under the testing

conditions, and the solute effect of each microalloying

3

7



“element on the recovery and recrystallization p}ocesses
can be determined directly. The &tudies of Luton et al.
.(79) and Ouchi et al. (80) belong to this category.

- The third group concerns invéstigatj:ons which involve
the determination of the recrystallization rate in a
reference plain C steel.and in a comparable microalloyed

steel where the experiments are carried out above the

solution temperature (T ;) of the carbonitride. Under

these conditions, precipitation is no longer of importance
and the solute retardation produced by the relevant micro-
alloying addition can again be measured directly. The ~
investigations of White -and Owen (81) and of Akhen, Bacroix and
Jonas (82) are good examples of this kind of approach.
~ The las£ group is constituted of the work of Ouchiﬂ et al.
(29). These autho‘rs have constructed a computerized com-
pré&ésion machine which allows the pert:ormance of inter-
rupted compression tests involwing unloading' ti\mes as short
as 0.1 s. These tests I}ave permitted the reliable deter-—
mination of the solute effect o;‘. several elements on the
recovery rate of deformed austenite‘in the interval prior
to the lnltlat::.on of precipitation,

The results déscribed in the references reviewed atrf\)e

show that the microalloying elements in solution retard re-

covery in deformed austenite and consequently delay the onset
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of recrystallization. By contrast, they have less influence
on the progress of recrystallization, once initiated. The
largest effect is produced by Nb, followed in -decreasing
order by Ti, Mo and V. The retarding pffect of these ele-

‘ments in solution has been attributed the following

factors:
~ Solutes can obstruct the rearrangement of dislocations,
a process gssociated with recovery in general and with
nucleation\in particular, delaying the onset of recrystal-
lization in this way (83).

- Solute additions can lower the stacking fault énergy,
which makes recovery more difficult (51).

- The presence of solute atoms at grain boundaries which
are not moving very. fast can generate a 'solute drag
force %§&ch will impede their motion and, therefore,
retard recrystallization (84).

Recently, some authors (76,78,85,86) have suggésted
that the retardation of recrystallization is due to a suitable
combination of foth effects of adding microalloying elements:
i.e. that they have an influence as precipitates}and also as’
solutes. According to these investigators, precipitation
glgég is insufficient to prevent austenite recrystallization

during steel processing and solute effects are essential to

prevent recrystallization until precipitation can become

effective. ; -



It is the main purpose of the present work to shed
more light on the role played by the microalloying elements
bn the static recovery and recrystallization processes during

the controlled rolling of microalloyed steels.



CHAPTER 3

EXPERIMENTAL MATERIALS AND PROCEDURE

3.1 - EXPERIMENTAL MATERIALS AND HEAT TREATMENT PROCEDURE

a

Three microalloyed steels were used in the present

work, witﬁ’the purpose of investigating the individual effects
of Mo, Nb and V on static recovery and recrystallization after
high temperature deformation. These steels were prepared in
the Physical Metallurgy Research Laboratories of/the Depart=-
ment of Energy, Mines and Résgmrces (Ottawa), and theif chemi-
-,
cal compositions are listed in Table 3.1, together with the
composition of a reference plain C steel. .
The specimen preparation and heat treatment procedures
were based on those used in previous investigations (87,88).
For the compression tests, cylindrical samples were machined
from the as-received plates with the compression axis parallel
to the rolling direction. A diameter~to-~height ratio of 1.5

was selected to promote homogeneous deformation (87-90). The

end surfaces of the specimens were grooved following a design

based on the work of Luton (91), which allows for the maximum
retention of lubricants. The sample dimensions and the de-
tails of the groove geometry are indicated in Fig. 3.1.

All the samples were Heat treated at 1000° for two



i
Table 3.1

Chemical Composition of the Steels Investigated, wt.%

K
-

Steel C Mn Si Al v Mo Nb
Plain C 0.06 ’1.43 0.24 A 0.025 - - -
v 0.05 1,20 0.25 0.030 0.115 - -
Mo 0.05 1.34 | 0.20 0.065 - 0.29 ~
Nb - Mn 0.06 & 1.90 0.225 0.030 - - 0.035

N = 0.006, p = 0.006, s = 0.012
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Specimen Dimensions (mm)

size

Length (L)

iameter (D)

1

114

7.6

e

Groove Dimensions (mm)
size| A B C E
1 048 |ois |036 | 040
Tolerance Q02
E L
‘k’ C 4
A

Figure 3.1 - Compression test sample geometry
and groove design.
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hours ‘under vacuum, and then air cooled. 'lzhis normalization
heat trea{:ment was carried out in order to eliminate the
rolling texture present in the as-received material; such
textures freguently lead .t-:o the production of elliptical cross-
sections in deformed samples. An austenitization heat treat-
ment was carried out immediately prior to the testing of each
sample with the following aims:

- o ensure the complete dissolution of all the microalioyed
' ca‘rbonitrides present; and L

- To produce appréximately the same austenite grain size in
all the steels. . -

The equilibrium solution temperaturesof VN, V4C3, NbC

and Nb(C,N) were calculated from the relations given by Cordea

(reference 2)

log () xéN) = =1733 4+ 2.99, : (L)

T B
4/3

log (V) x(C)= =-10800 + 7.06, (2)
T

and

log (Nb)x(C) = -7510 + 2.96 (3)
T +

In these equations, (C) (N) (Nb) and (V) are the con-
centrations in weight percent of C, N, Nb and V respectively,
and T is the absolute temperature. The equilibrium solution

temperature of Nb(C,N) was calculated from equation (3) by

taking the carbon equivalent for (N) as 12/14 (N). In order
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to ensure complete solution, the actual austenitization
temperatures for the Nb and V steels were raised-aBove the
estimated solution temperatures. The times for which the
samples were held at these temperatures as wel} as the
austenitization temperatures and holding times for the other
steels were chosen to give the same initial grain size
(87,88f. The eqguilibrium solution temperature, the auste-
nization temperature, the holding time and the initial grain

&

size for each one of the four steels are listed in Table 3.2.

3.2 - EXPERIMENTAL EQUIPMENT

The hot compression tests were carried out on a 100 kN
MTS closed loop electrohydraulic testing machine. A CENTORR
model M60 front loading high temperatuf% vacuum furnace was
used to provide the temperature requirements for the éxperi-
ments. In order to perform constant true strain rate com-
pression tests, the MTS t?sting machine was linked, by means
of an MTS 433 interface, to a PDP - 11/04 minicomputer. The
load and the displacement measurements stored by the computer
during the compression of the sample were displayed visually
on a Tektronix 4010 graphics terminal immediately after each
test. Flow curves were™ then plotted using the same terminal
and copies were provided by a Tektronix 4613 hardcopy device.

Following that, the test data were transferred to a floppy

- —



Table 3.2

Calculated Solution Tem rature, Austenitization Temperature,

Time and Initial Austenite Grain Size for t@é Steels

Calculated Solution Austenitization| Holding Initial Austenite
Steel Precipitate Temperature Temperature Time Grain Size(um)
(°c) - (°C) (s)
Plain C - - 1030 900 110 ' t
v "N 984 1045 1800 100
V4C3 850
%
Mo - “ - 1070 1800 110
NbC 1041 ' .
Nb - Mn Nb (C,N) 1050 1100 1800 120
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disk for permanent storage, soO that they could be re;:alI/ed

at will at a later date. 2An external view of the test

assembly, which includes the MTS testing machine, the furnace,

the PDP 11:1’/04 computer, the Tektronix terminal and the con-
trol consoies for the vacuum system and tempera;:ure regula-
tion, can be seen in Fig. 3.2. A 'more detailed description
of the equipment is given in Reference (92).

The compression toolin_q ‘;Jaé comprised of an upper and
lower anvil (Udimet 500) tightly screwed t;> the respective
stainless steel extension rods. The top extension rod was
fixed to the ram of the MTS machine, whereas the lower one
was attached to the load cell (Fig. 3.2). SiN inserts were
placed at the ends of the anvils and were held in position
by superalloy nutl:s. These smoothly ground inserts provided
a minimally deforming low friction compression surface for |
the samples. An interior view ‘of the furnace chamber, show-
ing the 'compression tools, test specjémen and details of the
heating system, can be seen in Fig. 3.3. Tungsten tools
were also used in 20 compression tests, because no SiN in-

serts were available for the experiments during part of

the period of the investigation.

3.3 - EXPERIMENTAL METHOD

? a

The method of interrupted compression testing de-

veloped by Petkovic (89) was used in the present study to



1) MTS load frame, 2) Centorr furnace, 3) Tempera-
ture and vacuum control consode, 4) PDP 11,/04
comput®r, and 5} Tektronix terminal

Figure 3.2 - aAn external view Pf the high tempera-
ture compression testing eguipment.

1) Specimen, 2) Thermocouple, 3) Tungsten Tool-
ing, 4) Turngsten mesh heating elements,
5) Tungsten and molybdenum shields and
6) vacuum chamber. - ‘

o

Figure 3.3 - an interior view of the CENTORR
. high temperature furnace and com-
: pression train.
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examine the -softening behaviour of austenite during inter-
vals of hot working. 4This technique is baéed on the principle
that the yield stress‘xt high temperatures is a ser;sitive mea-
sure of the strﬁctural state of the material. A typical true -
) L

stress—true strain curve obtained in these experiments is

shown in Fig. 3.4. Sambles are lo?ded, at a constant tempera-
ture and true strain rate, to a fixed strain (point A - Fig. 3.4)

A

and then unloaded. After avgiven time interval, the samples

N ~

are reloaded at the same strain rate as before. The magnitude

o

of the yield stress on reloading is governed by the degree of

structural change that has occurred during th% holding inter-

" val and can therefore be taken as a measure of the progress

of static softening (93)..

3.3.1 -"Short-Time Interrupted Compression Tests

|3

7 In order tp determine the effects of Mo,”"Nb and V addi-
tions on the static recovery rate of deformed austenite, a
program was developed to perform interrupted compression tests
at consthng true strain rate and at unloading times shorte;
than 1 s. As alféadylyentioned, this kind of test ﬁas'pre-
viously been carrieé out in Japan by the research group of
Ouchi and co-workers (25), withlzﬁe difference that, in their
experiments the crosshead speed is kept constant. The program

was written in MTS Basic and is listed in Appendix A. A

'~ | R
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series of prgiiminary experiments was carried out using
lead and a plain C .steel with the purpose of improving the

A
prbgn%m and determining the shortest'unloading time possible

with the equipment described above.  In this way, t;e mini-
mum holding time .between intervals of deformation was found
“to be 0.05 s. Shorter times are not possible because of
the mechanical inertia inherent in thé MTS loaéing system.
Fig. 3.5 shows a load 'vs. time curve fd?=the>plain C steel
tested at 900°é and at a constant straig rate of 2 s‘l. In

this case, a true strain of 0.25 was applied in the first,wr
-

compression. .The sagyle was then unloadéd and held at zero
l%?d during 58 ms. Aftér that, a second true strain’ of
0.25 was applied at the same strain rate. It also can be -~
seen that a time of 15 ms was necessary for the transition

from loading to complete unloading.

