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ABSTRACT

Constant strain rate compression and torsion tests
were carried out isothermally at temperatures of 875 to 1075°C
on a geries of six steels. The base steel had a composition 2

of 0.06% C, and 1.43% Mn and the others contained one of the

following sets of additions: (i) 0.035% Nb; (ii) 0.035,% Nb +
0.115% V; (iii) 0.035% Nb + 0.30% Mo; ((iv) 0.035% Nb + 1.90% Mn;

(v), 0.115% V. The testc were co;xducted to determine the effects

of' Mn, Mo, Nb and V, singly and in combination, on the high

temperature flow and rocrystallizaﬁion behavior of the materials.
¢ The dynamic précipitation kinetics fo—r Nb (CN) land_VfJ were deter-

mined by the Weiss method. The two PTT curves were similar,

%

with the nose of the VN curve being situated at a slightly

lower temperature (88{ vs., 900 c) and at a somewhat longer i
time (26 vs. 16 s8), in agreemént with the lower equilibrium .
solution temperature of VN. The dynamic prec:.p:l.tation kinetics

of Nb(CN) were retarded by the addition of Mn, V or Mo. Thxs
retardation is attributed to the increased carbonitride solubility
that follows the addition of these elements because of the way

in which they decrease the C and N activity coefficients.

RIT curves were constructed for dynamic recrystal-
lization in the six steels investigated. These were -derived

from the peak strains of the compression flow curves, as deter~

mined at a strain rate of 3. 7x10 l. Recrystallization
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ocecurred earliesin 6:9 plain C steel followed fairly quickly
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by the 0.115% V steel. 2All of the Nb bearing steels recrystal-
lized considerably later, with the greatest retardation being

noted in the 0.3% Mo steel, where it was nearly twice that
due to Nb additidn alone. This very large effect, and the 7

»

- retardation due to each of the transition elements, is explained

7

in terms of the:electronic difference]s between iron and the
particular element. The effect of the atomic size differences
with respect to iron is also considered. |
1 The strengthening due to the presencel of Mﬁ, Mo,

Nb and V in solution was gétermined from the yield strengths
of these steels. _The increment in yield strength over thaé !
of the plain C steel was determined as 70% and 7% per 0.1 at.%
of Nb aizd v when, each is added ‘singly.w The strengthening
. increased to 80% and 8% respectively for these elements when
presei:}t jointly in austenite. The strength increments were
9% for Mo and SL.3% for Mn per 0.l at.% when added to a 0.035%
Nb s\tee]:. fhe rank order of these effects. is also explained

K' .
in terms of the electronic and atomic size differences, and

a possible reaéon for the synergistic effect (e.g. in the

/ case of Nb and V in a Nb-V steel) is pré“posed.
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RESUME -

x

Des essais de compression et de torsion, isothermes
3 des temp&ratures de 875 & 10756C, ont été effectuss sur'uae ’
série de six aciers. L'acier de base avait une compoéi?ion"
de 0.06% C et 1.43% Mn ét les autres contenaient respectivément

les &léments d'addition: (i) 0.035% Nb, (ii) 0.035% Nb 4 0.115%

VvV, (iii) 0.035% Nb + 0.30% Mo, (iv) 0.035% Nb 4+ 1.90% , Y(w)
0.115% V. Les essaisyggf €té faits de manidre 3 détermjner &
les effets de Mn, Mo, Nb et V, pris sé&parément ou ens mble, a

) .
sur l'é&coulement & haute temp&rature et la ré&cristallisation

des matériaux. La cinétique de précipitation dynamiquepour

* le Nb(CN) et VN a &t& détermin&e par la méthode de Weiss. Les

deux courbes PTT étaient semblables, avec le nez de la courbe

SBtant situé 3 une température lé&girement inférieure (885 vs.

900°C) et 2 un témps un peu plus long (26 vs. 16 s8), en accord

"avec une tempé&rature de la solution en équilibre, inférieure,

du VN. La cinétique de précipitation dynamique du Nb(CN) a

ét& retardée par l'addition de Mn, V ou Mo. Ce-retard est ‘

attribué 3 la solubilité accrue du carbonitride qui suit l'a&dition

_ de ces &léments 2 cause de la fagon dont laquelle ils dé&crois-

-

- [
sent -les coefficients d'activit® du C et N.

Les courbes RTT ont &té faites pour la recristal-

. / . . ,
lisation dynamique dans les six aciers etudi&s. Elles ort

Eté déduites des définitions au pic de contrainte des courbes |
o - - - 3
de compression. A une vitesse de 3.7x10 23 1, la recristal-’

lisation est'EE;arue'plus t6t dans l'acier au C, suivie de
1

)
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1.3% par 0.1 at.$ respectivement.

“pré par 1'acier 0.115% V. Tous les-aciers contenant Nb ont

recx%sta;llisé' Beaucoup plus tard. Le plus retard& &tant

acier 0.3% Mo, ol t{l'effet &tait environdeux fois plus
marqué gue celui dﬁ 3 1'addition de Nb seul. Cet effet trés
important, et le retard dd & chaque &lément de tr;.nsit'ion, est
expliqué en termes de différences électroniques entre 1e fer
et 1'6lément particulier. L'effet de la différence de taille
des atomes par rapport au fer est aussi considéré&.

Le renforcemen \/u 4 la présence de Mn, Mo, Nb ﬁbet

V en- solut:.on a §t& déterming 3 partir de+la limite elastique
de ces aciers. L'incrément de la limite élasthue div:}hé par
celui de l'acier au C a &t& trouvé 70% et 7% par 0.1 at.% de

Nb et V quand chacun est ajout& sépar€ment.

by

' Cette mesure aug-.

mente 3 80% et 8% respectivement poud ces éléments‘lorsq’u'ils‘

sont tous deux présents dans 1'austénite.
le Mo, et 1e. Mn ajouté & l'acn.er 0.035% b, ont été de 9% et

L'importance relative de

___ces effets est aussi expliqué en termes de différenc‘eE/é],ec-

Les incréments pour

troniques, et de différerices de taille atomj.ques, et une raison

possible de 1l'effet conjoint (ex. dana le cas du Nb et V dans

e

l'acier Nb-V) est proposée.
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Manganez, molibden, niyobyum ve vanadyurlun % 0,05, karbon,
$ 1,25 manganezli g¢elikelrin yliksek sicakliktaki aklmi tizerine
tek basina veya birlikte etkisini arastirmak icin iki mekanfi
deney turd kullanilmaistir. 875 ila 1075 O¢c sicakliklara qFa—

L4
sinda, sabit sicaklik ve sabit dogru gerilim hiziyla kompres-~

yaon deneyléfi y;pllmlstlr. Bu t{ir deneyde -erigilen en yuksek

hiz saniyede 0,74, ve eﬁ'yﬁksek dodru gerilim 0,80 idi. Daha
ylksek hizlara ( saniyede 3 azami dggfu‘gérilim hizi) ve gerilim—
lere torsiyon deneYleriyle-enisilmistir. Bu deneyler 875 ve

925 % sicakliklarinda yapilmistir:

Bu elemanlarln (Mn, Mo, Nb ve V) solusyonda veya gokerti
yap1c1 olarak etk11er1n1 aﬁ!!t edebilmek igin, I. Weiss' 1n ge=
ligtirdigi ydntemle, mikroalasim karbonitrirlerinin cdkerme
hizlari Slelilmistir. Bu yontemin temeli, en yuksek basinctaki
dogru gerilimin (Ep)’cékerme hizina olan hassasiyetidir. CSker—‘
me olmayaﬁ geliklerde Ep, dogru gerilim hizinin logaritmasiyla
dogrusal olarak artar. Gdkerme ba;iayan "hizda, olaganin ustin-

de bir artis gorullir. Bu yolla Nb(CN) ve VN'nin dinamik (yani

akim sirasindaki) ¢Skerme hizlari Olgllmistir. Bu iki siswemin

cékerme é¥rilerinin yakin zamanlerda oldudu gdrilmistfir. VN “

*

eJrisinin burnunun biraz daha dﬁsﬁk_51cakllklarda olusu ve

biraz daha 5;& baslamasinin nedeﬁi RVN’nln dstenitteki soldsyon
sicakllglnln daha duguk olusudur. Nb(CN)'nin cokermesx yuksek

Mn katk;slyla, veya 0,115 V(,yuzde olarak), veya 0,30 Mn ilave-
siyle. geciktirxlmektedlr. Bu gecikmelerin nedeninin bu ilavelerin

Nb=- karbonitrurlerin 6stenitteki erirgenligi uzerine olan
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etkisinden oldufu dnerilmistir. (Bu elemanlar erirgenligi art-
!

tirmaktadir:;)” Erirgenligin artisi, bu elemanlarin C ve N aktivas-
/

yon-katsayllarlnl azalﬁm&slndan ileri gelmektedir.

incelenen alta 2gli§in rekristallizasyon- zaman~- sicaklaik s
(RTT) &grileri, saniyede 3,7 x 1072 gerilim hizinda, 875 ila
1075°¢ 51cakilk1ar1\ara31nda belirlenmistig“pu veriler, azami
gerilimin (E ) dogru gerilim hizina oranlanmasiyla elde edil~
mlstlr. Rekristallizagyon en erken sade karbon cellglnde bag-
lamaktadlr. Sabit bir zaman farkiyla qugarltmik eksende) bunu
V ¢elidi takip etmektedir. Butdn niyobyumlu geliklerde rekristalli-
za;yonda asiri birhgecikké g&rﬁl@ﬁstﬁr; karbon celigine oranla
V un iki kata kadafl 925°Cc'dan daha agaidaki sicakliklarda,
RTT g§riler%yde bir’kémburlasma gbrulmektedir. Bu kamburlasmanin
nedehi, Nb (CN) nin cékermesinin,rekrisfallizasyondan énce basg-
iam;sindandir. Nb’lu ¢elikler arasinda, en fazla geéikme, 0,30
Mo 1i celikte gorfilmistdr. Bu gecikme, sadece Nb’un etkisinin
iki misli kgdardir. Bu asiri etki, ve her elemanin etkisinin
derecesi de) , elemanin elektronik yapisinin demirinkinden farki,
ve atom gap farklari aclslndan incelenip a¢1k1anmlst1r. .

Nb ve V'un ¢elidin yuksek sicakliktaki dlrenc1ne tek olarak

kat%igi, benzer temel alagimdaki karbon celi§inin direnciyle .

alagimli c¢eliklerin direnglerinin oranlanmasiyla elde edilmistir.

7

Atomik orande % 0,1 Nb ilavesi direnci % 76 oraninda arttir-
mlstlr. Ayni miktarda V direnci % 7 kadar arttirmaktadir. Bu iki

elemanln beraberkenki etkileri, Nb i¢in % 80 ve V igin % B’

, artmaktadir. Yidzde 0,035 Nb'lu celide % 0,1 (atomik) Mo veya Mn
ilavesi direnci,sirasiyla % 1,3 ve % 9 kadar attirmaktadir.