3.3.2 - Selection of the Test Conditions

The temperatures chosen for the expefiments were 1000
and 900°C. The first one (1000°C) corresponds to'the stage
of the controlled rolling process where the refinement' of
the austenite grain size is still possible by complegé re-
crystallization during the interpass time. At 900°C, by
con?rast,\recrystallizati%n between the intervals of hot

working should be avoided entirg¢ly. The time required for

cooling from the austen?%ization to the test temperature

*



. .LOAD (x10° LBS)

g

Y
30
PLAIN C
a00° C
24}
+
1.8 - .
+
12 +
N +
) + B58ms
o8l f It -
f ’ -
+ ‘ :
N | " 1 - ]
O 076 1.53 229 305

TIME (x10's)

Figure 3.5 - Short-time interrupted compression test for a
plain C steel at 900°C with a load-free time
of 58 ms.
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., and further stabilization was abdut 3-4 minutes for the

experiments at 1000°C and 5-8 minutes for the experiments
at 900°C. These times were somewhat higher than the ones
obtained in other studies (87,88), mainly because the
practice of cooling by opening the furnace or by injecting

\
an inert gas was not possible with the furnace used in this
: ‘ _

%
The two other experimental conditions, strain rate

and strain, were selected to be as close as possible to
those prevailing in industrial rolling processes. For
this purpose, a(strain rate of 2 s-'l was selected. Highet
strain rates (which would have been closer to mill strain
rates) did not provide enough data points to enable accurate
determination of the first and second yield stresses. The
true strain vs. time curve which corresponds to the experi-
ment described in Fig. 3.5 is shown in Fig. 3.6. *The strain
rate is given by the slope of the curve, and it can béﬂgéan
that its value is egual to 2 sec"l and zero during the de-
formation‘and the unloading time, respectively.

The interruption strain was determined mainly by the
necessity of avoiding dynamic recrystallization during pfe-
straining, and the metadynamic recrystallization during the

holding time that would inevitably follow. Its selection

.was based on a continuous compression test performed on the

plain C steel at 1000°C and a constant strain rate of 2 s7L.

A
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The trﬁe stress~true strain curve of this experiment is
given in Fig. 3.7. Based on this curve, a strain of 0.25
was chosen as the maximum amount of deformation to be given
in both compressions. It can be seen (Fig. 3.7) that this
strain is considerably less than that required for the on-

\ set of dynamic recrys;allization,-which corresponds to a
strain somewhat less than that associated with the peak
stress. Because of the conversion from axisymmetric to
plane strain, this strain is also equivalent to a reduction
of about 20% in rolling.* As the critical strain for dynamic
recrystallization increases with a decrease in temperature
and with the addition of microalloying elements, if a de-
formation of 0.25 will not provoke dynamic recrystallization
in the plain C steel at 1000°C, it ié unlikely to do so dur-

ing fhe prestraining of the other three steels at 1000 and

g00°cC.

3.3.3 - Methods for Determining Softening
L The degree of softening, X, after an interval of hot
- working, is given by the expres§ion
[¢] ."O'

m X ’ (4)

X =
Im~90

) . *Note that Eeq e T In ho/h for axisymmetric
compression. Here € and*z__. are thg equivalent and axial
strains in the comprggsion 2%, and ho and h. are the initial

. and final sample heights. In rolling, R = (H-h)/H x 100%, where
R is the percent reduction and H and h are the initial and

( fi:;%;slab thicknegses., For plane strain deformatiom eq = 1.155
€1 ere ¢; = In (H/h) = 1ln (1/(1-R)). Thus, for €axi = eeq =
0.25, €; = 0.216 and R = 19.5%.
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where oy is the flow stress immediatel§ before unloading _
and o and o_ are the initial flow stresses recorded dur-
ing prestraining and relcading, respectively (Fig. 3.8).

In this research, two methéds were used to determine
the initial flow stress on reloading, 0.¢ (i) the conven-
tional offset method and (ii) the back extrapolation method.
In the offset method, o, was defined as the flow stress cor-
responding to a plastic strain of 0.2% (Fig. 3.8). In the
back extrapolation method, o was defined as the stress.
corresponding to the intersection of the reloading line with
the line obtained by superimposing the prestraining curve
on the reloading cﬁrqg (Fig. 3.8). The back extrapdlation
method was developed on the assumption that, after a small
'transient' strain (of the ‘order of 3 to 5%), the reloading
stress-strain curve coincides witp the continuous curve for
a fully annealed material. This is strictly.valid only when
recovery }s the sole softening mechanism taking place during
the holdiné time. However, in the present work, this assump-
tion was extended to the case‘whg;e recrystallization follows
recovery. The validity ;f this assumption will be gvaluated
later in the Discussion, when the results obtained with the

two methods will be compared and analysed. .

PR LS



BT T L

- e T R IR IR L ¢

~ 30
ﬂéi | -
> X= Om- (0r. Mo o
$ Cm - o 900°C
N H.T.=50's
950k
Z ¢
o« UM
(7)) .
Y W
= /M ¥
= : be
“ 10f 4 0, -
L ;’
=
= “~(0o
L ! ‘ [T | i i
@) o1 02 03 04 05

TRUE STRAIN

Figure 3.8 - Determination of the reloading flow stress and

the degree of softening by the back extrapola-
tion and offset methods.

9¢



:

CHAPTER 4

\\ |
i)

The aims of this research were the following:

EXPERIMENTAL RESULTS

1) To }nvestigate the effects of Mo, Nb and V in solutioﬁ
on static recovery and recrystallization after the high
temperature deformation of a series of microalloyed
steels.

2) To study the interaction of strain induced precipitation
and the static softening.processes in these steels.

3) To establish the calibratik®n or conversion factor linking

the onsets of statigrand dynamic recrystallization in hot

worked aus terite.
Interrupted hot comﬁfession tests were carried out at
900 and 1000°C and at a constant true strain rate of 2 sec_l
on the four steels listed in Table 3.1. In order to accom-
plish objectives 1 and 2 above, the load-free time following
a prestrain of 25% was increased from 50 ms to the time re-
quired for the steel to recrystallize completely. For rea-
sons that will be diséussed later, both graphite and glass
were used as lubricants. Tﬁe third objective will be con-

sidered in the Discussion chapter, where the rates of static

softening determined in this work will be compared with the

dynamicLones obtained in earlier investigations (87,88)f
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4.1 - FLOW CURVES OBTAINED IN INTERRUPTED COMPRESSION TESTS

In Figures 4.1 to 4.4 are presented selected sets of
true strain - true stress curves as plotted by the computer
after interrupted compression tests performed at 1000°C and
900°C onthe plain C, vanadium, molybdenum and niobium steels,
respectively. ’In order to keep the diagrams simple, a selec-
tion of three experiments was made from each series of 10 to
}2 tests carried out on each steel at a given temperature.
The type of steel, the austenitization temperature and time,
the test temperature and the strain rate employed are printed
above each set of flow curves. The load-free times are also
‘indicated at the side of each curve. It can be. seen that the
true stress - true strain curve !%r'the first compression is
the same for all the experiments on a particular diagram and
corresponds to a prestrain of 0.25. A rapid and complete un-
loading is then effected and the samples are held under this
condition for increasing intervals of time. After short de-
lays, e.g. 50 to 200 ms, the flow stress on restraining rises
rapidly to a level comparable to the stress developed just
prior to unloading. As the delay time increases, a profound
drop in the initial flow stress on reloading is produced and

the stress -~ strain behavior approaches that of the material

during prestraining.

e
Comparison between flow curves for the same steel

M

a

Y
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tested at 1000 and 900°C (Figures 4.1(a), - 4.1(b), 4.2(a) -

4.2(b), 4.3(a) - 4.3(b) and 4.4(a) - 4.4(b)) shows that a .

decrease in temperature incr.;eases the flow stress level in

the first compression and decreases the amount of ‘softening
observed after the same 'holding time'. From the experi-
ments performed on the four steels at the same tempera‘ture
(Figures 4.1 (a) - 4.‘2(a) - 4.3(a) - 4.4(a) and 4.1(b) - .
4.2(b) - 4.3(b) - 4.4(b)), it can be seen that the flow stress
level during prestraining increases slightly with the addition
of V and Mo and more markedly with the addition of Nb. By
contrast, the amount of softening after the same holding time
decreases with the addiéion of these microalloying elements

and this decrease is more pronounced in the Mo and Nb steels.

4.2 - PROGRESS OF STATIC RECOVERY AND RECRYSTALLIZATION IN
, E-4

5

PLAIN C, Mo AND V STEELS

As described ;.bove, two methods were en}ployed in the pre-
sent investigation to evaluate the degreer of static softening
occurring after an interval of hot working: the 'back extra-
polation' and 'offset' methods. In what follows, fractional
softening vs. holding time curves obtained by the application of
these two methods will be presented for the plain C, Mo and V
steels. T}}e experimental results illustrated were determined
under three slightly different sets of conditions with respect

to (i) the type of tool and (ii) the method of lubrication used.

e
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These sets of conditions are identified by the symbodls Gr.,

=

Gl. and W+Gr. Gr. and Gl.( refer to experiments in jwhich SiN
inserts were employed in conjunction with either graphite
(Gr.) or glass (Gl.). The notation W+Gr. indicates the tests

~ which were performed with tungsten (W) tools and graphite )

(Gr.) as lubricant.

s

. .
4.2.1 - Fractional Softening Determined by the Back Extra-

polation Method

4.2.1.1 - Short-Time Static Recovery Results

In Figures 4.5(a) and 4.5(b) the fractional softening
associated with the static recovery process is plotted for

\ very short holding times. This fractional softening was de-

\_ termined by the back extrapolation method and corresponds to

\\(a\lues within the range 2 to 12%. At 1000°C (Fig. 4.5(a)),
the results presented pertain to experiments in which the

holding time was equal to or shorter than 1 s. At thié tem-

perature it can be seen that the progress of static recovery

in the plain C steel is faster than in the V and Mo steels.

The 'same order .is followed at 900°C (Fig. 4.5(b)), with the

" difference that at this temperature longer holding times are

_required for the same amount of softening. As shown in the

above two figures, the retardation due to the addition of V

and Mo can be detected after unloading times as short as 0.1 s.

.
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such retardation is attributable to the presence of fhe two

microalloying elements in solution since, under these ex-

i3

perimental conditions, no precipitates can form in either the

~ V or the Mo steel.

4.2.1.2 - Static Recrystallization Resuylts

Figures 4.6(a) and 4.6(b) show the complete fractional
softening vs. holding time curves for all the experiments
carried out at 1000 and 900°C on the plain C, M; and V steels.
These results were determined py the back extrapolation method
and were obtained under the three sets of experimental condi-
tions“mentioned previously. Two regions can be distinguished

in all the curves presented: the static recovery region, whose

features have already been described, and the static recrystalli- -

A
zation region. The transition from one mechanism to the other

is marked by an aéceleratién of the softening process and occurs
after thezﬁassa%e of the 'incubation time' for recrystalliza-
tion.

At 1000°C (Fig. 4.6(a)) and at 900°C (Fig. 4.6(b)), the
onset of static recrystallization in the V and Mo steels is
delayed in comparison with the plain C steel. As can be seen
at both temperatures, Mo has a much greater retarding effecﬁ
than V, which delays only slightly the beginning of this pro-

cess. Although microstructural examination is essential for

~h

.

2
5
EA




©
o g ORI

s A~
' %

: i ] i L ]

100} ~ e
/-; " /“- .J ’ @ -1
& S
Qgol-  T=1000°C /g/ * Jo.
> . ////
5 /)
o 9
léSO-- s / Steel Gr W+Gr Gl

4 0 //// PC & & -
- ' R o \" D » -
%40“— Mo o e o *
g} 0o 3z -
-
~

) N

/ _
& = - £ Back
s ) _-50 A0 - .

T 0—"0 Extrapolation
6] :==:.€).==9A.¢9-——/ 1 R P
01 1 ] 10 100
HOLDING TIME (s)
Figure 4.6(a) - Static recovery and recrystallization of the plain

C, V and Mo steels determined by the back extra-
polation method at 1000°C. -

2L

prammecspmprent Iy g SR LRSI G



73

an accurate determination of the onset of static recrystalliza- ,
tion, such an investigation is difficult when the mhi.gr\1 tempera-
ture phase (austenite) is unst:ﬁbjle, as in the present s'ystem, :
A reasonable estimate of thé onset of recrystallization can

be obtained instead from the intqrsection of two"straight lines,
one each extrapolated from the static recovery‘a'hd static re-
cryst/:allization regions. Results obtained in this way indicate
that recrysta‘llization starts at softening ratios of about 10%
at 1000°C and about 15% at 900°C. The rate of static recrys-
tallization at each temperature follows the order dete):)nined

in the recovery region and recrystallization can be considered
to be complete when the fxactional softening is approximately

equal to 100%.

P

As mentioned earlier, Mo does not pretipitate in \
. N 2
austeirite when added alome. On the other hand, the solubility

considerations of section 3.1 indicated the possibility of VN

precipitation at 900°C but not at. 1000°C. According to the

data obtained in a previous investigation (87) from exp

ments carried out on the same V steel.and ’under dynamic cdndi-
tions, the.strain induced precipitation of VN starts, at 9¢0°C,
at a time of around 30 s. However, the results presented in
Figure 4.6(b) suggest that recrystallization in the V steel is

nearly complete by the time the strain induced precipitation

of VN is expected to occur. Conseguently the retardation of

A
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static recrystallization observed in the V. and Mo steels at

e %

3 -
both temperatures is judged to be largely caﬁsed by V and Mo
o b d

in solution.  The change in lub;ican% (grabhite or giass)

and in compression tool material (SiN insert or tungsten)
does not seem to have any effect on the softening behavior of

the three steels investigated.

4.2.2 - Fractional Softening Determined by ‘the Offset Method‘f

P

4.2.2.1 - Short-Time Stafic Recovery Results

'
@

The results obtained for the static recovery region

from the application*éf the offset method are shown i% ﬁigures

4.7(a) and 4.7(b). As expected, no change is observed in the-

relative position of the curve corresponding to .each steel.
However, the use of this method leads to values of fractional

softening which are considerably higher than the ones deter-

‘mined by the back extrapolation method. At 1000°C (Fig. 4.7(a)),

fractional softening of 7 to 8% has already .been attained after

an unloading time as short as 50 ms. At 900°p4(Fig. 4.7(b)),

this valie is 6 ¥o 7% after a holding time of 0.1 s. At béth

t\ a

temperatures, the overall softening produced by sta®ic recovery,

as measured by the offset meﬁhqd, is double that shown in

Figs. 4.6(a) and 4.6 (b) for the back'extgapolation method.

[~] ©
9, »
o

4,2.2,2 - Static Récrystallization Results -

Figures.4.8(a) 'and 4.8(b) show the complete fractional
ot s
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softening vs. holding time %*urves deduced by the offset’ méthod.
: - & “
Using this technique,, and the ;'mte_rsectiqn method described
. abéve, the amount of softening associated with the ‘onset of
‘static recrystallization is seen to be about 20% at 1000°C
3 and about 30% at 900P°C. As static recrystallization proceeds, -

the relative difference in the amount of softéning measured. -

bl ’

by the 't-.v.r‘gs methods decreases continuously and tends to zero
as the fractional sof{téning approaches 100%. -~

The difference in the results obtained with £he back
e,xtrapo'laﬁio;l‘and offset methods is ;elateq to ‘the motion
of the mobile dislocations during unioading. If the \mébile
dislocations remained fixed during unloading, there would be.
no 'short‘ trinsient' between the 'loading' and 'normal work
hardening' rtions of the flow curves. Then the offset and
back extrapolation methods would lead to the same value of
redoading stress. Instead, as the mobile dislocations\arfe
no longer in contact -(after unloading) with t,herrelevant rate .
controlling obstacles, an increment of strain must be appl:ied

€

~which serves to advance the dislocations to the appropriate
. N } N
obstacles. Once contacted, the flow curve resumes the shape

asspciated with uninterrupted straining. This ‘phenomenon will
be discussed in more detail in section 5. 3, together with%the
practical implications of the use of either method for the

calculation of roll force qﬁring rolling. XFor reasons that
& {g\* —_— -

FLR SO
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wili become evident later, the values pf softenlng measured

by the back extrapolatlon method are in better agreement with ~

the actual influence Qf.§ach static softenlng process during

an industrial rolllnq operation. Thus, only the results de-

e

termined by the back extrapolatlon method will be pregénted

"

in the ions that follow. - l

.

4.3 - TESTS RESULTS FOR NIOBIUM~STEEL OBTAINED WITH GRAPHITE
\__['S

LUBRICATION

In this section, the results obtained on the Nb-Mn steel

in the experiments performed with graphite as lubricant will

be displayéﬁ. The ;oftening behavior of this stee%\?t 1000°C
is given in Figures 4.9(a) and-4.9(b). For comparison, the
fractional softening ¥s. holding time curves for the plain C,
V and Mo steels are also presented. .In the stati; recovery
region (Fig. 4i9(a)), it can be seennth;t the Nb~Mn curve is
situated between the V and Mo curves. The order of re;a;da-,

. v
tion in this region is thus given, somewhat unexpectedly, by

Mo>Nb>V. The same order is evident in the static recrystalli-
. ®

zation region (Fig. 4.9(b5). As no strain induced precipita-
tion of ' Nb(C,N) is lik;ly to occur under the above experimen-
tal conditions at 1000°C, the ;etardation must be attributed
to the influence of Nb in soiution. }he results for static
recovery at 900°C (Fig. 4.10(a)) are very similar to the ones

at 1000°G; with the difference that a deviaéion can begin to

>

PP
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P the softening kinetics

bably related to the onset of the strain in

a

of retardation in the sta&%ic recrystallization regio

3
‘

be, noticed in the Nb curve at a holding time of around 2 s.
v This deviation can be seen g better effect in Fig. 4.10(b).

The &Epaiture from the expected softeniﬂé bzp&vior is pro- >

uced precipita-

" tion of~Ng(C,N), as-will be demonstrated more clearly below.

The dashed line indicated in figs. 4.10 (a and b) represeﬁ£s

anticipated in the Nb-Mn steel if no \“

precipitation <:,ccx.1rs'..,x Comparison of the expected solute Nb

curve (represented bysthe §ashed line) and the actual Nb curve

&

shows that thé start of the strain induced precipitation of

)
Nb (C,N) delays the-‘onset of static recrystallization con-
siderably in this steel. After a holding time of around 8 s,

! I
the Nb curve crosses over the Mo curve and changes the)order

4

. F - °
one normally observed, 'i.e. to Nb>Mo>V. N

* Analysis of ‘the experimental data presented above calls

. i
attention to two important observations:
v . ’

- The retardation due to solute Nb is less than that

"

. 3 «
associated with solute Mo (under the present conditions).

- The time for the onset of the strain induced precipitation

of Nb(ng) at 900°C (2 seconds) is less than usual.

H . ~

It was not initially clear what factors produced this unusual

' result.

-

The consideration of a number of plausible causes in

turn led to the possibility that the use of graphite lubrication

[
f
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could be,affecting the softening characi':eris‘atics of the Nb

Steel.  According to this view, tm;.( presence- of .graphite can

cause the diffusion of-C into the samples during ;the austeﬁiti-
. zatign heat treatﬁent. The resulting increase’ in the solu-
bility product [Nb].[C] could 1dad to less Nb, bei;zg taken into
solution than when auﬂstenitizétion is carried out in tHe absence
of graphite. Q - ) - '

4.4 - TEST RESUL’I‘S‘FOR NIOBIUM STEEL OBTAINED WITH GLASS LUBRI-

i

CATION ’

A * ”
9

Figirés 4.11(a) and 4.11(b) show the fractional softening
vs. holding time curve for the Nb-Mn steel cbtained at 1000°C
with the use of glass. In this condition it can be se?r{ 1‘:"1'1at'~
the change in lubrication affects the softening behavior of ,the
Nb steel significantly. In particular, it is ;evident that
solute Nb now r:as the’strongest retarding effect on both the
static recovery process (Fig.'4.l1la)) and on the onset ,o;‘. static
recrystallization (Fig. 4.11(b)). At 900°C, the order of effec-

tiveness in retarding recovery is again Nb>Mo>V (Fig. 4.12(a)),

~ o

and the observations are quali;ta\tively similar to those ofy )
Fig. 4.11l(a). However, when the scale is extended to 5000 s.,
it is evident that a furgher phenomenon is involved. As shown
in Fig. 4.12(b), the onset of strain induced precipitation of

Nb(C,N) occurs at a holding time of aré:und 10 3. This leads

¢
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, to a further delay in the onset of staéic“recrystalbﬁzat;on
of ;bout an order of magnitude. The dashed line indicates
the new posittion of tﬁe estimated Nb curve in the absence of
any precipitation. From this line it can be seen that, at
60% softening (which correspond to about 50% recrystalli’zation),
| the occurrence of precipitation retards recrystallization by
more than an order of magnitude in time (with respect to the
solute Nb curye). when the dashed line is compared with the
#softening behayﬁor of the plain C steel, it can be seen that
the presence of Nb in solution retards recrystallization by.
slightly less than an order of magnitude in time.
As already mentioned, when glass instead of graphite
lubrication is used, no detectable effect is observed on the
softening Behavior of the plain C, Mo and V steels. The change
in lubricant affects only the Nb-Mn steel and the factors re-

%

sponsible for this difference in behavior will be considezéd in

o .
R S

[y
more detail in Chapter 5. .

4.5 - HIGH TEMPERATURE STlQENGTHiINING PRODUCED BY ADDITIONS OF

MO, Nb AND V.