Dirence her elemanin'katkisi elektronik yapi ve atomik gaplar
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farkiyla, ve bir oneri olarak; birlikte iki elemanin etkisinin
\ / -
f s
teker olarak katkisinin daha yiksek olugsu, elemnlarin bir-
birinin aktivasyon katsayilarini arttirmasina baglanmistir. ! i
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. CHAPTER 1
0/ INTRODUéTION
.- ) /
High Strength Low Alloy (HSLA) steels were developed
in response to the increasing need forrinexpensiée, strong,
tough and weléable steels. With each passing year, iarger
tonnages of these materials are being produced. Many of the
advances aesqciated with—the development of these steels have
depended, and still do, on the co:£rol of recovery and recrystal-
lization in deformed austenite. In the case of flat HSLA steel
products, this is accomplished by controlled rolling, a process
in which the temperature and reduction at each stage of hot
forming are manipulated according to en overall plan or schedule.
fhe delay or prevention of. fecrystallization, when required,
is achieved by maklng microalloying addltlons (i.e. additions
in, amounts well under 1% by weight). Whether the elements
added fulfill their purpose as sblutes on the one hada; or as
precipitete formers on the other has been subject to great
debate . Some of this can be found, for example, in the book

entitled "The Hot Deformation of Austenite", edited in 1977

by J.B. Ballance. The controversy is still continuing and has

not been resolved, as can be seen from the g;oceedings of the

Pctober 1980 Interndticnal Conference on Steel Rolling in Japan.

The papers presented at this conference include ones claiming
either that the‘hdcroalloying additions produce strong solute
retardation effects, or,inveraely that these additions retard

reciystallizetion principally via the formation of precipitates.
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to the equipment and also produce the required final mechanical
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An understanding of the effects of the microalloying
additions, singly and in combination, on the softening processes

mentioned above is of importance for several Feasons. The

/
~ £

first of these is that, in order to obtain the desired final
properties, it would be useful if the chemistry could be.
selected on the basis of rational principles. Once the chemistry
has been determined, a ‘rolling scﬁedule must also be designed;

The latter should enable the steels to be formed without damage

properties. A well /Aeveloped set of rules regarding the concep-
tion and design of such schedules would also be of great utility
to steel processors. o —_

The dual‘aim of (i) rational alloy design, and (ii)

/

rational rolling schedule design requires, howgver{ that the
roles of each of the alloying addit:Lon;a be clearly understood.
For example, why should certain alloy additions such as Nb be
more effective than others, e.g. V? Similar remarks apply to
the influence of Mo or Al, as other examplesl.' The present )
investigation was undertaken, ijn part, to try to answer these
guestions. The project involved a series of gix steels c‘ontain@;;g
Mn, Mo, Nb and V singly and in combination. The solute and/or
precipitate effects of these elements on. retarding recrystal-
lization‘durin‘g or after high temperature deformation were
investigated. As will be seen below, it was possible to dis-
tinguish between these two kinds of effects to a certain extent.

In addition, the contribution of each element to the hot strength
. /

/
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of austenite was also studied systematically. Finally, a.

possible scientific or rational bagis was drawn up and is

P

7

J . by ‘ .
recommended for the explanation of-these effects. It is the ,

agthor's hope that such a rationalization may be of some

schedules.
LY

# Use with respect'to'the'design of both alloys and rolling
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CHAPTER 2 \ ' 3

A REVIEW OF THE LITERATURE ON THE HIGH ;
TEMPERATURE FORMING OF HSLA STEELS .

/

2.1 Development of HSLA Steels x

2.1.1 A Brief History - -

The development of High Strength "Low Alloy: (HSLA)

steels has occurred in resgonse to demands by design engineersq

for J.mproved tensile and impact properties, as well as to
social and ecéfmomxcal pressures to achieve higher cost and
material efficiencies in production. The most important
propérty to be controlled is the yield strength. It can be
increased by grain refinement, by solid solution alloying, by

1

precipitation in austenite and ferrite, and fmally by

controlling the transformation behavior. In addition, for- —

low temperature épplications in plate form, e.g. -arctic pipe-
line grades, the impa,‘qt transition temperature (ITT) must be
sufficiently low. In the case of Cg.n«,adian applxcations, this

temperature may be requlred to be as low as -~ 65°%¢ (1). Good

weldabil:.ty is also a reqm.rement for the heavy plate applica—

tions (e.g. bridges, offshore oil and gas rigs, pipelines,

etc.), aqd even for some sheet metal uses in the automotive
and other industries. The.“ following i:s a brief history of

the development of HSL/K steels.

Fr'om the geginninq of the century up 'to the early

1930's, the strength requirements for steels were me“t through

o and Mn additions up to 0. 35% and 1.5% respectively (2 3).
By 1933, Cor-Ten (2 4), the first comxnercial low alloy stael

i
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was introduced. This pr'b,duct mat;le use of two or more ofu the
"following addition agents: Cr, Cu, Mn, Mo, P and Si. The
total alloy concentration was'*in the range of 2-4%. This
product had a combination of h:'Lgh~ strength, ifﬁplzéoved impact
broperties and good '‘corrosion r—é;g.stance, ell of which made
it widely ‘aseful, and therefore applied. The structural steel
plate grades had yield strengths in the range 345-415 MPa (3 4).
I By the beginning of the next decade, the strengthening
L ° effect of Nb (or Cb) additions of as little as 100-500 ppm was
discovered (2). Although this development led to a slight
loss :ln dorrosion resis_tancie, it enablecl the total alloy
additions to be reduced to 1-11%, “including Al, Mn and Si .
which comprised most of the additions. 1In the same decade,
the similar effects of Ti and V were also recognized (4§ .V
was used successfully in structural, plate and sheet grades.
N‘;The use of Nb was limited until the 1940°'s when its avdj;’l:éeility
increased and the"cost decreased. -
~ The form of the dependence of the yield stress on
the ferritic grain size was demonstrated by Hall (5) and Petch
(6) in the early ‘&1950'8. This allowed the different strength-
| ening contrii:qtiens attributable to grain refinement and to
solute addition-to be distinguished (7). Initially, grain
refinement was achieved by the use of Al and N (3,8). Some
of the reasons for the limited current use of these elements
as grain refiners, particularly for controlled rolling opera-

-, tions, is an important subject area of this thesis, and will

A be elaborated on in the Discussion. Since then, Mo, Nb, Ta,
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Ti and V have also been used as grain refiners. The great%r
# effectiveness of Nb than of the other elements was strgssed
by Leslie (9), Morrison .and Woodhead (10), and Morrison - (11).
as early a;s 1963. Morrison was also able to single out the
effects of precipitation from those of grain z:efinement (11).
Prior to the development of practical TMT schedules,
HSLA and plain carbon steel products were manufactured in a
. similar way. The forming operations (e.g. hot rolling) were
perfgrmed and heat treatntents may or may r;ot have followed
to produce the reqmred propert:.es. The two main disadvantages
RJ of this practice were (i) that the opt:.mum properties of the
alloyed grades were not-generally reached (2), and (ii) that-
the costs involved were often higher Pthar; necessary (largely
because of the inefficient use of the alloy additions).
Furthermore, because some of the microalloying additions pre-
cipitate below a given temperature, and beciuse this leads
to significant increases in rolling load, plain C steel pro-
duction methods are no longer employed for HSLA steels. As
early as 1958, there were reporté that deliberate finish-
rolling at lower than cénvéntional temperatures led to a
réf,inement of thewferri.te grain -structure and to a corres-
ponding improvement in the mechanical properties (12). This
eliminated tfxe need for further heat treatment. d’Such low finish -
rolling‘is called control rolling, and if carried out in the
appropriate manner, produces the optimﬁn propertieé /in the

as-rolled product. This type of procedure is now commonly T

used for HSLA sheet And thin plate pradﬁqt‘ion. Hot forming

v




with subZequent heat treatment is still used,-however, for

certain piate and heavy sections, for the reasons discussed

in the next section.

>

2.1.2 Controlled Rolling of HSLA Steels

Controlled rolling is/ a process whereby the proper-

‘ties of a steel can'be iniproved to a/leve],z equivalent to

those of a more highly allcgred or heat treated steel (12).
Its first purpose is to refine the austenite grain size by
natural or accelerated cocl_ing during passage of the steel
through the will. This can be achieved by means of controlling

the rolling process to a high degree. There are three stages

¢

involved in such an operation: soaking, roughing and finishing,'

after which the material is coiled if it is thin enough. For
complete Success, the time and temperature ;ett the start and.
end of each of these stages must be carefully regulated. ‘
The( s‘econ; important aim of the rolling processtis -
to prgduce a very fiine grained ferrite after transformation.
Because grain refinement is the principal source of ferrite
strengthening, the carbon levels can be reduced to below 0.15%.
In this way, tHe yield strengths of control-rolled steels can
be raised considerably from the C-steel level, to ‘the range
350-700 MPa (13,14). The reduction in the C concentration,
aléng with the presence of microalloying agents, requ:ts in
crackfree weldability and"inf increased hardness in the heat

affected zone of the weld, both of which are particularly

important in the pipeline grades (15).
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v, above the solubility temperature) have three distinct advan—
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Qj ‘ ‘ The soaking temperature of the HSLA steels is
generally in the range 1200-71300°C. The minimum is set by -J .
the solubility temperature of the microaliloy carbonitrides.

The effectix;e use of the microallofring ele{nents,. particularly ‘ !
Nb and V, depends on their being in soluéion at the étart of
rolling, and then on their presence in sﬁpersat\:rated form

as the temperature decreajses during rolling. In this way, v
they are available for pre%ipitaté.on during thé?xot forming
opefatign. (Preciplita.tj.or} results ‘in the retardation of.
recrystallizatjon, as is described in more detail—WSection

2.2 below.) The final strength and toughneéé of the HSLA

product is thus strongly influenceii by- the seaking temperature
~(16,l7)—, because the latter determines the ambur;t of carbo-
nitride available for precipitation.

High soaking temperaturés lead to coarse austenitic

grain sizes (250-1000 um), and are therefore undesirable (16). ]

As a result, lower soaking temperétures (which must still be

tages. The first of these is a smaller initial grain size,

which is a 'help in producing fine grained ferrite. The amount

of deformation (bite per pass) regquired for the onset of both
{ .
static and dynamic recrystallization decreases with decreasing

initial grain size. Thus smaller initial grai..n's make further

, — refinement easier, although they have little or no bearing on
the final austenite grain size once recrystallization has
occurred (17,18). The second of these is related to the hold

time, which is the time the steel has to be held laetween passes .