‘ The .strengthening increment per 0.1 at % of alloying addi-
tion relative to the reference plain C steel was evaluated from

the following eguation:

a o -G
A8™ _ _ys ys . -.0.1 ) (5)
OPC ats s
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;
Fe ' ' -
; ’ In a similar way the strengthening increment per 0.1

'

wt.% of alloying addition was calculated from

PC
‘ W ° S - cys
? a8t _ ¥YS 0.1 (6)
_ = PC . X
o wtd s
1 & yb ° . -
1 \ In the above relations, ¢ represénts Ehe average {

YSs

&
[

vield stress of the steel investigated, cig is the average

vield stress of the refe;ence plain C steel and at%$ s and

[1

wt% s -are the ;tomic and weight proportions of the elemént
] under consideration. ’ N
The strenéthening increments defined in this way were
then calcuiated for each temperature and the average values
for each element are displayed in Table 4.l1.. It,is evident
5 from this table that-Nb has the greatest strengtheniné‘efgect,
followed inamagnitude by Mo and then V. 'This order is the ‘
same on both the atomic and weight bases. The higher stengtﬁen-
ing present in the Nb-Mn steel in comparison with the reférence
(. o plain C steel is actually produced, noé only by'the-addit;on
of Nb, bu; also by an extra addition of 0.47% Mn. Under the
present conditions, it is not'possible to separate the .contri-
bution attributable’to each of these elements. however, data
‘\\ A obtained frém a previous investigation (87) indicate that the

strengthéning effect due to Mn is, on an atomic basis, about

1 3/4 orders of magnitude less than the one p{pduced by Nb.

- * t ¢
*
> . ' .
5
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The effect of the_ additional Mn was ‘therefore neglected and
all the observed strengthening was attributed to the pre-
sence of the Nb in fabie 4.1.

& " The high temperature,yieﬁﬁ-stresses for the four

X -
t.

steels investigated are shown in Table 4.2.
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Table 4.1\

High Temperature Strengthening Produced

by Mo, Nb and Vv Addition

95

-
as? as¥
Element (pexr 0.1 at %) (per 0.1 wt%)
’ ) (
Vv (in a V Steel) 7.2 7.9
Mo (in a Mo Steel) 15.2 8.9
Nb (in a Nb-Mn 212.0 127.0
Steel)
W

Table 4.2

"High Temperature Yield Stress

of the Steels Investigated

hY

-*
. Steel o at 1000°C (MPa)
. Ys ) .
Plain C 35.5 t 1.4
v 38.0 + 2.4
Mo 39.0 £ 1.8
Nb - Mn 50.0 ¢ 1.8

-
1

* n N " .
Limits shown are for a confidence interval of 95%.
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CHAPTER 5
DISCUSSION

5.1 - INFLUENCE OF THE USE OF GRAPHITE AS LUBRICANT

The fragtional softening vs. holding time-curves pre~
sented in the pre%ioug chapter showed that the static re-
covery and recrystallization processes in the Nb-Mn steel were
significantly accelerated when graphite\instead of glass was
used as the lubricant. By Tontrast, no effect could be
attributed to the change in the type of lubrication in the
results for the three other steé;s. The analysis of the
possible causes of this discrepancy led to the hypothesis that
they are related to the’diffusion of C from the graphite into
the samples during the austenitization heat treatment. The .

validity of this hypothesis will now be congidered.

5.1.1 - Diffusion of C from the Graphite to the Samples

As illustrated in Fig. 5.1, before each experiment, a
graphite suspension was painted on the end surfaces of each
sample. The suspension was also applied to'the';ateral areas
near tﬁe end surfaces. This procedure led to a reduction in
the friction‘during compression. The extent of the C diffu-

sion zones indicated in the figure was estimated in each steel

“«
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by Fick's second law solved for the case where the surface

concentration remains conStant with time/ This solution is

/

given by:

¢ ' \ .
s = erf X (7) where
- C 21/pt

a

0
[s]

A}

c - carbon concentration on the surface
& * -
G, ~ 1initial carbon concentration in the sample
- carbon concentration at given values of x and t

x - distance from the surface (cm)

t - interval of time for diffusion. (sec)
D ~ diffusion coefficient of carbon in austenite
(cmz/sec)

The symbol erf (x /2 \/Dt) represents the error function with

. argument y = x/2 y/bt. This function is defined by the equation

N y -vz - .
erf ly) = _2 f e ¥ ay (8) Cos
m o

The diffusion coefficient of carbon in austenite, D, was cal~-

culated fromﬂthe relation

-0g
D= DO e M (9) where
Qd - activation energy (33800 cal/g—mo%e)
R - universal gas constant (1.987 cal/(°k)/(g—mole))
-7 T - absolute temperature (°K)
DO - constant which Hepends on thé structure and vibra-

tional frequency of the atoms (0.21 cmz/sec)



e e ek e = e S SR

P R N o B T R R T e R N T e - . -

H
( o ~ B
lr/ -

The values of Qs and D, shown above were taken from Reference

(94).

-
>

The maximum penetration of carbon in each steel was
then determined for the condition that C d£ops down to the “
vicinity of ‘C_: i.e. that C> C_. In this case, erf (x/2b8) = 1
‘and x/2\ﬁz1= 3 (95). For simplicity, only the diffusion of C
from the graphite painted on the end surfaces of the samples
was considered, and the values obtainéd in this way are pre-
sented in Table 5.1. The diffusion of C during heating to the
austenitization temperature was also neglected. The results
shown in Table 5.1 indicate that, in 43.4% of the total volume
of each Nb- Mn steel sample, the Cicontent is higher than the
original concentration of C in this steel. Furthermore, the
degree of penetration of C in the Nb—~Mn steel is greater than in
the others; it is almosg\doublé that calculated for the plain
C steel, in part bec;use of the higher austenitization tempera-
ture, an in part because of the loﬁgéi holding time.

der to determine the gradient of the C concentra-

distances from the end surfaces and the C concentration in
: J

1

each 'new end surface' was determined by emission wvacuum

spectrometry. As no barreling was observed in the samples
- -

after deformation, the corresponding positions of these surfaces
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Table 5.1 » o ‘
Diffusion of C from the Graphite to the Samples
Austenitization  Austenitization Maximum C f the
Steel Temperature Time Penetra- Téfal
tion Volume
(°C) + (8) (mm)
. \
PC 1030 900 1.3 22.0
v 1045 1800 1.9 33.6
Mo « 1070 1800 2.2 37.8
Nb~-Mn 1100 1800 2.5 4314
v {
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in the undeformed material were calculated by considering that |

- the deformation was homogeneous. The regults obtained in this

way are displayeé in :Fig. 5.2. It can be s.e’en that inside the
diffusion zones the C concentration in the I\{b-Mr; steel is
pigher tha;'t in the Mo and V steels ﬁat the same distance from
the surface. The maximum penetration of C in the three steels

appears to be in agreement with the values calculated theore-

tically (Table 5.1). ‘ . o

i

5.1.2 - Solubility Pi;*:oducts of Nb, Mo and V' Carbides in Austenite .

bl 1

The solubility products for NbC and V4C3‘ at the austeni- |
tization te;nperatures of the Nb-Mn and V steels are indi.cated in
Table 5.2, together with the maximum C concentrations that can
be held in solution in the presence of 9.035% Nb 'ané 0.115% Vv ‘
at these temper;a\tures. The relations fz:om which these values
were calculated are displayed at \the bottom of the Table. The
eqgquation reported %by Koyama et al. (96) ‘t\:\a‘kes into considera-
tion the effect thaé' Mn has on the solubilf’i’ty product of NbC
in auséénite‘, which increases with the incr%ase in the Mn con-
tent. The Mn levels of the steels on wh cﬁ e eciuations ’
given by Narita (97) and Cordea (2) were }})?ség are not known,

although "the latter are believed to have been determined on

steels with a Mn content in the proximity of 1.2 to 1l.4%.
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Figure 5.2 -

C cohcentration gradient inside the
diffusion zone after austenitization
of the Nb-Mn, Mo and V steels,
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E; Table 5.2 , :
i

Solublllty Products for NbCf\)and V,Cy in Austenite '
2 M

-

™~
¥

Pl

’ P _ Solwbility Product at T ; concentration in
~ o ) (x10-3) aus . %\9 at Taus (Wt%)

F S

Austenitization g (1)

Dy Steel”  Precipitate Terperature ;, , Cordea D Rarita® - xoyama® coraea® Nerita® Koyama )
g aus N
. Nb - Mn NbC . 100°c 3.10 . 4.64 4.76 0.09 0.13 0.14°
- v A . 1045°C 73.41 - - 1.31 - -
(1) Cordea ) . (3) FKoyama et al.
log (NW(C) _-7510 ,2.96 - log gﬂ\b) (O - —7970 L 3.3, (1371 - 0.900) (M)~
R 3 ! : 7 2
log (V) . (C)=—10800 + 7.06 (“'E -o. 0504) (Mn)
TRy T - -
/ () Nerita (%) * For 0.035% Nb and 0.135 % v.
log (). (C) = -7900 + 3.42 .
, T ‘
] T

201
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maximum concentration of C that cax&)e dissolved at 1100°C-in
the Nb~Mn steel without exceeding the solubility pr'oduct for NbC
at a Nb concentration ;:sf 0.035%, is 0‘.14%. This was determined
from the relapion given by Koyama et al., which is conéidered
to be the most appropriate due to‘the high Mn level (1.90%) in
thig steel. By contrast, a C concen'tratiop considerably higher
(1.31%) can be dissolved in the V'dteel(at 1045°C and for

0.115% V) before the solubility product for V,C., is exceeded.

4737
Although very few quantitative data are available in the li:tera—
ture for the soiubility product of .molybdenum carbide, it can
be seen from Fig.} 5.3 (95) that its value is likely to.be higher
than the one for vanadium carbide. As a result, a concentration

of C higher than 1.31% can be expected to be dissolved at the

austenitization temperature of the Mo steel (1070°C) without

" surpassing thé solubility product for molybdenum carbide in the

presence of 0.29% Mo. Naturally, one must take into -account
that these tonsiderations apply only to equilibrium conditions,
i.e., to long holding and diffusion times.

W

The analysis of the results presented above and in Fig.

- 5.2 leads to the conclugion that, as a result of C diffusion,

NbC precipitates formed in the Nb-Mn steel during austenitiza- '
tion. These‘ precipitates were likely to be present in aﬁprdxi—
mately 32% of the volume of éach sample of this steel imme-

diately after the austenitization heat treatment. ~The austeni-

tization heat treatments in"the Mo and V steels, on the othex
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hand, enabled.-all the carbides present in at least 99% of

total volume of these samples to be dissolved,‘des‘pite
3 : A
theNdiffusion of C inwards from the ends.

A 5.1.3 - Effect of Graphite on the Softening Behavior of the

=

Nb~Mn Steel

The softening curves for the Nb-Mn steel obtained at 1000
and 900°C with the use of graphite and glass lubricants are

compared in Figures 5.4(a) and 5.4(b), respectively. At ‘both

temperatures, tatic recovery and recrystallization pro-

]

'accelerated' (with résp@&t to the

cesses were significantly

glass results) when graphite was employed as the lubricant.

The faster softening rates observed méer these conditions

are related to the presence of undissolved precipitates of

NbC in the sampleé. These precipitates probably affect the

softening processes in the following ciirect and indirect way's:

(1) They may inhibit grain growth of tl}e initial austenite
grains (1,7,56,57), produéing finer initial grains whiap
décrease the.iiicubation time and increase r1:he rate of
recrystallization. '

(ii) .When they are large and widely spaced, they may acceleratg

recrystallization by generating strain gradients, and

hence recrystallization nuclei, at their interfaces (58,59)-

*
2s a result of C diffusion, some carbide precipitation
probably occurred next to the end faces.
- T
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(1ii) Their most important "and indirect effect is that they

decrease the amount of Nb in solution. This reduces

Ehe solute retarding effect of this element, and also

reduces its effectiveness when it forms strain induced

precipitates. -

of ﬁhe various factors described above, the one that
appears to be the most influentiél is the reduction ih the
amount of Nb in solution after austenitization. This is either
because the guantity of initial precipitates that can be dis-
solved within the diffusion zone is considerably reduced by the
local increase in the C concentration. Alternatively, if par-
ticle solution is more rapid than C di ffusion, éLe subsequent
increase in the C concentration resulting from‘diffusion can

lead to reprecipitation (on grain boundaries?) oﬁ*dissolved ,

"

carbonitride, reducing the quantity 4vailable for strain in-
duced precipitation, i.e., on dislocations. When'glass was
used as the lubricant instead, all the 1ihitial Nb(C,N) pre-~
‘cipitates were dissolved during the austenitization heat treat=-
ment and, therefore, the full amount of Nb was in solutidn
before deformation and available fér strain induced precipita-
tion. & ‘ ’ s
In the results obtained at 1000°C (Fig. 5.4(a)), the

reduction in the overall concentration of Nb in solution

fy
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decreased the solute retardation effeci: due to this element

and thus 'accelerated' (with rfe‘spect to the glass results)

the statickrecovery and recrystallization processes in the

Nb-“Mn steel lubricated with graphite. Of course, recrystalli'za-
tion was still retarded in both Nb steels in comparison with

the plain C steel (see Fig. 5.4(a)). The relative retarda-
tions can be estimated from the times for )60% softening (appro-
ximately equal to 50% recrystallization). The time for the
steel containing less Nb in solution (the graphite lubricated
samples) is 6 s at 1000°C, whereas that for the glass lubricated
material ‘is 12 5. Thus, with the aid of the Solute Retardation
Parameter introduced below (section 5.3) the average amount of
Nb in solution in the first material can be estimated. On the
assumption that fhe value of the parameter for Nb is independent
of the level of this element within the current range, the
effertive concentration of Nb in the Jgraphite lubricatéd material
is 0.021 wt%, i.e., it appears to have been reduced by 2/5. It
should be added that previous investigations (87) of the kinetics
of the strain induced precipitation of Nb(C,N) in this steel
indicate that precipitation is unlikely to occur before 100 s
at this temperature. As a result, strain induced precipitation
was unlikely to occur prior to the end of static recrystalliza-

tion, so that the curves of Fig. 5.4 (a) are probably influenced

by solute effects alone.
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At 900°C, on the other hand (Fiq. 5.4 (b)), aﬂkextra
component of retardation Bbgins to be observed. It can be
detected when the softening curves deviate from the be-
havior (indicated by the daéhed lines) expected when only
solute effects are involved. These deviations are considered

to be associated with the onset of the strain induced preci-

pitation of Nb(C,N) and occur at around 10 and 2s for the glass

and graphite lubricants respectively.” The earlier onset of

can bs_ attributed to

precipitation under the latter conditid¢
the higher degre#, of supersaturation
were present within the difquién ZOngs.
strain induced precipitation of NbC a;s%-. ctart 8 s before
. the prkcipitation of Nb(C,N) began in the other material. How-
ever, as less Nb was available for precipitation in the Nb steel
lubricated with graphite, -the retarding effect of the strain
induced precipitates on the onset and progress of static recry- .
stallization was reduced in this steel.
Note that the relative effectiveness of strain induced
precipitaticn under the two set of conditions can be assessed

from Fig. 5.4(b) in a manner similar to that used for solute

retardation (Fig. 5.4(a)). For this purpose, it is necessary
] . t

»

Due to a lack of time, no electron microscopy was
performed on the present specimens, and so the presence of
precipitates could not be qinfirmed.
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7
to determine the times for 50% recrystallization (60% soften-

ing) under straight solute retardation conditions (dashed
curves - 30 and 66 s for grgghite,andwglgss lubricated tests,
respectively), as well as under precipitation conditions (full
curves - 300 and 880 g for graphite dnd glass lubricated

tests, respectively). These data suggest that, in the presence
of graphite, there is only about 75% as much precipitate re-
tardation as under normal testing conditions. This diminished
effectiveness can be linked with the production of a reduced
volume fraction of carbide particles.

The softening behavior of the three other steels was not
affected by the use of graphite. As shown in -the pfevious sub-’
section, all the Y and Mo were likely to-have been dissolved
during the:austeénitization heat treatment, preserving in this
way their full contribution as solutes to the retardation of
static recovery and recrystallization. Although the diffusion
of C into the samples increases the possibility of the strain
induced p;ecipitation of carbides in the V and Mo.steels, the
results presented in Figures 4.6(a) and 4.6(b) suggest that
this(precipitation did not take place under the experimental
conditions investigated. As can be seen from these figures,
no deviations, with respect to the plain C steel, are observed

in the softening curves of these steels. It should be added

'
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thatwthere is evidence in the litarature (99) that an increase
in C content can enhance softening as a‘' result of the expan-
sion of the austenite lattice and the increase in s;if—
diffusivity. However, the current results (Fig. 4.6(b)) indi-
éate that“this effect is negligible under the present condi-

tions.

‘5.2 - EFFECT OF Mo, Nb and V ON STATIC RECOVERY AND RECRYSTALLI~

ZATION *

5.2.1 - Effect of Mo, Nb and V as Solutes

The results obtained in the present work show that séatic
recovery and recrystallization are delayed by the presence of
Nb, Mo and V in solution, with‘yhe ;etardation rates increasing
in the following ascending order: V<Mo<Nb. These retarding
effects are thought to be associated with the strengthening pro-
duced by these microalloying elements, which follows the same
order described above. A number of theories has been proposed
to explain the different strengthening and retarding effects
produced by various sqlute atoms. According to these theories,
it is printdipally the size and electronic differences which
are responsible for the phenoména observed. These two possi-

bilities will now be considered in turn.

5.2.1.1 - Size Differences p

-

The effect of adding a given type of solute atom has
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generally been evaluated in terms of the size difference be-
tween host and solute, a quantity which can be calculated from
two different‘ types .of data: (i) the atomic’ size difference
between a given solute atom and the gamma iron host; and (ii)
the atomic size misfit parameter (1/a).(da/dc) where a

is the mean iattice parameter and ¢ is the atomic concentration
of the solute. These data are presented in Table S.E’; for 'the
most common solute elements in gamma iron. The atomic sizes
were obtained from Reference, (100); the values for the size mis-
fit parax'r'\eter are taken from a survey carried out by Plassiard
(101), to whom the author expresses his gratitude for ‘permis—
sion ti: quote prior to publication.

It 'is apparent from Table 5.3 that Nb, with a size dif-
ference of + 15%, is expected to have a stronger effect than
either Mo at + 10% or V at + 6%. On this basis, Mn (+ 2%),

Cr (+ 1%) and Ni (-~ 2%) are likely to have only small effects. - (
These obseryvations a};ree qualitatively with the results ob- -
tained in this investigation and also by other researchers
(80,102). However, there are two important exceptions in the
order of solute effects predicted by the atomic size criterion.
,The addition of titaniu;n and aluminum, two elements which have

almost the same size difference with respect to gamma iron as

Nb, produces amounts of solute hardening and solute retardation



sty o aR ot o P = o ma T e St e A S AR ¥ S iy

114~

0 Table 5.3

Size Differences with Respect to Iron

\
Atomic¢ Size
° %* %
Element r (a) (r_ = ro.)/rp. x 100* Misfit Parameter
X x T"Fel/‘Fe _ (1/a). (da/dc)
y

Nb 1.468 +15 0.242

Ti 1.462 ‘ +15 . 0.109

Al O 1:432 o412 0,056

Mo ‘1.400° +10 0.133

v 1. 346 +6 . 0.042 .

Si 1. 312\ +3 . -0.012

Mn 1.304 +3 0.023

Cr 1.282 “+1 0.017

Ni 1.246 -2 0.026=
* ‘ o

J:Fe = 1.274 A

*
For alpha iron

il

e e
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considerably less than that of Nb (71,82,103). In t'h'e case
of aluminum, its solute retardation effect is less even than’
that attributabléd to molybdenum on an equal aéozﬂ fraction *
basis. | These inconsistencies can be resolved by the use of
the atomic size misfit parameter(10l). Examination of Table 5.3
shbws?'that almost all the elements (except Si) listed—on thi§
table increase the lattice parameter. Such dilation of the
lattice is likely lto have two opposite effects.
(i) Tﬁe solute atoms can inter;/é:t elastically with the- dis-
locatiops; this generialliyl increases the strength con-
) siderably. o -

(ii) The lattice dilation may producé a measurable decrease

Te

in the elastic modulus, an effect which should in turn

l;aad to softening.

The latter ,effe’ct'appears,to b:a experimentally detec-
table in the' case of interstitials,’ such as C and N. The
additicn of these elements strongly dilates the lattice, whic

leads to a large decrease in° modulus and, consequently, to

h! . . . .
- 1observable softening. The addition of substitutional element

.causes a smaller distortion of the lattice and, in this case,

-

the strengtheningaprobduced by the elastic interactions be-

tween the solute atoms and the-dislocations overcomes the

\

softening expected. from the lattice dilation. As a result,

hardex';ing is observed instead of softening. According to thi

*

h

S
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analysis, the larger the change‘in the lattice parameter

¥ 1
produéed b¥ a given element, the more likely is - it to pro-
duce significant strenétheniﬁg and retardiﬁg effects.

. ,From the values shown in Table 5.3; it is evident
that the size misfit parameter seems to givg a muchubeéter
correlation with strengthening than the atomic size cri-
terion.* Nb with a size misfit parameter egual to 0.242 is
expected to have stronger effects thén Mo, Ti, Al and V, with
0.109,

size misfit parameters-equal to 0.133, 0.056 and 0.042,

respectively. On the other hand, Mn (0.023): Ni (0.026) and

Cr ¢0.017) should have only very small effects. However,

the

reversed order between'Ti_ and Mo suggests that some electronic
effects may be invoived, which, possibility will be considered

in the next ggction. In addition, there may be a contfibution
to the mié}it parameter from the relative modulus mismatch,

as at room temperature, vbut Fhere are insufficient data avaii-
able for an assessment to be mgde of this possibilitg at this

time.

5.2.1.2 - Electronic Differences

According to the basic app:\ach of Abrahamson and co-

workers (104), the expected effect of solute additions on the
) 14
1

*Although these data are for alpha iron and the ab-
solute values may change at hlgh temperature (for y - iron),
the order of increase in thé size misfit parameter determined
in this phase is unlikely to be changed in the austenlte

% .