! /
>




e e e e matn

for the temperature to drop tg the necessary level. Higher
soaking temperatures lead to longer hold times and sometimes

to léwer mill output. The third of these is relat%d to the
enérgy costs involved in heating to higher temperatures. This
saving»}é, powever, somewha; offset by the lower rolling loads
required at the higher temperatures. ‘

p Roughing/ia‘carried out between i150 and 1050°¢C.

The initial coarse austenite grains are refined to the range
60-250 um by at least one complete cycle of recrystallizag;énf
For this to be effective, it must take place withoiut any sub-
Qétanéial grain’growthffollowing ;ecrystallization._ The number
of cyéles depends on the temperature, the reduction pe; pass
and the initial grain size (17-19). At these temperatures,
recfystallization takeé place within seconds, or even frac-
tions of a second, after each pass (tﬁis ig less than té£
inter-pass time). Ip thié manner, repeated recrystallization, ;
in the absenée‘pf‘appreciable grain growth, leads to a finer
austenite grain size, which in turn results in a finer ferrite —

i

grain size (12).

In opposition to the roughing prdceésp/gyring
finishiﬁg, it is necessary to avoid recrystallization completely.
This is poésible throﬁgh the contrdl of temperature and time,

and most importantly, by appropriate.nd. dalloying. iThe time

to the onset of recrystaliizatioh increases somewhat at lower

temperatures; it is also reduced ag’ the amount of- deformation

_ is increased at a given temperagure. However, recrystallization

s
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can be delayed by more than an order of magnitude in time

A{with respect to the plain C behavior) by the microalloying

additions. This retarding effect has often been attyributed - .
to the precipitation of the carquitrides (12,19-23). A more
detailed discussion of the interaction between recrystallization )
and precipitation will be given in the next section, glong with
a different approach to the effect of the microalloying additions.
According to several authors, the product from the ~
finishing mill should have a uniformly 'pancaked' structure f
(17,19,24). The greéter austenite graiﬁ boundary area provides
more nucleation sites for the ferrite grains. In addition,
the deformed state of the austenite, as well as the presence
of deformation Pands, increases the nucleus density still
further above the ;Fvel pertaining to equiaxed‘(undeformed)
grains. This results in a fine and uniform ferrite grain
structure after transformation. When austenite recrystalliza-

tion occurs in the finishing‘stage,.despite the precautions

/

‘described above, the findl ferrite grain size is ‘mixed, or in

the best possible case, larger than desirable (17,25). This
leads to a deterioration in the fracture properties.

Austenite grain growth is avoided once the material
leaves the finishing stands by quenching or-accelerated cooling
(19). In some cases, finishing is:even carried out below_fhe
Ar3 temper&ture; ag is §one fpr some dﬁal phase steels. Under
these conditions, the presence of the- fine precipitates intro<

duced by microalloyinéféah delay or prevent ferrite grain - -

growth (12,17,26). In their absence, grain‘gro&th cannot be

’
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prevented, and the refinement of the ferrite grains by K
. . . . L . .
rolling is difficult to achieve. When rolling is carried
/ .
out below the Ar3, the final structure is generally comprised

of elongated ferrite grains containing subgrains. The deformed

_state of the ferrite can lead to unfavorable texture effects,

. A

particularly in pipeline grades.

Controlled rolling is especially éfggcéi%e for the

proéuction of thin plates and‘girip mill prgdﬁcts. For heavY.
gauge plate production, e.g. 40 mm, thé lower éooling rates
in the centre of the plate ;re,responsible for éoor meéhanical
properties. For these products, normalizing heat ﬁreatments
are réquired after rolling to éroduce uniform properties.

The choice of tpe rolling schedule depqus on
characteristics of the product, such as thickness, strength
and toughness. These .determine the finishing ana coiling
temperatures, and whether further heat treatment is required.
A high finishing temperature in Nb—steels, for example, w111
produce maximum precipitation strengthenlng in the ferrite
‘after,transformation, but little or no grain refinement.
Though the Vield sérengthlmay be comparable to that produced

with the aid of lower finishing temperatures, there is a loss

in toughness because of the heavier reliance on precipitation
’ .

 strengthening, When low finishing temperatures are used, on

the other hand, there is much less precipitation strengthening.
Its place .is taken by‘arsubstﬁntiai_component of Hall-Petch
strengthening due to the.finer grain size, Jand the toughness

/ !
is simultaneously improved (3,13,19,25).

[
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“awarded (12).

l2.

4 )
Lower finishing temperatures necessitate the use of

eithér a lower soaking temperature or a hold;tine beéore
‘flnishln? The former may lead to excess;vely hlgh rolling
loads in the roughing stands, either due to/solute effects,
or to the retardation of recrystallization by precipitation.ﬁ
fgé;inSe;tion of hold-times is also unpopular, because it
c;n iawef‘mill output. Most mill operators define mill pro:
ductivity in tons per hour outp&i, rather than in dollar valge
produced.- The delays involved in schedules.with hold-times
are unwelcome for this reasoﬂAAnd n9t readily accepted for
implementation, particularly wherxe tqnnagg shift bonuses are
This penalgy can éé avoided by écheduling/
séveral slabs on a single series of mills. The rolled plates
can then be held on run out tables, provided they are long
enough, or else removed temporarily‘from the line. S
Each steel company ﬁaéﬁitsﬂswn preferred rolling
schedule for different grades of proéucts (e.g. see Yeferences
12 and 25). As already suggested above, however, most schedulas
/iﬁvolve soaking at 1200-1300 C, ?oughlng between 1250-1050°C,
and finishinglat or below 900 or 850 %c. After a brief hold
of approxlmately one mingte, the material is fapidly cooled
to 650°C and coiled. The desired product properties are
obtained by controlling the recrystallization of austenite
by means of its interacﬁion with the precipitation process.

This subject will be considered in the next section.
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2.2 Recrystallization in Austenite

2,.2.1 Types of Recrystallization

The recrystallization behavior of an alloy depends

on three main factors: its chemistry, and the amount and

the- strain|rate of deformation also has ai/distinct, but smiller

o

temperétuzia of the deformation it has undergohe. In addition,
effect. E‘l a éiven temperature and chemistry, /the time and
rate.of relstallization are prim,arily determined by the
prior or accumulated strain. During hz;ﬁ fbrming, there are
three types of recrystallization: (i) s1t:atic,f or classical
recrystallization; (:Li)r dynamic recrystallization; and -(iii)
metadynamf’::/recrys,tallization (24,27). The .type that pre-
dominates ~d\epends on the conditions of deformation. Static
recrystallization requires a minimum‘ or crit‘:ical amount of
prior defornfation. This is of the order of 8% (27); it is

-

the slowest of the three processes in terms of Rsh(recrystal\

~lization start time). It generally takes place in between

rolling stands and on the runout table. As described in
Sectic;n 2.1.2, it is desirable for R, to be short in the
roughing temperature range and long ig:x the finishing tempera+~
ture range. It is also necessary ‘thaf: Rf (recrystallization
fiz;ish time) -not be too long during roughing, so that J;'ecrystal—
lization is complete at ‘a given stage. Otherwise the grain
size is unlikely to be ma;form. ‘

Dynamic recrystallization -occurs concurrently with

deformation, e.g.‘ while' the material is being rolled ox forged. (

The higher the temperature and the' lower the forming rate,
the smaller the strain required, and the moxe likely it is to

s
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occur. The onset of dynamic recrystallization is marked by 7,

a dropkin flow stress (load) while forming. 'J.‘he strain (or
deformation) at the maxlmum stress is referred to as the

peak strain (ep) and is used as a parameter to follow this
type of recrystallization (21,28). Strictly speaking, re-

crystallization commences before the peak is reached (28), -

X\but for most practical burpqsés, this difference can be
£ neglected. '

The peak strain for a given chemistry increases
x/vitkk~defo§mation rate ané grain si‘zeK (18) and decreases with
an J‘.’ncrease in temperature. The Rs time for this process is
‘very short, and can be less than a second (21,29,30), in
contrast to roughly 30 seconds in the static case for a 0.035%

-1 and

Nb steel deformed to 1l.33 strain in torsion at 3.6 s
900°c (28). o

The third type of recrystallization occurs when
the material is under no load but is ‘distinguished from the
classiqal type by the fact that dynamic recrystallization

must have been initiated prior to the interruption of straining.

That 48, it only occurs( after the material has been deformed

Ho . beyond the peak strain. Like classical recrystallization,

this type of recrystallization can also take place between
-rolling stands. At a given temperature and deformation rate,
the R_ time decreases with increasing pfe-~strain. Thus the e

possible start times ‘are always less than the state.c case.
“  RAs pointed out above for dynamic recrystallization, the higher - i

the strain rate, the greater the critical strain (Ep) for the

onset of metadynamic recrystallization.
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2.2.2 Effects of Small Alloy Additions on Recrystallizatioﬁ

!

The effect of alloy chem;iffy on the three types
of recrystalliz;tion is similar to that of strain. The
retardation of recrystallization by alloy additions can be
attributed toltheir presence as solutes, as precipitates, or
to a coﬁbination'of the two causes. Before examining these’
e}fgcts in more detail, éherekwill be a brief recapitulation
of the pfiﬁciﬁal recrystallization mechanisms. |

The Hﬁéiea;;;n of recrystallization can ooaur by -
two alternative processes: (i) the bulging of high angle,
i.e. grain, boundaries; and (ii) by subgrain coalescence (24{.
In addition, it is also possible to have recrystallization

take_place without aﬂy nucleation whatsoever, through the

process of 'in situ recrystallization' (31). The first of

these occurs in materials that have not undergone large

strains. The latter requires that the deformation be suf-

ficient fPr a well developed substructufe to have formed.

Increased dmounts~%f deformation or o? holding time lead to
- larger misorientations at the sub-boundaries, until coales-

cence occurs.

Recrystallization is generally preceded by some

Hform of recovery. In materials that recover with ease, i.e.
“ghose wi££ high stacking fault energie% such as Al and a~Fe,
both statlc and dynamic recrystallization are retarded, or
may not even occur. Eﬁhanced racovery prevents the formation

of a well-defined substructure with a minimum of migsorientation,

making the nucleation of recrystallization more difficult.