I
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recrystallization behavior of Fe depends primarily on the
number of s, p and’d electrons in the outer shell of the par-
ticular elements in their ground state. Abrahamson's original

plot is reproduced here as Fig. 5.5. Two assumptions’hust be

made to compare Abrahamson's model with the results obtained

in the present situation. The first is that his rationaliza-

. 13
tion determined experimentally for'alEha iron applies to gamma

iron. The second assumption concerns the conversion from iso-

&

chronal to isothermal conditions, and'stipulates that the rate

of recrystallization at a fixed temperature follows the rank-

-

ing giv§n in fig. Sm% for the temperature of recrystallization”

at a fixed time, inasmuch as these are kinetically eguivalent.
It is apparent from Fig. 5.5 that Nb and Ti have much
more powerful effects on the recrystallization kinetics of

a~Fe than Mo and V. However, significant differences between

o

the effects of Nb and Ti and between those of Mo and V are not

found on the diagram, although they were observed in the pre-
sent work (for Mo and V), and in the work of Chandra et al.
(71) (fér Nb and Ti). This may be because AHrahamson's“re~
sults were obtained on «-Fe. ) ' ,
Electronic differences are also related to the concept
of 'associated solutes' introduced by W.C. Leslie (105).
Acco;ﬁ}pg to this idea, two or more solutes, which display a

strong attraction for each other, can be associated in solution,
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forming a type of cluster. Such clusters can interact strongly

with\dislocgtidns, retarding recrystallization or strengthen-

'ing the material. The relevant solutes may be any combination

of 1nterst1t1al orggubstltutlonal elements and the results are
most pronounced when these are present in very low concentra-
tions. Observafions of this type have already been reported'
(105) for the case of Ti, C and N in ferrite. The idea that

-~

elements such as Nb, Ti, Mo or V might form with C and N some
sort of ordered region or cluster without necgessarily creat-
ipg a compound or precipitate is a rathex weEcome one. It '
helps to bridge the gap between the 'solute' and 'precipitate' @

theories of recrystalliza;ion retardation. T

5.2.2 - Effect of Nb and V as Precipitate Formers

<\\ in the present investigation, the ‘effect of précipita—
tion on static recovery and recrystallization was analysed in
the Nb and V steels, sihce molybdenum (when added alone) does
not form precipitates in austenite. As already mentioned in 5
Chapter 2, the effect of p;ecipitagés is determined by their
sizes and by the conditions under which the precipitatidh
takes place. When precipiﬁates remain undissolved before
deformation, they are too coarse~(i000-3000bein.dia.) to %M\“
interact with dislocations and therefore to inhibit recovery

and recrystallization. As described in section 5.1.3, if

sufficiently coarse, these precipitates can even lead to an

PERR Y
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'acceleration' of the static softening processes. On the .
other Hand, they a;so decrease the améunt of the precipitate
forming element availaﬁle in supersaturation for strain in-
duced prec#pitation. This kind of effect was observed in the
Nb steel Q%en graphite was used as the lubricant.

During strain induced precipitation, very fine ﬁgr-
ticles (30-~50 ﬁ in dia.) are deposited on dislocations %Q\?he
grain interiors and in sub-boundaries. These precipitates can
retard both the onset and the progress of static recrystalliza~
tion by the stabilization of the éubstructure (which prevents
nucleation), and by their pinning of the grain boundaries and
sub~boundaries (which inhibits their migration or growthi: How-‘
ever, the full retarding effect of the strain induced precipi-
tates is only obtained if precipitation starts before the onset
of static recrystallization. In the cése of the V steel at

\

900°C (Fig. 4.6(b)), recrystallization was nearly complete by
tﬁe time the strain induced precipitation of VNywas expected

to occur (at a time of around 3q g), so .that no effect of pre-
dfpitation was detected. Neverthelqss, in the Nb-Mn steel, the
strain inguced precipitation of Nb(C,N) took place, at 900°C,
after a holding time of around 10 s, i.e. when the material

was still completely unrecrystallized. Under these conditions,

a further delay of about an order of magnitude in time was

observed for the onset of static recrystallization.
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The precipitation start time of 10 s determined in this
work for the strain induced precipitation of Nb(C,N) at 900°C
is s;mewhat shorter than thenone obtained S& Akben (85{ in
the same steé;, but under dynamic conditions. In her experi-
ments, a time of about 25 s was found for the onset of this
process. As.the rate of sta;ic precipitation normally in-
creasés with an increase in the pre-strain given to the material
and tends to appioach the dynamic one for 1§rge pre-strains, the
resulés described above can be explained by the difference in
the techniques employed for their determination. Given a margin
of error expressed as a time ratio of 1.6 fof each technique,
the two methods would be in agreementlif the actual Py time

were 10 x 1.6 = 16 = 25/1.6 sec.

]

5.3 - COMPARISON BETWEEN THE SOLUTE RETARDATION RESULTS OB~

TAINED UNDER STATIC AND DYNAMIC CONDITIONS

One of the initial aims of this investigation was to
establish the calibration or conversion factor linking the
onsets of static and dfnamic recrystall?zation in hot wotrked
austenite. However, lack of time prevented the complete
fulfillment of this objective, as further research is pro-
bably required for the determination of the kinetics of static
recrystall;zation in a wider range of materials. Nevertheless,

a comparison can still be made between the solute retardation

results obtained in the present work and the ones reported by
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Akben,“Bacroix apleonas (102) under dynamic conditions. For
this, the following solute retardation parameter (SRP) was em-
ployed (102).

SRP = log (tx/tref) r 0.1 x 100 % (10)

ats x

ﬁere, tx is‘the time required for the star; of staéic
recrystallization in the steel containing the element x, and
\tref is 'the equivalent time for the reference plain C steel.
Of course, this equation corresponds only to the retardation
produced by solutes. In the case where additional retardation
is being produced by precipitates, e.g. in the Nb-Mn steel at
900°C (Fig. 4.1.2 (b)), t. is determined from the 'expected
solute curve' (indicated by the dashed line in the same figure).
The Solute Retardation Parameter defined in this way can re-
present the solute retarding effect of eleément x on the onset
of recrystallization under both static and dynamic conditions.

The SRP's* calculated for each element from the present
data are shown in Table 5.4. Also included are the parameters
determirted under dynamic gonditions (102). It is evident from

this table that the order of effectiveness in delaying the

*

: The values of SRP were calculated at 1000°C (Fig. 4.11(b))
and at 900°C (Fig. 4.12(b)) for a fractional softening of 10 and
15%, respectively. These amounts of softening correspond to
the onset of static recrystallization at these temperatures.
The final value of SRP for each element is the average for the
two temperatures investigated.
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*

onset of static recrystallization is the same under both sets
of conditions: i.e. Nb>Mo>V. Furthermore, the retardinq{effect
of Nb as solute is considerably larger than the ones produced
by Mo and V. The mﬁch higher values-of SRP calculated under
static as opposed to dynamic conditions for all the three ele-
meﬁts are of particular’ interest. They suggest that the inter-
action between solute atoms and dislocations is considerably
stronger under conditions of interrupted straining than during
deformation. This could be beca&se diffusion makes it easier
for solutes to reach stationary, rather than moving, disloca-
tions. As the static SRP is more relevant to industrial rolling
schedules, the present results suggest that the SRP's determined
by dynamic methods probably underestimate the amount of solute
retardation taking place in productign. Thus a suitable ccrrec-

tion factor should be developed if dynamic SRP's are to be

used for the prediction of relative retardations in industrial

situations.

It should be added that, while the ratio of SRP (static)/
SRP (dynamic) is about 3 to 4 for Mo and V it is in the range
7 to 8 for Nb. While this finding may be fortuitous, it may
also be an indication of the presence of 'associated solutes’

in the Fe - Nb ~ C system.
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Table 5.4

Values of the Solute Retardation Parameter
H

\

(SRP) for Niobium, Molybdenum and Vanadium

Element

<

SRP SRP
Static Condition Dynamic Condition
t =28} ¢ =5.6x10 st
10 3.3+ 1.2
37 "10. ¢ 5.
409 53. £ 12.
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5.4 - IMPLICATIONS REGARDING THE DESIGN OF ROLLING SCHEDULES

FOR CONTROLLED ROLLING

In this section, the practical implications of the re-
sults obtained in this work will be analysed with regard to
the design of rolling schedules for the controlled rolling of
microalloyed steels. The metallurgical and engineering factors
involved will be considered under the following headings:
(1) slab reheating temperature; (ii) recrystallization of

aystenite; and (iii) rolling load.

‘- Slab Reheating Temperature - The 'accidental' effects pro-
duced by the use of graphite with the Nb-Mn steel led to an
understanding of the importance of the complete dissolu-
tion of all the carbonitrides present in the steel dur-
ing slab reheating and soaking. Only in this way can the
full amount of the precipitate forming element be made
available, first as a solute and then as a strain induced ¥
precipitate. Both of these will help to prevent static
recrystallization during the interpass time at the lower
temperatures (finishing passes). If the larger precipi-
tates remain undissolved, the potential retarding effects
due to the microalloying element are not fully realized,
and the possibility of partial recrystallization during
the interpass time increases. This can lead to poor
mechanical (particularly fracture) properties in the final

product.«
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- Recrystallization of Austenite - The recrystallization

start (Rs)/and finish (Rf) times are shown in Table 5.5
for the four steels and two temperatures investigated.
The Rs's correspond to the same amount of fractional
softening as was employed in the previous section for
the SRP calculations (Figures 4.11(b)) and 4.12(b)).
The Rf's were determined at a fractional softening of
90%, which was considered to give a reasonable approxi-
mation to 100% recrystallization.

In industrial controlled rolling practice, the tempera-
ture of 1000°C is generally the lower limit for the roughing
passes, where the complete recrystallization of the material
during the interpass time is desirable. From the results dis- .
played in Table 5.5, it can be seen that at this température,
recrystallization is terminated in the plain C and V steels
after a holding time of only 7 and 9 s, reséectively. These
times are about the same as those used in industrial rolling
schedules in a reversing mill. In the case of the Mo and Nb
steels, longer interpass times (27 and 38 s, respectively)
would be necessary to prevent partial recrystallization. This
suggests that rolling should be avoided at this temperature in
these steels and that the roughing stage should be completed
at higher temperatures. However, under industrial conﬁitions,

o

the Rf time at 1000°C for all the above steels will be somewhat

5
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“Table 5.5

Recrystallization Start (RS) and Finish (Rf)

Times for the Steels Investigated "

1000°C 900°C

Steel R, Re R, . R

(s) (s) (s) (s)
Plain C 0.27 7.0 1.9 30
v 0.38 9.0 2.3 35
Mo 1.0 27.0 9 200

A | *

Nb - Mn 9.0 38.0 90 2800

" {
*This value corresponds to 20% softening, rather than the 15%
* employed for the other cases. Because the onset of static re-
crystallization was delayed by the strain induced precipitation
of Nb(C,N), the relative softening attributable to recovery was
increased by 5%. .

= s ot b e e
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shorter than the ones listed in Table 5.5, so thét fuli.fe~
crystallization during the intergass ti@e may still be possible
in the Mo and Nb steels.. This is mainly because of the higher
strain rates (between 5 and 10 s‘l) that are employed indus-
trially and bec?G;e the 'initial' austenite grain size (with

—

respect to a particular pass) produced by the successive cycles

I ) . .
of recrystallization in the previous-passes will generally be

smaller under industrial conditions by comparison with those

produced by austenitizétion in these experiments. These two

factors make an important contribution to accelerating the'
static softening processes in industrial praétice.

By contrast, recrystallizatibn mus£ be compietely pre-
vented at 900°C. At this temperature, recrystallization starts

after 1.9, 2.3 and 9 s for the plain C, V and Mo steels, re-

spectively. The presence of V in solution has a very small

effect on the retardation of the onset of pécrystallization

and the retarding effect of solute Mo is only moderate. Due

to this, partial recrystallization will unavoidably’ take

\ place in these steels during finishing passes in plate mills,

and in the plain C and V steels in finishing passes in strip

mills, so that controlled rolling cannot be applied success-
fully in these cases. However, in the Nb-Mn steel, recrystalli-
zation only starts after 90 s, so that it is possible to pre-

vent this softening process from occurring during the entire
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finishing stage of rollingt éonsequentiya the benefits of
controlled rolling can be obtained in thi; steel.

It'is imgortant to qote; from the res&lts ﬁresented
iﬂ]Table 5.5, that in the Nb-Mn steel,. thé retardation of the.
onset of recrystallization by the stiéin induced precipitgtion
of Nb(C,N) is only ;ossible because of the retarding effect
of Nb as soluté prio? to the -onset of precipitation. If no
solute effect were presen£, recrystallization in this steel
would start at the same time as in the plain C steel (1.9 é),
and by the time ihe strain inéuced~§recipita£ion of Nb(C,N)
occurs (lO's), the material would be partially rec:yétallized.
and the retarding effect of these precipitates-wou;d'be largely

ot

reduced. The delay in the onset of static recrystallization

in the Nb-Mn steel is thereforera combination of solute and pre-

cipitate effects.

+ It should be pointed out that the softening.rates ex-

°

pected under industrial. conditions are likely to be faster

o

than the omés indicated by the present data. This is because,
. : - ;

“in addition to the higher strain rates mentioned earlier, when

no recrystallization takes place, there is an accumulation of
retained work hardening from'pass to pass during the finishing

stages of controlled rolling. The accumulated and retained

work hardening increasesg the driving force for both recovery v

and recrystallization, which in.turn increases the rate of

each of these processes.
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: . The above analysis suggests that, for controlled rolling
. purposes, better results .could be obtained by combining the re- |

tarding effects produced by several alloying elements. For

-~ -

example, appropriate amounts of Mo, V and Nb could be combined

in subh\a way that, at lower temperatures than employed here,
the solute retardating effect of Mo would.preGﬁnt reprystal}i—
zation from stérting until the precipitation’ of VN has begun.
In this way, a long delay in the onset of recrystallization -
could be produced in this 'hypotheticdal' steel. However, the
‘effects caused by multiple microalloying additions are not
simply additive, and the éomplex interactions that take place
etween these elements have to be considered carefully when
chemical comﬁositiqn of a mic;pallo&ed steel is being

sel@cted (102).

Rolling Load - The rolling load is an important variable,

ot only in the design of a controlled rolling schedulé,
ut also for the operation of the mill by computer con-

- tro&mﬁ;In the develcpmené of mathematicalrpodels for load
prediction, it ;s essential to know the mean deformation

strength (K) of the steel during the different stages of

‘ L
the rolling process. Interrupted compression tests have
already been used (37) in the development of equations

for the calculaticn of K which take into consideration

°

!

v
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the residual strain accumulated between pasées. These .
"equations are particularly important for th&predicéion
of loads during rolling in the unrecrystallized\zﬁstenite
region. The residual strain‘is proportional to the amount
of work hardening retained after an acc;mulation of stagest
of deformation. As the amount of softening established
;xperiﬁentally hepends oﬁnthe method used to determine ghe
initial flow stfess onurglqading; and as the estimated
softening affeets the predicted 'residual strain' quite
critically, it is now pf interest to consider which method
gives the better results. ¢
In the present work two méthods were used to determine
the fractionai softening after a given hqldihg timé: (i) the
Eack extrapoiatioﬁ; and (ii) thé offset methods. These methods
are illustrated in the true stress - true strain curves sho@n
in Fig. 5.6 pértaining to a particular interrupted compression

be os’
test. Here 7, and drs

are the flow stresses in the second .
éompressiqn as defined by the back extrapolation and offset
methods, respectively, which were described in the ﬁxperimental
Materials and Procedure ¢hapter. It is evident from this figure
that the amount of softeniﬁg given By the offset method is )
larger than the gne determined by back extrapolation. This
difference is assopiated with the transient'behavior repre-

sented by the portion AE of the flow curve for the second



W
@)

N ‘ 2 '
TRUE STRESS (x10° MN/M®) .
o

g
o

O Ol

b ]

11, i .
02 0.3 04 05
TRUE STRAIN - ) .

Figure 5.6 - Schematic representation of the reloading flow
curves estimated on fhe‘basis of the flow stresses
oke (curve CB - back extrapolation) and ¢©S

o (curve’ AD - offset) by a computer containing B
the rwork hardening relation oy to oy (and beyond).
The 'short transient' (curve AE) is also indicated.
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’compression. This 'transient' is caused by the_‘ 'retreat' or
'runback' of mobile dislocations ﬁrém the obsta‘cles to glide
during the unloading, as well as some loss of dislocations
due to static recévery. VOn reloading, an increment of strain
must be applied in o;der to regenerate the missing dislocations
and to cause them to 're-contact' the obstacles. During this
period, the stress is lower than"riormal', a phenomenon which
leads to the 'short :‘.ransient' observed in Fig. 5.6.

The curves CB and AD represent the flow curves expected
by a computer containing an algebraic form of the work harden-
ing relation 9, to om‘ (and beyond), which estimates the reload-

ing flow curve on the basis of the position of the reloading

flow stress (i.e., cbe or ogs) on the work hardening relation.

r

If the second compression is considered as a simulated rolling
pass, the actual lcocad will be prdportional to the area under
the flow curve AB. The load given, by the back extrapolation

method (area under CB) will be slightly larger than the actual

one, whereas the load calculated by the offset method (area

under AD) will be considerably smaller. Thus it is evident

that the estimation error will be larger for the offset method,

and that the fractional softening measured by the back extra-

. polation method is in better agreement with the actual soften-

ing observed after intervals of deformation. Its use is there-
fore indicated in applications where accurate predictions of

softening and of retained work hardening are desired.
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The error associated with the offset technique is essen-
tially due to the difficulty of representing the short transient
AE (and its dependence on temperature, prestrain, etc.) in the

computer in{#”convenient fashion. Even for the altérnative

method descdibed above to be employed, however, the kinetics

)

of softeningﬁgust be expressed in.a simple mathematical form
which takes into account the current temperature, the accumulated
and retained work hardening, the composition of the steel, etc.
This remafins a formidable challenge, and will require the
availabillty of information such as that produced in this in-

<

] -
vestigation over a wider range of temperatures, steel composi-

tions and prestrains.
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CHAPTER 6

CONCLUSIONS

In the present research, the effects of Mo, Nb and V

2

addition on the retardation of static recovery and recrystalli-

zation were investigated in a series of microalloyed steels.

In order to determine these effeqts, interrupted compression

tests were carried out at 1000 and 900°C, and the fractional

softening taking place after intervals of deformation was

measured by two methods: the back e§trapolation and the off-

. ’set techniques. The influence of Nb and V in solution was

distinguished from their influence as precipitates by determin-

ing the amount of softening occurring after holding times as

Pl Ee

short as 0.05 s and, therefore, prior to precipitation. From

the analysis of the results obtained in this study, the follow-

ing conclusions can be drawn:

1.

H

Mo, Nb and V in solution retard the static recovery and

recrystallization of deformed austenite to a significant
degree. The strongest effect is due to Nb, followed by
that‘of Mo and then V, the last of which delays these

static softening processes only slightly. The relative

influence of the three elements in solution can be detected




136

after unloading times as short as 0.1 s, and appears to
be associated with their size and electronic differences
with respect to y-iron.
At 900°C, the occurrence of the strain induced precipita-
tion of Nb(C,N) after a holding time of around 10 s leads
to a further delay of about an order of magnitude in the
onset of stat%c recrystallization in the Nb steel. This
extra componeﬂt of retardation is only possible when static
recovéry is already delayed significantly by solute Nb
which prevents the initiation of recrystallization prior
7

to precipitation. If insufficient solute retardation is

e, - .
present, precipitation must take place in a recrystallized

‘ »
structure, and the resulting absence of dislocations means

that strain induced precipitation cannot occur. A plain C
steel deformed in the same manner-recrys£allizes in about
1.9 s., and therefore prior to the initiation of strain
induced precipitation.

At 900°C in the V steel, recrystallization is nearly com~
plete b} the time the strain induced precipitation of VN
is expected to take place. Thus only matrix precipitation
is possible, and the recrystallization retarding effect of'
strain induced p;ecipitation is absent. At 900°C in té?
Mo steel, only the solute retardation of recovery and re-

crystallization is observed. This is in agreement with
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3

the view that the precipitation of Mo in austenite is

unlikely under the present conditions.

In the Nb-Mn steel, lubrication by graphite instead of glass

reverses the order of effectiveness of Nb and Mo at 1000°C.
At 900°C, the use of graphite decreases by about 25% thé
retardation due to the strain induced precipitation of

Nb (C,N). This effect appears to be due to the incomplete
solution of Nb as a result of the éiffusion of carbon into
thé end regions of the specimens. The presence of un-
dissolved precipitates of NbC reducesthe concentration of
Nb in solution before deformation to about 3/5ths of the
total Nb concentration. Consequently, the solute retarda-
tion attributable to this element is decreased as is the
amount available for strain induced precipitation.

The valunes of the Solute Retardation Parameter (SRP) show
that Nb in solution is considerably more effective than'is
either Mo or V in retarding recrystallization; their
relative effectivenesses are in the ratio 41:4:1. This
order of effectiveness agrees with that reported by others
for dynémic recrystallization. However, the static SRP's
are considerably higher than the corres?pnding dynamic
ones. In consequence, when the relativé effectiveness of
various solutes is assessed by dynamic means, the predic-

tions that can be made regarding their influence on
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industrial processes are likely to underestimate their
true (staﬁic) effects.

The 51ngle addition of Nb, Mo or V produces a strengthen-
lng component measured with respect to a reference plain C
steel, of about 212, 15 and 7%, respectively, per 0.1
atomic per cent of addition.