U, P S e ewnl ks At AT B < Rt




4

5

()

Both solute atoms and second phase particles (in
this case, precipitates) can affect the recrystallization.
Stiwe (31) has presented an excellent summary of the contri-
bution of these two factors to the "dragging force" opposing
recrystallization. The major difference'in their effects is

due to the mobility that-single atoms have in a lattice at

W

high temperatures. They can move with a dislocation or with
a boundar& provided that the rate of motion of the latter is

not tqQo high. When a dislocation or a boundary mdves, the |

s

" solutes can create a substantial dragging force. Precipitates,

on tﬁe other hand, are invariably sessile, and thus can only
prévide static pinning.l When they are coarse, they are no
1onger'able to act as barriers (21,29,30) and can sometimes
even enhance recrystallization (32). The effects of solutes |
on recrys&allization can be summarized as follows:
- Solutes can lower the stacking fault energy and
therefore hinder recovery. Consequently, recrystal-
l%zation is delayed or prevented completely (33).
- When the presence of solufes.obqtructs dislocation
rearrangement, subcells cannot readily form nuclei
and recrystallization is delayed (34).
- Sub-boundary motion can become more siuggish due
_ to solute segregation to dislocations. This often
promotes the occurrence of dynamic recrystallization
when it m;gﬁt have otherwise been absent (33).

(This isvalso related to lower recovery rates.)

(o .,
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- The presence of solutes on nioving‘ grain bounda.?ies 7
. can affect the motior; in one of three ways: if
the grain boundary motion is slow, the ?nlute h
atoms will move with it; if the motion ‘is very
fast, the béundary will break away from - the
@ solutes; at\ intermediate velocities, t-;here will
be a solute drag .wt}ich will impede the boundary
motion and, therefore, retard recrgstallizati:on

(31).

Fine precipitates prevent or restrain sub-boundary -
migration, i.e. the ﬁotion of grou;s of \dislocations rather
than si;"ngle. ones (13’24'33_35)1 They tend to stabilize thel
substructure, thus retarding recrystallizatic;n (24) . Fine
precipj:tates on grain boundaries also progluce a drag:force
{Zener drag), resulting in a delay or ngiiminatic)n of preci-

¢

pitation. .
- ~\’11~1:, ‘)

v

The retardation of rjecrystalliiats.on due to non-
precipitating alloy additions is r’eadily aécepted when these
are present in substantiél amounts, e.g.r the effect of a 5.2% .
Mn addition.in y-iron is well known (36). Whethe£ there is
a solute--retalrding effect‘of elements such as Nb and Tjt (whdich ’
are present in much smaller amounts) has been the sEzbject ?;f A
consjiderable controversy (3‘7) . The observed delay in the |
recrystallization of Nb-micrg-alloyed steels has generally
been attributed to the effect of fine pre‘ci'pitat‘es, with the

exception of a few investigators who could not detect preci-

.
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pitation di:.:ectly or indirectly (21,28-30,37). 1In order to
shed light on this debate, several researchers have attempted
to distinguish b‘etweep the individual effects of solutes and
precipitates in Nb-HSLA steelsVl(21,29,30,34,38) . The most
recent of these is the work of Weiss and Jonas (21,29,30).
With a high temperature, isothermal compre)ssic:n testing
technique, they were able to determine precipit_;ation and re-
crystallization kinetics in undefbrmed, deforming and deformed
steels.’ 'I'fzeﬁr dgmon;trated that, at high temperatures and high
stra"in réf;les, where dynanmic recrystallization starts prior t;i
the onset of dynamic precipitation, recrystallization (i.e.
tlle peak strain, §p2 is nevertheless deléyed in comparison
with a plain clarbon steel of similar composition. " (This delay
occurs in the absence of, chservable precipitates.) Whefn pre-
cipitation stdrts before recrystallization, the 1attler is
delayed still further by more than an order of magnitude in
time. \’.The;, most pronounced case was observed at 900°C,, at
whg.c‘:h temperature the nose of -{:he PTT curve is 1ocated,_
?Pese resgults agree in gex}eral terms with the previous ones
of Le Bon et al. (28), 'and of Lamberigts and Greday (39), as
well as with the more recent data of Hansen et al. (13). The
former two reports are based on torsion data and the latter
ir;vplves a ,éomﬁination of compression testing and microscopy.

x | The second of these investiqations is that of Roberts/b

(34) . His study consisted of a series of hot isothermal

compression experiments carried out on Nb and V microdlloyed
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steels. The author reported that he observed an increase in ~

Ao

peak Stress and that Nb(CN) particles were not present. He
Eﬁd not, however, conclude that the effect wa§ due to solute
drag. In an earlier studir (40), carried out in 1977, he

claimed that solute retarded re;crystallization was unlikely

in HSLA steels, ‘such delays as ‘were observed being attributable

/ to fine precipitates. Hi’s more reéent stuéy (1978) led him

to conclude that the:re ig definitely a solute-drag component
of retqrdatiorl of dynamic recrystallization in the pﬁesehce

of Nb and.V: The results of White and Owen (41)‘for V,nit\lb ‘ >'
and Nb-V HSLA steels éublished in 1980 agree with Roberts'
'work,:although the authors did noi: themselves come to the
same conciusioqs. o

. Both of the above studies were carried out in steels

containing C and N along with Nb é,nd/or V. The third study

was perforged by Luton, Dorvel and Petko;ric (28) . They tested
three ste a 0.055% C, 0.41% Mn, 0.005% N plain carbon H
steel, and two 0.054% Nb steels wirth 0.92% Mn. The first of
ﬁthese Nb-st?els contained 0.05% C-'énd 0.005% N; the second
-was decarbu‘:‘:izedwand ‘denitrided with wet hydrogen to reduce

the interstitial 4,1-evels to 0.0014% C and 0.00l% N. That is, °
they produced a nearly "interstitial free" steel. They found ‘

that an increase of 0.56% in the concentration of the substi-

i:utiox}al solute alone led to-a 1-1% order of magnitude delay
AR .
in recrystallization at '900-1000°c without the formation of
P
precipitates. They also showed that when dynamic and .post- °

dynamic precipitation occurs, it retards static recrystalliza- %

_ oy o [ o e L e T L Tr T I o



tion when the pa;ﬁicle size in in the 20 Qm range. Further-
more,~i£;£he volume fraction of preciﬁitate attains 0.02% or
.more, static;recrystallizqﬁion can be’completely subpr?ssed.
In this author's view, the effect of solutes—such
. as Nb in retarding recrystallization is reasonably well
established under the conditions of deforﬁation and tempera-
ture described above., ‘However, as.it is still a subj%gt of
debate in the technical”;iteratufe, we will retur; t;;this
- question and consider it in greater depth in the Discussion.

{

2.3 Methods of’fbllowing Precipitation in Austenite -

: The austenite phasé in HSLA steels is stable only

« at high temperatures. Thus, any room femperéture,method of
following precipitation requires the use of indirect me#sure—

! - ments, either on martensite or on the transforme@ a-phase.

E\,. A éirect measurément/;ethod at high temperature is also‘pos-

L sible,'and is based on compression or torsion tésting. The * )

° room temperature methods are based on oné of the foliéwing(four
approaches: (i) physical property measurement; (ii) mechanical

property maasurément; (1id) guantﬁtative metallography oxr

microscopy; and (iv) quantitative chemical extraction.

X 2.3.1 Direct Methods (High Temperature Mechanical Testing) .

!

A method was d?viaed.by Weiss (21,29,30) to deter-

i/ - mine the,PTT curves of two Nb-HSLA steels for the undeformed

material. The method involves isothermal, tonstant strain

7
P

" (static), pre-deformed, and deforming (dynamic) states of the __

13
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rate, uniaxial compressibn testing. The peak strain l(ep)

determined from the resulting flow curves is 'the parameter

used to establ‘ish* the precipi;tati'on start (Ps) and finish

(Pg) tim/es. After a half hqur‘éoak at the sé?.ution tempera-

ture, the material is cooled to ‘the test temperature and then

one of three procedures is applied.

| (i) It can be held for various times and then
tested at 5 given strain rate.  This provides.
data for the (u.nde'formed) static casc/a.

(ii) The samples may be pre-deformed immediately
at a given strain rate to a specific strain,
held for various times and the deformation
is continued, possibly at another strain
rate‘. This method provides data for the
pre-deformed static case.

(iii) Finally, samples can be tested without
ini;erruption over a range of strain rates
to fuzi‘nish information for the ~dynamic case.
The P s times for th; urideformed and pre-deformed
static conditions are the holding times corresponding to ghe'

first deviation of ¢ from a maximum and constant value. In

P
a similar manner, the P. times are associated with the holding

times where the € reaches a second, and minimum plateau. 4In,
{

: Y
.the dynamic condition, the P, and P, times are calculated from
i:he €p vs. log € (log strain rate) curves. , (The details of

this method will be described in the Discussion chapter below.)

-
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The PTT curves obtained by these mechanical methods
are cémparable with the results obtained from the indirect
methods which are reported in literature. For example,
although the curves and precipitation kinetics reported by
Le Bon et al. (28) and Simoneau et al.&(42) are somewhat
slower than those of Weiss, those obtained by Watanébe et al.
(43) are slightly faster. Aas will be demonstrated later, the
'differences in the kinetics can to séme extent be accounted
for by the differences in steel chemigtry and in the amount
of pfe-deformation.

White and Owen (41) have also used isothermal
compression tests to follow the preczpltatlon of Nb, V and
Nb-V steel, but they employed constant cross ﬁead speeds
instead of constant true strain rates.l The chédnge in flow
stress of the pre-strained saméles was measured after Qarious
holding times. These data were supplemented by electron,
microscopy but £he results %ere not treated so 'as to leag to
PTT curves, Similar mathéds, but under constant true strain
rate conditions, were used by Roberts (3&,40).( Once again,
these were not employed éﬁ deduce PTT curves but, wéth the
ald of accompanyindtelectron microscopy, the sults contri-
buted to an understanding of precipitatﬁon kinetics and pre-

/

cipitate morphology in Nb, V and Nb-V steels.

i

2.3.2 Indirect Methods

2.3.2.1 Phyéical property measurement me thods

o o e e e A S



g remgn n e s

s R

23.

The electrical resistivity 6f a material is sensitive
to its structure. Iﬂ order to follow the progress of precipi-
tation, Simoneau ef al. (42) measured the resiséivity compo-
nents p't and pp- Here p't is the increase in registivity
due to the temperature being higher than 4°x, and - has three

contributing factors: ‘

1

pr = pp(T) + o (W) + o (D)

=

=

where pr(D) is the contribution due to the Presenée of dis-
locations, the density of which is.measﬁred by an x-ray line
.broadening technique;pr(Nb) is the contribution attributaple

to the Nb left,in solution, and pr(I) is due to the non-
precipitating interstitials, whose concentration is assumed

to remain constant. In order to efiﬁinate possible diffeiences
in résistivity due to variations in the C and N levels, all

L]

samples were annealed 16 hourg at 300%. At 900°% they deter-
( mined the és times for static Qfecipitation of two Mb alloys.
They detected the start of precipitation at approximately 1000
aﬁd\3500 seconds for a 0.19% C, 0.65% Mn, 0.05% Nb, 0.0072% N,
and a 0.07% C, 0.85% Mn, 0.04§ Nb, -0.0103% N steel, respgftively.
For both materials, the onset of precipéfationAwaé delayed
at high?r temperatures. These times are much longer than any
others reported in l;terature'(see Ref. #21 for a recent

review) and ﬁrobably reflect the insensitivity of the method

for determining precipitation-kinetics. L (

v
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) Pavenport et al.\(44) used an x-ray diffraction
' : pol : .
techn¥que fo determine the /volume fraction and size distri-
X
bution of Nb(CN). These results were verified by means of

the dark field examination of thin foilé. The observed

. preciﬁitation—time—temperaturé behavior followed a C-curve,

with the nose at around 1090°C. The effect of pre-s(tra.in on
the rate of precipitation, and the effects of time and
temperature were also obtained. /

Mishima et al. (45) followed the progress of pre-
éipitétion of "VC" in austenite with the aid of two methods.
The resélts obtained agreeg‘with one another, the methods
being based on measuren;;:t of the thermvelectric potential
and of the martensite tr;nsfomation temperature (Ms) . The
th;armoe’lectric potential drops when precipitation starts.

It is reported to have a "high sen”si"c‘ivity to atomic concen-

tration and relative insensitivity to the presence of defects"

(45). Thus it is said to be more precise than the electrical

_ resistivity method described above. , The M, temperature rises

{

after holding the sample at a given ;‘ausaging" temperature.

This is because, once precipitation starts, the ¢ concentration

- '

in solution drops. ,

2.3.2.2; Mechanical property measuremen{: methods

E Microhardness measurements were utilized by Amin
and Pickering (46), LeBon et al. (28), Jizaimaru et al. (47)
and Ouchi et al. (48). The precipitation of Nb in the

aust%nitic range reduces the amount available for precipitation
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Aduring or after transformation to ferrite. )This causes a
loss in the secondary hardening-potential. Amin' and Pickering
y“(46) applied a combination of reheat temperatures and of
rolling/holding temperatures and times with redactions of 20%
or 50% prior to cooling to room température at 400°C/min o
(6.7°C/sec). The effects of these parameters and of stoi-
chiometry on precipitation strengthening with Nb(CN) was °
followed in this way. |
: In the latter three referenées, a microalloyed steel
and a plain carbon steel were tempered at 600°C for an hour
to evaluate the progress of isothermal precipitation. Changes
in hardness’vs. agingwtime in the austenite range allowed the
' determination of P, and Pg, which are times at which the hard-
ness level begins to drop and levels‘put resbectively.

J

i
-

2.3.2.3 Quantitative metallography and ﬁicroscgpy

Although the precipitation kinetics can be determined
with the aid of the above methods, they produce little or no

information about the size, volume fraction and shape of the

. /,,g'

individual precipitates. For these purposes, thin foil and
‘extragtion replication can be used to better gdvantage. With
ﬁhg#replicatigp method deéeloped by Ashby and Ebeling (49) &
for precipitates in the Cu—Sio2 system, accurate size distri-
butionsg. and interparticle spacings can gé datermined; It
laads,uhowever, to inacquracies in volume fraction which arise
from statistical erroxs. These can be overcome using the »

Fullman expression (50) fdx’determining the number of particles

PPN
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per unit volume. -The nunber of'Nu:CN) precipitates per unit
volume after different rolling schedules has thus been calcu-
lated (5Q). Phillipo and Crane (51) adopted this method to [
get the Ps times for carbide precipitation after various ‘
amounts of reduction followed by aging at 1000°. /
Hansen et al. (13) applied the technique; usingﬁ
carbon replicas{ to determine the PTT curve for Nb(CN) forma-
tion, as well as the particle size distribution and particle
area-density statistics for both the Nb(CN) and ALN syséems.
White and Owen (41) also followed-the static precipitation
of Nb(CN) and V(CN). They noted evidence of a V-rich preci-
pitate which they assumed to be VN in 0.1 and 0.2 V steelg.
They excluded the possibility of quantitative electron micro-
scopy to detect the start of VN precipitation due to the\ /
small size of preéipitates and to their being widély‘scattered.

In the V and Nb bearing steels, they*found no evidence of Vv

in the Nb(CN), precipitates. Chandra et al. (52) studied the

dynamic coarsening rate of Nb(CN) as affected by temperature
. ) /

in samples that were combressed at different strain rates.

They- found that in a 0.05 C, 0.018 Nb, 0.004 N steel, at 925,
dynamic precipitation produced fine particles.(3 to 8 nm).

When static precipitation preceded straining, the mean particle \
sizé’produced‘dynamically dropped to belowkthe statically p¥e—

-3 -1

cipitated size (at about 15% strain at 1.2x10" %81 strain rate)
; p

and then grew. Straining beyond the end of dynamic precipi-

tatioh led t9 coarsening. The rate of coarsening was higher

at lower.temperatures. T?is was attributed to the higher
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dislocation densities present under these conditions.

Particle volume fractions were measured by trans-
mission' electron microscopy by many authors. Cahn and Nutﬁing
(53), and Hilliard (54) described the corrections requiréd
for the effect of overlapping images when the mean particle
diameter is small in comgarison to the foil thickness. Sellars
and Smith (55) developed another method for the same purpose.
Additi/onally, they'estahlished a sep;rat'e correctipn for the
particles 1ﬁtersecting the foil surfaces. In their more
recent investigations, Davenbort et al. (56) showed how to
differentiate the particles which remained undissolved du;ing
reheating from those that brecipitated during the rolling
schedule. ’Their Nb (CN) precipitation study involved the use

of dark field procedures in the TEM.

-2.3.2.4 Quantitative chemical methods

/ ( :
The amount of Nb{(CN) present at the different stages

of aging was followed by Hoogendorn and Spanraft (57) using
a chemical extraction method. Aging was carried out in the

austenite phase, then the samples were oil or water quenched.

The carbide particles were separated by dissolving the ferrite

matrix, The volume fraction was estimated from the weight
of the residue left after filtration. Watanabe et al. (43)
attempted to determine the chemical composition and crystalline
structure of Nb(CN) with a similar method. They had the sub-
sidiary aim of checking for the presendé of Mo in the carbo-

!

nitrides in a series of Nb~Mo microalloyed steels. After

'
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thermomechanical treatment, the samplestere cut, polished,
ultrasonically cleaned, dried and weighed. With the aid of
further ultrasonic vibration, electrolytic extraction of

Nb (CN) £from the matrix was farried out. The washed and dried

samples were rg—weighed to determirie thg;Weight-ldss. The

-gsolution was filtered and the amount of Nb was also determined

bykspectrophotometric analysis. The loss of Nb‘in this pro-
cedure was reported to be less than 3% of the total amoﬁnt. ,
The lattice parameter measurements of the precipitates by
x?ray,diffraciion did not reveal the presence ofLMo in‘the
Nb(CN) phase.

Each of the indirect méthods described,above involves

some complications. None is carr?pd out at the temperature
!

. for whidh the information is required. Furthermore, the

chemical method is not sensitive to the presence of coherent
particles. Likewise, the metallographic method is inaccurate
due to the denseness of the quenched microstructure. Thus,
the‘sampling érrorQ can be significant. Although the micro-
hardness technique does not suffer from‘the latter two defi-

ciencies, as the measurements are carried out in a quenched

and témpe;ed phase, they can be influe;ced by other aging

and hardening phenomena. .

The mechanical testiﬂé method has two advantages..
One is that testing is carriéd out on the éhase of interest,
i:e. the austenite phase, and‘pot on a transformed phase.
The second is that ?ulk, rather than locdl, proéezties are

measured, so that the samplin§ errors are reduced. This

1
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technique, followed by electron microecopy'to’ obtain the
particle size distribution and volume fraction, can produce
the most detailed and reliable information. Even without
microscopy, the use of mechanical testing is an efficient
and rela\tivelgf accurate way o’f/.determining PTT cuxves, and’

it is the method selected for the present study.
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CHAPTER 3

-

EXPERIMENTAL MATERIALS AND PROCEDURE

3.1 Experimental Materials

-

With the purpose of investigating the effects of
Mn, Mo, Nb and V singly and in co;nbinat;i.on on the dynamic
recryst“allization and on the high .temperature flow behavio;
of'),austem.te, a serieﬁ. of six steels was prepared in the
PhysiLCal Metallurgy Research Laborator:.es of the Department
of Energy, Mines and Resources, Ottawa. The series was
comprised of a reference plain carbon steel and five HSLA
steels, with the chemical compositions shown in Table 3.1.

The steels were prepared as follows: They were

melted in 230 kg heats in an induction furnace and Al-killed.

Each heat was cast into three 70 kg cylindrical ingots. Both

ends were crépped and the ingots were cut intlo two cylindrical

sections weighing roughly 23 kg each. They were soaked in
an oll-fired furnace for two hou;s at 1200°C before being
forged down to 67 mm thick slabs. These slabs were soaked
for two hours at 1250°C in an electric Globar furnace, then
hot rolled down to a final thickness of 13 mm in a reversing
mill.se ‘

For the reasons described below (in Sections 3.4
mé\.‘i 5), two testing methods were adopted: compression and
torsion. All the test samples were prepared from the 13 mm

thick plates with t(.heir longitudihal axes along the rolling
direction.
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TABLE 3.1

)
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. Chemical Composition of the Steels Invest

i%ated, wt.$

Steel Type

C Ma s Al si Nb Mo
Plain C  0.06 1.43 0.012 0.025 0.24 - - -
v 0.05 1.20 0.012 0.030 . 0.25 - . 0.115 -
Nb 0.05 1.25 0.012 0.030 .0.27 0.035 - -
Mn-b 0.06 1.90 0.010°0.030 0.225 0.035 - -
Mo-Nb 0.06 1.33 0.012 0.025 0.205 0.040 =~ = 0.30
L] &)
Nb-V 0.05 1.18° 0.0Lk3 0.020 0.24 0.035 0.115 -
, N = 0.006, P = 0.006
J
-
Q

s ™




b

- . N >
' ) 4 o
! i e - ~ |
B o ~
. LR .
. R - e e mren s - ﬂ\ o~ - e anrtn g € SE T
" s
N 2

32.

3.2 Heat Treatment of the Tested Materials

L
E.

Two separate heat treatments were carried outi on
all the samples tested. Preliminary cpmpre;s:ion tests J
resulted in elliptical samples due to the rolling 'i:e:;ture R '
in the as-received material. To eliiminate this eff;ét, ‘all
samples were heat treated at 1000%¢ for twoﬁhoﬁrs ;mder
vacuum, and then water quenched. This heat. .treatmem; was
carried out in batches of 10-20 specimex}s for the cémpréssion
samples, and in batches of ‘four for the -torsion samples. The
samples were enclosed in stainless steel annealing envelopes.
The second heatatreatlfhent, the austenitization, was- ‘ ]

cSrried out immediately prior to thel testing of each specimen. ﬁ
\The sample was held at Taus (austenitizing temb'erature) for
hal% an hour 'in the test chamber in an argon atmosphere.
These temperatures are given in Table 3.2. The choice of
Taus for each steel was baséd on two considerations: (1)

To ensure the complete dissolution of the microalloy carbo- .

nitrides, and (2) to obtain approximately the same initial
- austenite grain size for all the six steels. “ The matter of

the austenite grain size will be considered in more detail

in the next section.