At both teﬁperatures investigated, the total amounts of
fractional soféening due to recovery measured by the off-
set method are double the ones determined by the back
extrapolation technigque. The results obtained by the
application of the iatter method are considered to be more
useful for predicting the influence of recovery on mill

.
loads in industrial practice.
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HERA B7-MHOU-81 MTS BASIC UA1B-020
28 CNTRCI™PRINT “PUT THE STOP-RUM SWITCH OH STOR®

48 INPUT P$ PRINT "PUT LOM PRESSURE"“IMPUT Pt o=

B0 PRINT “LEQUE ENOUGH SPACE BETHEEM SAMPLE AHD"
88 PRINT “UPPER GRIP. PUT ON RUM“~INPUT P3%
169 MSWICRIFG1C @ NEDMP-FGICO ™ FRINT "PUT HIGH PR"“IHPUT P$
120 CHTRC3)PRINT “SAMPLE® & MATERIALT"SIHPUT M$.M$
149 BRINT “HEAT TREATMENT & TEST TEMP(C)>?“-IMPUT H$.T#
168 PRIMT “PRESTRAIN?"\INFUT E2
180 PRINT "TOTAL STRAINT"NINPUT €
200 PRINT “TRUE STRAIM RATE ¢ 1-SECO?'S\INPUT E1 =
228 PRINT “STROKE(MM) & LOADCLBS) RANGE?™ IHPUT R1,RZ2
24@ PRINT "“SPECIMEN: HEIGHTCMM)> AND SPECIMEN DIAMETERCMM)?"\INPUT L@.DO
60 PRINT "HOLDING TIME AT IHTERR. (SECY?"-INPUT T2 '
88 PRINT. "ENTER # OF -LEVELS.FREG.% FREQ. RANGE BEFORE IMTERR.7"
- 298 INPUT" N1.R4, A4 ' ' :
300 PRINT “ENTER # OF LEUELS,FREQ. & FREQ.RANGE DURING INTERR.?"
218 INPUT H2.RS5,AS -
328 PRINT “EMTER % OF LEVELS.FREQ. & FREQ.RANGE AFTER INTERR.7"
338 INPUT MN3.R6,06 »
368 DIM PC60B), 5600, P 600>
498 DIM X(108),Y(20),2¢ 108> ‘
410 DIM S3(600),E2( €00 )
420 MSW1C2ONAB=PI¥DD~2 4
449 T1=E2/E1\K=2847/R1K1=2047/R2 .
460 T3=CE-E2)/E1NT=T1+T3H=N1+N3
461 PRINT "DO YOU WANT RECALL DATA?“NINPUT Ps
462 IF P$="YES" THEM 466 &
463 IF P$="NO" THEN 420 , :
466 OPEN "DX1:TEST"&N$ FOR INPUT AS FILE #1-P=20
467 FOR I=1 TO 2\AINPC(P,1,8.E6 > NEXT I ) v
468 P=P(1)+2\81=P(2) | «

%
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)

: ggs OR 1=3 T0 PNAIHPCP, 1,8, EGSNHEXT 1

471 FoR -1 T PNATHPOS, 1,2, E7 JSHEXT J

472 FOR 1=1 TO P<PCIJ=PC 142 5-HEXT 1

473 CLOSE #1

474 GO T0 2809

438 7(1)=40954N1/T1-R4,2 ~

988 ‘v(1 »=4095%H2/ T2<RS5/2 “’

520 2¢1>=48554H3/T3,/RE.2

540 QUIT 3
568 PRINT “ENTER ¥ AHD L~ IHPUT *,U

580 PRINT IS THE %'HEAD IH THE RIGHT POSITION?"-IHPUT AZ$
60 IF Azg<YES" THEN S50

6208 DACKCA, 51,2

642 FOR 1=2 TB H1+1

609 KO L =KALBACERPCE2KCI-1)/H1 =1 451+ SNHERT 1
638 X=N1+1-03=X(H1+1>+35

740 FOR 1=2 TO fiZ+1

760 2C 1 S=KALOR EXPC—EX¢ 1-1 J/H-E2 =1 14514 5 ‘kﬂgfj\*///
88 PRINT "START"

828 TIMECY,E9)>-DACEE.3,P.B,Ur-DACOE, 5. 2,27

840 FGICK, 1,7,A4 ) STAR

920 BUF1¢21>-IF 21;-1 THEH 928

968 FG1(03)

1620 Z=Hz+1

1040 FG1¢Z,1,7,A6)

1120 BUF10Z35~IF Z35>-1 THEN 1128

1149 QUIT

1160 PRINT “THE E¥F. IS DUER"

1188 PRINT “ PRESS THE C/R°“IMPUT K¢

1208 DACGKB,S4,2,05

1220 FOR 1=54 TO S1+206~IF 151500 GO TO 1260

1248 FGICT)

1268 HEXT 1 b

1280 PRINT "DO YOU WANT TD SEE A PLOT OF THE EXAP. 7"~ INPUT D%

\

9%t



1200
1229

13608
1386
1400
L4206
1440
1468
1480
1500
1526

2080

IF D$="YES" THEM 2005

220 1F D$="HO" THEH 1360 .

PRINT "DO YOU WANT TO SAUE THE DATAT"- IHPUT Bt

IF B$<3"YES" THEM 142@ ‘
GO TO 1449

PEINT "vYOU CAH TURM OFF THE HYORAULICS HOM"- DUMPRQSHI(E?ESTDP
FOR 1=P+2 TO 2 STEP ~1P(1)=F( -2 ~HEXT I

P 1 y=PP( 2 =51 -P=P+2

OPEH "DX1:TEST"4HE FOR CUTPUT &S FILE #1

FOR I=1 T0O P~AOUTCF.1,0,Ed HEXT I

P=P-2~S=P

1548 FOR J=1 TO P-QOUT(S, 1, Z;EJ}«HE/T J

1560 CLOSE #1-GO0 TO 1420

2008 FOR I=1 TO P Li=LB+0 50 ] -5 /K )

2020 S3(13=9 SI¥ABS(P(I>M 1.2 2846 -AB-K11O~E2 1 3=-L0GE L1118 >
2040 PRIMNT [,53¢13,E2(1)

2066 HEXT 1

IMPUT K%

2188 PRIMT YEHTER DT7"~IMPUT D1

2126

T4=D1%¥P~ 18000

2148 CHTR(3-CHTR( 0 )~FHYLL 1088, 5008.20. 708

21608 SCAL(9.8.T4,8,.E HXE"B;B)wrNTPchsPLDT’Q:B)
21806 LABLC"TIMECSEC )", "TRUE STRAIM".T4-8,.1.1>

2196 CHTRC 1 »-COMM( "SAMPLE #“,.5¥T4,.962E)%PRINT HE
2260 CHTR(A)AS=0

2228 FOR 1=1 TO P-A5=A8+01/166608

2240 MARKC™ . ", AZ.E2( 1 » " HEXT 1

2260 CHTRC2 )~ IMPUT F$~CHTR( 23

2280 CHTR(B}%CHTR€27HPH?L(188;988188;7883 )
2308 SCAL(B,0.T4,8,50008 )-AXES(B,9 - CHTR(2 )-PLOT(B. 83
2320 LABLC “TIMECSECH", "LOAD LBSY, Td. 8;546;1)

23338 CHTRC( 1 ~-COMMC "SAMPLE #", . S5%T4.,42308 ~PRINT Hf
2340 CHTR(B»-.A8=0

2360 FOR I=1 TO P~A8=AS8+D1-/18600-P3( 1 5=ABSC(P(1 33-K1
2388 MARK("+",AB,P3C 1> »-HEXT 1

LT



2488 CHTRCZ2)-“IMPUT F$-CHTR(Z)> :

2608 PRIMT "EMWTER I1,P1.P2"-IHPUT I11.F1.PZ

2620 PRINT “IHPUT MIN STRAIM AHO STREZS"-IHPUT E1.E2
2649 PRINT “IHPUT Max STRAIH AHD STRPESS-IMPUT 25,0
2660 PRINT “EWTER STRAIM % STRESS IHEREMEMT"-.IHPUT BZ.E4.
2630 CHNTRC( Z~CHTRC B 7-PHYLY 189, S84, 20, 706

2798 SCALCB.EB1,355,B2, U -RAES(H. A CHTRCZ 7 PLOTOBLLEBE 4
2720 LABLC“TRUE STRAIN", "TRUE STPESS MH-M~2".E3:B4.15
2746 LABLCY ., ».B2,2,B4.-2,2 - CHTRCGY PLOTCEL .U )
2760 PLOT(S5,U»PLOTCS5.62 - PLOTC(EL.B2 “-LHTR( 19

2788 IF Ii1=1 THEN 2006

2808 IF I1=2 THEH 3300

2820 1IF 11=3 THEH 35806

3000 COMM( "SAMPLE#",  SXSS.  96%U: FRINT HE

3020 COMM(ME, | SASS, 924U r-LOMMCHE, 5455, . 9310 .
3048 COMMCTS, . SHSS,  S7¥U».COMMC "STRATH RATE". .S¥SS. 834>
3660 PRINT E1-COMMC " -SEC",  9%SS, 82t

3058, COMMC "PRESTRAIN®, .5XSS.  S%U »~FRINT EZ

3160 COMMC“HOLDIHG TIME”. 5455, 774U r-PRINT T2

3120 COMMC “SECY .  9%55, 774U - CNTRLZ -

3140 PLOTCB1,B2 - CHTR( @) ~

31€8 FOR I=1 TO P~MARKL“+".E20 135,530 12 HNEXT 1

3138 CHTRCZONIHPUT F$-CHTR(Z

3200 GO TO 2600

3360 COMMCMTHITIAL YIELD REGIOH". 5%SS. . 96%)

3320 COMMC"SAMPLE #", .S5%SS. . 933U »PRINT H$

3340 CHTR(Z>-PLOT(B1.BZ /~CHTR 3 ‘

T

3360 FOR I=1 TO P-MARKC"+",E2(1).S3C 1 35~1F E2C1>>.85 THEH 2220

3365 HEAT 1

3388 CHTRC 2 5 IHPUT F$-CHTR(3)

3400 GO TO 2600

3508 COMMC"IMITIAL YIELD REGIOW/ . . S¥CS5+B1 5, . 96%U )
3520 COMMC "SAMPLE #Y, . S#(SS5+B1/5, .93%U>PRIHT H$
3948 CHTR(Z »-PLOT(B1,B2 »~CHTR( @

3568 FOR 1=FP1 T0O P2-MARKC"+",E2( 13,831 3 »HEUT 1

J
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3589 CHTR(2Z.IHPUT F$~CHTR(3>

3600 PRIHT “IWPUT P1.,P2,DT"-IMPUT P1.F2.D1

3620 TE=P14D110000T7=P2%D1/108008

3640 PRINT "MIN @HD MAX STRESS"IHWFUT Bz.U

3660 PRINT “EHTER STRESS IMCREMENT™-IMFUT B4

3688 B3=(T/-TE /3

2708 CHTRC 3 CHTPC 8 5-FPHYLYL 168, 900, 56, 790

3720 SCAL(B.TE,T7,BZ.U - AXES(B.0 ~CHTR(Z »- PLDTfTS,BZB
3748 LABLC"TIMECSEC " ."TRUE STRESS MHM~2".B3.B4,1)

3766 CHTR(G-PLOTCT6, U PLOTCTT U)%PLOTiT?.Bal -PLOTLTE.B2)
3788 CHTR(1)

2800 COMMCYSAMPLE #", Sk(TE+T7 ). . 96%U-PRINT H$

3820 CHTR( 2 »PLOT(TE, B2 »CHTRC( B v AE=TE

3848 FOR I=P1 TO PZ2~AZ=A3+D1-160600 -

3868 MARK(*+",a8,23( I -HEAT 1 / ~

3888 CHTR(Z - INPUT F$- CHTP’?) S

3998 GO TO 1268 '
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