The equilibrium solubility temperétnres of VN and o

v,C, for 0.05% C, 0.115% V and 0.006% N were calculated from

(2): ' | .

log (V) (N) - 1133, 2,99

n
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TABLE 3.2 .
0 / R
Heat Treatment* and Austenite Grain Sizes :
of the Steels Investigated ;
i ¢ ’ ¥ ) g
Yo I — - “u

Steel Type A‘uste\nitizing Teméerature‘ (OC) y-Graln Size (um)

Plain C ) lr030 | - 110
v /- 1045 : © 100
N . 100 ) 130

‘ Mn-Nb o © . 1100 L 120

Mo-Nb | 1100 , 130

Nb-V / . 1100 120

7

*All samples were heat treated at 1000°¢ for two hours and
water. quenched prior to austenitization.
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!

169 /3y = - 28890 4 4 o6,
where (V), (N) and (C) are the concentrations in weight »per-
cent of V, N and C respectively y and T is the absclute
temperature. ) ‘
) In this way, the equ;i.1:i.!::z:':i.um~ solubility temperature
of VN was estimated to be 984°C and that of V,C, to be 850°%.
For this steel, T aus WS selected as 1045°C. This is approxi-

mately 60° C above the nitride solubil:.ty temperature, and

~according to Cerdea (2), such an annealing temperature should

lead to appro;timately ‘the same austenite grain size as when
plain carbon and Nb-steels are heated to 1030 and 1100°cC,
respectively. , /

The equ:.librium solubility temperature for 0.035%
Nb and 0 05% C was calculated .as 1041°C from the following

equat:.on (2):

' b
log) (c), = - 2228 + 2,96 , -

!
T

where (Nb) and (C) ‘are the concentrations of Nb and C ix\;

weight percent and T is the a.bsoliute temperature. If the ,

‘carbon ’equivaieni: of 0.006% N is taken as 12/14 (N), the

calculated solubility t“elixperature becomes'“losbfe. ( ¢
All of the Nb-bearing steels were austenitized at
1100°¢, which is 50 to 60°C higher than the”calculated equi-

-1librium so}ubility temperature. The effects of the other

alloying and mieroalloying elements on this temparature are

[ Tt —— o—————
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lowing ingx{edients:

considered extensively in the Digcussion section below
(Chapter, ’5) . ﬁ
| Once the half-hour austenitizing 'éreatment was’
complete; the jsyétem was cooled to the test temperature at
an approximatl rate of lOC/sec. Each sample was-tested as
soon as the temperature was stable within 5°C of the reguired

i
value. This took between 3 to 6 minutes from the start of

- the cooling operation. . ’ \

3.3 Metallography

1

];n oxder 1;0 cietermine the initial austenite grain
siges of the materials tested, a series of samples was heat
treated, as described above, and %ce-—watez“ quenched. The
qu‘elnched specimens were mounted ix; res in and hand polished
by standard methods down to 5 vm grit diamond polishing
compound.

_A number of etchants was 4trie‘d, including nital
and a hot (80°C),.saturated aqueous picric acid Qolution
coxiiain‘iﬁ? a_wet;t?t g agent\ (Teepol)., The most successful‘
one was the modified aque;:us ,ﬁiéric acid solution developed
by the Republic{::eel ‘Co.*, which is comprised of the fol-

‘-

!

1 .

*The author is indebted to E.L. Brown for this information
from his thesis.




e OB VS TE Nt e et s

Ay 1 '
- .- \ - o e

36,

6 drops hydrogen peroxide

2 grams ammonia persulphate

2 grams wetting agent (Teepol, Calsoft)

per 100 ml saturated agueous picric acid. -
The mounted sample was imeréed in this solution and swabbed
regularly with gotton wool to remove the dark deposit formed
due to the chemical attack. ‘

The grain sizes were determined By ,the intercept
method (ASTM #E112) using a circular 200 mm length grid. The

grain sizes determined in this way are shown in Table 3.3.

>

3.4 Conmpression Testing

One of the aims of this investigation was to deter-
mine the dynamic precipitation kinetics of VN and Nb (CN), along
with the effects of Mn, Mo and V on the precipa.tation kinetics

of Nb(CN) . In order to do so, a series of 1sothermal, constant

T
o

true strain rate Ests/was carried out. The range, of 'strain

—

rates that could be obtained with the present equipment and

specimen sizes was 3.2x10™> to 0,74 s™*. The maximum true

strain that could be applied without risk of damaging the

experimental apparatus was 0.8. Where higher strains or strain

Tates were required, torsion testing was carried out (see below).

t
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-

3.4.1 Specimen Preparation

Compression sampleg were machined from the as—réceived
plates with the compression .axis along: the rolling direction
(Fig. 3.1). The sample sizes used were based on the load
capacity of the Instron machine and load cell, as well as on
' the strain .rate used. The sample h‘eight-to-diame;ter ratio was
kept constant at 1.5. The sample heights used were 13.1 mm,

11.4 mm and 8.4 mm. ;

L
v f

w N7 The end surfaces of the specimens were grooved to’ t
W

)

retain the glass libbricants used to minimize the friction {
between the ends of the sample and the test equipment. ihus,
aftér testing, the samples were approximately cylindrical,
with no apparent b\arrelling.l The, groove geomet'r.y ‘was based
on the work of 'Lut‘cin, (58). and allows for the maximum retention
of lubricants. The grooves were flat-bottomed, and wider at
the base than are ’the ridges between them. They were made

Y

with a modi,fied 2 teeth/mm thread chaser.

E

3.4.2 Compression Testing Equipment .

High température compression tests were carried out
on an Instron machine modified for constant true strain rate

operation. The details of this apparatus are described in

detail elsewh.ere (21,29,30). The éonpress‘iof; tooling,
illustrated in f’ig. 3.2, wvas comprised of an upper anvil
assembly connected to the moving crosshead, and a stationafy
lower anvil atta.chpd to the load cell. An Iﬁ?onel muffle
surrounded thé specimen and tools, which allowed for testing
1;1, a vacuum of about 10> gory, or in an argon atmosphere.

.

v wn g et e




J
Specimen Dimensions (mm)
size | Length (L) Piameter (D)
1 114 7.6

2 | 84 5.6

Groove Dimensions (mm)
size]| A B*] C E

1 10418 JO1S 10.36 | 010

2 |045 012 | 030|010

ot i .

P Tolerance 0.02

;‘.* : ' [ad
' | ' d ‘ ) h
Figure 3.1 Compression test sample geometry and groove 3
. design. .

.
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Figure 3,2 Schematic diagram of hot compression train LT
: (after Weiss (78)).
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SiN inserts were placed at the ends of the anvils and were
held in positioA by superalloy nuts. The smoothly ground
s;N ingserts formed‘a good, minimally deforming compression
surface for the samples.
The tests were performed with the aid of a Honeywell

4020 pf;cess control computer. The load measurements were
takeﬁ/from the load cell and the displac:ggnt measurements |
from a Linear‘Variaplg Displacement Transducer. (LVDT).. The
LVDT rod wa;iattached to the moving crosshead and the coil - f
to the Instron frame. These data were_stored~by the computer
on a scratch file: }True stress/true strain plots were obtained
immgdia£e1¥ dfter ‘gach test, after which the data were transferred
on tape for permaneéﬁ qu;age, so that they could be reéalled
aq'wiliuat a later date:°.

¢ The ﬁigh témperatﬁres required for the austenitizing
tgeatment wgfé obtained by means of a Saﬁgc split three-zone ° I
platinum resistance fu;nacé with a capacity.of 14.5 aﬁperes »

( > »
pexr zone.” This furnace was connectéd;to a Leeds & Northrup

. Electromax-III, series 6435 controller.

Y

- /e
3.5 Torsion Testing Coow )

+

Thelrange of Etrain'raqes’and strains attainable
with the compression testingfequip@ent ig limited to maxima

of 0.74 st

and 0.8, respectively. Particularky at the lowest
tamperature_(B?SOC), dynaﬁic récrystallization does not start
below a strain of 0.75~0.8 at the higher strain rates." Thus

it is impossible to establish the onset of dyﬁamio recrystal-

A /
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lization by means of compression testﬂing under these experi-
mental conditions. With the purpose of owercoming these dif-
ficulties, some torsion tests were performed. The maximum
equivalent strain rate that could be reached was 3 g—l. There
was no practical limit (except for frlacture) to the strain_
that could be attained, 'so that th¢ peak strain \&ui\d\always

[T
)

N
be determined in‘‘this way.

v

3.5.1 ggecimen Preparation \ 2

The torsion specimens were maéhined from the as~-
received plates with their laxes along the rollingldirection i
(Pig. 3.3). The s_amples were cylindrical, with a gauge 1‘ength
of 25.4 mm énd a d}iameter of 6.35 mm. One end of th; sample
was threaded for /insertion in the grip at the torque cell
(fixed) end of the apparatus. The end of the sample inse’rted
in the rotating grip was kept flaét to allow for thermal expan-
sion and contraction during austenitization and cooling, as
well as for length changes due to anisotropy oxr elastic inter-

action effects during testing.

3.5.2, Torsion Tes{:ing Equipmerit B

The torsion tests were performed on a closed loop
hydraulic torsion chhine of the MTS type. ' The 'details of the
apparatus, shown schematically in Fig. 3.4, have been de_scriléed
elsewhere (59). This machine was interfaced with a PDP 11/04 ..
minicomputer for the purpose of running the test and to enable

data acquisition, as described by Canova et al. (62). The computer
. . ,

‘¢

[ - ' <
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Figure 3.3

.Torsion test sample geometry.
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Figure 3.4
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Schematic diagram of the Hot torsion train
(after Fulop et al., (59)).
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generated the desired input signal to the servo controller by
means of real-time programming (see Appendix A). The digital
input signal from the ha;:dware\ segment denerator was converted
into analog form before being fed to the two' controllers.

The displacement: i.e. the angle of tw?.st of the
sample, was measured through a transducer on the rotating grip.
‘Thgse measurements .were converted to equivalent strains usiﬂg
the relations given in Section 4.3. The torques were monitored
from the torque cell at the end of the fi:;ced grip. The equi-
valent stress, ¢ eq; was determined from the £orque as described
in Section 4. 3.

The torque vs. time, torque vs. equivalent strain
and log (torque) vs. log (equivalent strain) plots were dis-
played immediately aft.ér each test on a Tektronix 4010-1 wvideo
terminal interfaced with the computer. A copy of eacl; plot
was obtaineci from the Tektronix 4631 hard copy ﬁpit, also
connected to the terminal. ‘

i

The samples were heated in a Research Inc. dual
/elliptical radiant heater. The furnace was water cooled. IA
Thermac 6000 series dont;oller was used to ’co;xtrol this fur-
nace. To reduce oxidatic}n, a positivé pressure of argon was

maintained inside the furnace throughout each experiment.
"

" . .
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e CHAPTER ¢
- EXPERIMENTAI, RESULTS
| J
The aims of this research were the following:
l}) To determine the PTT curves for the precipitation
s of Nb(CN) and VN under dynamic conditions. - '
2) To determine the effects of Mn, Mo and V addition
on the dynamic prgcipitation kinetics of Nb (CN) ./
3) To determine the contributions of these elements
to the high temperature yield stress.
4) To prepare a dynamic recrystalllzation-time—
temperature (RTT) ‘curve for a selegted strain
-rate conditfon for comparison with static RTT

curves.

4,1: Experimental Conditions-

Six steels were tested; a reference plain carbon
and five HSLA steels containing V, Nb, high Mn-Nb, Mo-Nb and

‘Nb-V. To obtain data for objectives 1 to 3 abgve, compression

_tests were conducted isothermally at 875, 900 and 925°C. These

tests were carried out in the strafd rate range 3.2x10 -5 to

- "

0.74 s %‘.

! , ~

In order to prbduce the RIT curves, a series of tests

“2571 at'975, 1025 and

was performed at a strain rate of 3.7x10
1075°¢ in addition to- the above three temperatiires. These
tests also provided yield stress information at these tempera-

tures.
. S

[l
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To D.attain high peak strains, torsion tests were
carried out at strain rates from 2x1072 to 3 s+
bearing steels only. Most of these experiments were conducted

at 875%. - However, a few were also performeé at 925°c.
. <

r;

4.2 Flow Curves in éompression

Typical sets of compreséion flow curves are presented .

in Figures 4.1 through 4.3. They include the whole range of

-strain rates and temperatures employed for each type of steel.

These| curves are giveh as plottefi by the computer. The shape
of these curves is typical of materials that recrystallize
dynamically. After the macroscopic yield is attained, the
material work hardens. As the rate of recovéry increases with
strain (séress) ’ .the rate of work hardéning decreases wit}z
strain. Fi;nally, dynémim recrysta;lizatign is' initiated ;}ust
befo;e the peak strain is attained.ﬂ and the subsequent drop

in peak stress is-due to th,e p?gress ofu dynamic recrystal-
lization. This softeninggg;ro;éess involves nucleation and
growth, and therefores requires time. The higher the strain.
rate, the shorter is the time required to reach a given strain, .

thus higher peak strnns are necessary to initiate recrystal—

et

lization at higher strain rates. (Note that the time, t, to '

on the Nb- b

ol st s

reach a selected stra:.n, ‘€ aA: 2 given constant strain rate,

- -

e, :Ls t= e/ £.)
In Fig. 4.1(a) are depicted the flow curves observed R
for the plain carbon ig_:éél. As the strain rate is increased

-
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Figure 4.1 (a)”’ Flow curves for the plain C steel at 875°
. over-the rangu of strain rates invutigatea.
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by thgté orders of magnitude from ]..,47:c10-4 to 1.2x10 1g71,

the péa}g,&s;‘train increases ’by a factor of more than two (2,.~55’)":

In the case of the V~steel, Fig. 4.1(b), the same change in

* strain rate leads to an increase in the peak strain by a

factor of oply 1l.4. The4con§ideraply sméller”egfect ?f inereasing
the strain]rgte in the V-steel is due to the dynamic precipi-
tation.of VN during work hardening at the lower strain rates.
Under these conditions, recrystallization is delayed because
;ﬁé fine precipitates thae form on dislocations during defor--
mation hinder their motion. Thus thé highly recovered sﬁb—'
structure required for the: nucleation of recrystallizat{on
cannot fornu The influencé of dynamic precipitation during
testing is particularlywevident\Wheﬁ’the two sets of flow

. curves in Figs. 4.1(a) and 4.1(b) determined at. strain rates

"4 and 1.2x1073 571 are compared.

of 1.2x10
The Nb steel, as shown in Fig. 3.1(c), shoﬁs'broadgr
peaks than the plain carbon steel, even at low strain rates

such as 1.4/1. 9xlo‘4.A This broadening of the peak ié'assgciated

I

. wfth both preoipitate and solute effects fFP be discussed in
more detail below), and is seen in all of the Nb bearing
steelg (Figs. 4.1(c) to (f)). It is also evident, t0~é lesser
extent;‘in the V-steel kFig. 4wl(b)).’ The higher peak stress
and strain in the- Nb—stael is partially due to dynamic preci-
pitation during the risingwbt the flow curve, with a fu:ther
eontribution £from the.soluta retardation of reérystallization ,
due to Nb addition. Thase twb etfects will be examined ,much

mo:b alasely in the sactions thgt fcllow. wheﬂflaw cu:vea
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- for the Nb-bearing steels are qualitatively similar; the

. .
o relative differences in their peak strains and stresses will

s ey s ey

t

be di,s’cuesed in Sections 4.5 and 4.6, respectively.
A - N ~ - * 3

o 4,3 PFlow Curves in«“EToi:'sion
, M
/

S e s

" The experimentally determined torque vs. equivalent
| Strain curves are shown in Figs. 4 4 and 4.5. These tests
were carried out only on the Nb-bearing steels‘ because, in -

. these materials, the peak stra:.n could not be atteined in

.~

compressmn. The equivalent strains are .proportional to the

&

- measured angle of twist o, as given by

. o . . ¥ - - Re . \ .
Eeq = € = WI? . - (4'»1)

3 ’
where R and L are the radius and length of the sample,

> I

f resPec?E‘ively . . Vo
1 ., 0 - . .

oo i The increase in the peak strain and maximum torque

with i creasing strain rate is illustrated in Fig. 4. 4(a) —

for th Nb-sqteel,. Due to the flatness of the torque vs.

‘ e strain \curv‘68 the streins at peak torque are not easily

determined at. 875°c (F:Lg‘ 4 4(a)).’ At the next higher tem-

perature (Fig. 4. S(a.)), where recovery rates are faster .and

t 7 recrystallization atarts sooner, this problem is ‘cnnsiderably

. | reduced. The' additidn of high levels of Mn td' a "Nb steel does
» not neem to afteet the peak torque (eompere, for- example, the

| . ’?’ cntves for dutemation at a strain‘mte §dﬁf; 3 s -1 in J!‘igs. o

, O 4 d(a) Qnd &?H 0 althcuqh ﬁm, peaik ;é;ains m:e comewhat higher. v

& . :
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'.L'he perues for the Nb-v steel (Figs. 4.4(d) and;
4.5(c)) are consistently lower than in the Nb-steel (Figs.
4.4(a) and 4.5(a), gespectxvely)_. The peak strains are
slightly lower in‘tr‘xe Nb-V ;Eeels. OP the othé\t hand, Mo . <
in a N’l':,at'eel (Fig., 4.4(c)) .led to higher psak torqu‘és than

LI |

observed in the Nb-steel and also to higher peak strains. .

&
- A N

4.4 Correlation between t&e:Con;Rreséioh and Torsion Flow Data

Tzue stress—true ‘strain curves are readily calculated
gtom the load/displacement data of compresaicn tests. . In
torion, however, where torgues an.dh rotations are mcagured",

the conve:aion to stress and strain is not as easily c

7.

Re—y S

e&(ﬁ?nsned.
The cqui.valent at:ain at the surfaée“ 18 determined with ;ih ‘
t

difficylty frcm Eq. 4.1 above. The -aquivalént streas a
surface is usually evaluated from the experimental toc:que T,
via the "re‘lation proposed by Fields and Backofcn (60) , namely:

] A

,
|
N LI 4

= = G (S ,
- Yeq ] mf? + m +n) '(40?) .

<

Here, n is the st:qin rate sansit;ivity of the torqae and n s !

'is the work ha:daning coefficient derived Jrom the torque. i

These’ twof coefﬁcienta are defined as ,tcllcws.

e T
.~ om-= 3 T - . " (4.3)"
: D 3 in E‘J S LI
qnd y - N ' - . . v, . ‘-» Ir
) - 2 T ° . :
n .1?‘ ) (4.4) 4
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" The (torque—based) Wwork hardening coefficient cdn be detex~

'
e o S P p————

b et s

! - L
:

H

[

‘' mined from a log T - log e plot, as shown in Fig. 4.6. The

(torque-based) strain rate cpefficient can, in principle, be

Yo

calculated from two tests carried out at different strain
rates; e.g. from the 'relation }og(Tz/Tl)s/log(éz/;:l)e. , Becagse
of the dependence of m on o, the difficulty with this method

is that the numerical value of m“éepends on the strain’' rates
used.

This difficulty is illustrated in Table 4.1, where
it can be seen that the valué of m at a given strain approxi-
mately doubles in going from :: /;: ratlos of 2 to 6, or 2 to
3. By contrast, there ig little cham;e in m in the ¢ /e
range from 3 to 6. However, as the overall range of m is
restricted to the interval\h\.l to 0.2, this variation is of
little consequence in the d(3§+ m4+ n) term of Eq. (4.2).

The- instantaneous vjalues of n vary from ~ 0.5 in
the initial work hardeninij“i';gion to .~ 0.7 beyond the maximum

/
torque. Using the instantaneous values for n and an average

value for m, the equivalent stress can always be calculated

v

to produce a stress/strain curve, although( it can sometimes

be a lengthy and tedious process. ' The peak strain determiried

.

in this way should be comparable with that obtained from
compression data. Unfortunately this has not been gound to

be the case (32,61), and the to::'sa.pn UP values are consistently

higher than those determined from compression testing.
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TABLE 4.1 )
Strain Rate Sensitivity (m) of the Torque .in
’ the 1.2% Mn, 0.035% Nb Steel at 875°C
0.023%
o/
m- € el/éz é; r-':2
0.080 0.2 2 0.6 0.3
0.086 - * 9.5 2 0.6 0.3
0.080 1.0 2 0.6 0.3 \
0.084 1.5 2 0.6 0.3
0.074 2.0 2 0.6 0.3.
0.13 © 0.2 3 0.3 0.1
0.13 0.5 3 0.3 0.1
0.16 1.0 3 0.3 0.1 "
0.17 1.5 3 0.3 0.1 |
. 0.18 2.0 3 0.3 0.1
0.11 0.2 L6 0.6 0.1
0.12 0.5 6 0.6 0.1 —
0.14 ‘1.0, 6 0.6 0.1 i
0.14 2.0 6 0.6 0.1
/
N




ST Thig point is illustraéed in ﬁ%g. 4.7, where the

test results are compared at 925°¢ and An equivalent €. of

5x10 %s™1. It is evident that the torsien peak stress is

lower than the compression €, and the same relative positions

p
were observed at other temperatures and strain ratesv Canova

Z

o

et al. (62) have recently ﬁroposad an explénation for this _

difference; in torsion there are two piapes of maximum shear

AP RS, FEEE-RP- -

‘stress whereas in 'axisymmetric compression there are an infi-

nite number of them. Also, only one of these two planes is

Ao b

particularly active in torsion. Thus, in torsion, with
essentially a single slip system operative, the work hardeniné
rates are lower than in compression, where there are numerous
slip systems, so that the work hardening rates are also higher.
This explanatién nmay be extended to account for the
considerably higher peak strains observed)in torsion than in’

compression. The nucleation of recrystallization is dependent

on échieving a criticalrdislocation density as well as on the
! ‘ - development of a substructure containing certain minimum mis-
orientations. The differences in the two work hardening rates
and in -the number and geometry of the operative slip systems,
E ‘ as described very briefly above, could mean that larger
{

(equivalené) strains are required in torsion than in compres-

sion (or tension) to accumulate either the cfzﬁical dislocation o
_density or the minimum misorientation. Thus the very particular
slip geometry associated with torsion and simple shear may

be directly responsible for the higher strains to initiate

()

reérystallization in torsiomthanin axisymmetric testing.
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Although the above gualitative explanation can - £

account for the differences between torsion and compression

- flow curves, it does not lead to quantitative conversion

.factors for passing back and forth between the two types
of data. For the present purpose, it was therefore decided
to use a simple 'calibration' procedure instead. Additional
toirsion tests -were carried out at strain rates and tempera-
tures similar to those of the compréssion tests. From these
comp /e tor

P

data, the mean value of the ratio (;Rl = ¢ was

p
determined. This ‘was used to calculate the compression
equivalent peak strain values from the €pt°r data over the
entire experimental rangé. A gimilar ratio Rz = op/'rp

was employed for conversion of the peak torques to péak equi-
valent stresses. Because the sample length and radius were
the same for all the torsion specimens, this simple procedure
eliminated the necessity'of first converting the torque to
eqﬁivalent (torsion) stress before making the conversion to
equivalent (compression)/ stress.

&

4.5 Strain Rate Dependence of the Peak Strain

The dependence of/ the peak strain on alloy composi-
K tion anfi/ on gtrain rate is shown in Fig. 4.8 for the plain
carbon, /V’ d Nb stgels. -The Ep values increase smoothly
with straih rate for the plain carbon steel. By way of
contrast, there are two things to noée about the ;aicroallbyed
steels: (i) the shift in the overall curwe to higher peak

strains over the whole range of strain rates; i.e. the general

'

-~ - e e T s AR U fo ST S S VDR v e et




_{_&

T ——

%

PEAK STRAIN

. R L T RS, T TN EO N o e

70}

60 I

sol
| _—

/. \
40 |-
30 -
8 008 C.l‘fSMﬂ -
Y4 o0o05c,120Mn, 0115 v

20 |- "®° 005 C,I25 Mn, 0:035Nb |

, | .87mec °
IO L 1 i ] 1

| ‘g 103 ig? 10”

“ | ) -
Figure 4.8 (a) Dependence gf the peak strain dh the strain

»

STRAIN RATE , &'

|

rate at 875°C in the plain C, 0.115% V and .
1.25% Mn, 0.035% Nb steels. :

‘18

o
A AR § tosntborerbom o el T s

A e




i

i ' ——— B R B T I N B AR T . Ch s ey —
! v
f
\ ' .
| \ .
t ] ¥ ¥
900 °C _ .,
# 7ol * e ocosc,ra3mn . - : o -
i \J -
: 7~ & 005C,I20Mn, 0115 V °
60 | ® 003 C k25 Mn, 0-035Nb 4 .
. °o— ./ ' !
32 \ v ‘/ -
. ) - - ® . - r? | =
- 50 s & ./ . - - —
g " / ¥ = \ '
| X < Y b ' '
) E 40 L. /' \ —
@ ) . . v .
< L ’ \ /
m 3ol s . -
: . -
% N iR Yy . ]
| ) T / o .-
H s e . * ‘ - Ny
! : 20 |- / ./ ) -
j - . .‘-——'./ - .
4 — 4 13 .é 1'
- 1o* |0 - 0% 107
) ! STRAIN RATE , s . -
o/ Fligurezl.ﬁ {(b) Dependence Sf the peak strain on‘the ‘Btrain
. rate at 900°C in the plain C, 0.115% V and , ‘
" 1.25% Mn, 0.035% Nb steels. ‘ : v

\ o

‘Z8

gy A A AN P 7

e Ay e s




-

PEAK STRAIN

60

%

r
]

3}
Qo

»

>
Q

\

4
o

1

T — —
925°C

_ ® 006C,l43Mn "

& 005C,1-120Mn,CII5 V

L~ ® 005 C,25 Mn, O-O35ND

i 1

T i 103
STRAIN RATE

1052 10"
" \

Figure 4.8 (c) .Dependence 8f the peak strain on the strain
\ ~ rate at 925°C in the plain C, 0.115% V and

| . 1.25% Mn, 0.935% Nb steels.

Lot f o e e o s Loty Vmie 4w v

‘.8

B e T O U P P




JEUE. R SR

T O)

( rearrangement and recovery of dislocations.

l
l
L

|

‘new grains. cannot take place or they occur more slowly. This

n )
retardation of the onset of dynamic recxystallization; and

ry

(ii) the localized humps in these curves over a particular
strain r;ette range. | ’ —

The overall shifj: in the curves, ({(i) above) is
due, as will be discussed in more detail below, to thé
retardation of recrystallization by the influence, of Nb and
V in solution. At the h:.gh strain rate end of these diagrams,
th;/v;hole test-is completed within 10 secénds or less, and
as will be shown in Section 5.A-3, this time is insufficient
for any siénifiéafnt dynamic precipitation ﬁo occur’.

The location of the humps, in the intermediate

strain rateé range, is associated with the dynamic precipita—

tion of Nb(CN) and VN in the course of the test (21,29,30).

, §
At these strain rates, there is sufficient: time for dynamic '
precipitation to take place before the onset of recrystal-

lization. This precipitation leads to a component of retarda-
\

tion beyond that due to the solute effect alone. The preéipi-

tation of Nb(CN) and VN'during deformation hinders the
In this-way, the

/
substructural rearrangements required for the nucleation of

effect reaches a maximum v\then precipitation starts ‘at rela-

tively small strains and contix;éues until the peak ‘strain is’./m
reached. At even lower.strain rates, to t;,he left of the hump, Co
precipitation starts' very early during straining and énds a '
little later, but still early in the work hardening region,

and well before the peak strain is reached. In this region, _

A R by e A L M N b 3 a0 1 sl
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there is deformation enhanced precipitate coarsening (21,29,
J .
30). The lower the strain rate, the greater is its extent.

The retarding effect of these coarse precipitates on dynamic:

recrystallization is limited, however, so that the retardation

observed in the low strain rate rang/e is largely due to the
soluées that have not yet precipitated. ’ '

It is of interest that the overall shapes of thé -
Nb and V steel curves are similar in that both materials
exhibit a hump. The size of the humps, hq{wever, decreases
.with temperaﬁure (compare Figs. 4.8 {(a), (b) and (c)). By
contrast, the solutg retarding effect of V, as judged by the

overall height of the curves, is much smaller thén for Nb.

The reasons for this difference will be considered more closely -

in the Discussion chapter. |
The stra::n rate dependence of the peak strain for
the four Nb—bearix@steels, taken as a group, is shown in
Fig. 4.9. The relative magnitude of the solute effect in
‘eac—:h steel is indicated by the value of the peak strain out-
~8ide the huﬁxp reéion. The largest peak strains (and therefore

the greatest retardations of recrystallization) are ocbhserved

<, .in the Mo-Nb steel, thehin the Nb-steel. Slightly lower

peak strains are noted in the Nb-V steel at 875°C (Pig. 4.9 @),

and depending on the strain rate range, at 900 °c (Fig. 4.9(b)).

, @At 925~ c, however, this steal exhibits peak strains larger

thgn those of the Nb-steel. The onset of racrystallization
is earliest in the Mn-Nb steel, which is a possible exception

to the expected order in terms of the solute retarding effects.
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This steel had a smaller initial grain size in comparison to
the other steels (see Section 3.3). The smaller initial
grain size may be responsible for the lower than expected

peak strains. 'If this interpretation is correct, the smaller

'peak gtrains are due to the greater grain boundary area per

unit volume available in the Mn-Nb steel for the nucleation
of recrystallization. The smaller grain size probably did
not affect the precipitation kinetics, however, for reasons
that will also be discussed in the next chapter.

’

4.6 Strain Rate Sensitivity of the Peak Stress

T

The peak stresses attained in high temperature flow
can be affected by alloy additions in one of several ways.
With substitutional alloy additions .such as Mn, Mo, Nb and
V, there can be a direct iﬁcrease in the yield stress, as

well as a change in the work hardening behavio:;. For inter-

——

.y

stitial additions, e.g. N (32), the yield strengt-:h can bhe . -

decreased, and the work hardening behavior can also be affected
of course. Precipitates can have two kinds of effects: one

is that fine precipitates can pin -the dislocations and there- -
fore increase the work hardening rate, leading to higher peak
st;;sses. This is due, principally, to the associated decrease
in the rate of dynamic /recm;ery. The other efftejct*is linked ’
to the firgt in that the nucleation of dynamic recrystallization
can be delayed or even prevented completely by the precipitates,

ag#in leading to higher peak stresses.
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The strain rate dependence of the peak stress is
shown in Fig. 4.1Q for the plain carbon, V and Nb-bearing
eteels.' The peak stresses for the plain carbon steel, as -
expected, are the lowest, followed by those for the V séee};r
There is a small contribution of the precipitates :hen present;
to these values; for example in the V steel, in the strain
rate range 5:‘»:16-'4 to 10”2571, at 875° (Fig. 4.10(a)). This

effect is much less noticeable in the Nb bearing steels and

ig almost lost in the experimental scatter. A comparison of

Figs. 4.10(a),(b), (c) does not regrettably reveal a consistent

pattern regerding the extent to which Mn or Mo alters the

peak stress of the Nb bearing steels.

/

4.7 High Temperature Yield Stresses i

The strain rate dependence of the yield stress for

the six steels is shown in Fig. 4.11. At the low strains .
assoclated with macroscopic yleldlng, i.e. within the first
1-3%, there is insufficieot time for precipitation to occur.
The difference in the strength levels of the various 5teels
can then be attributed to the alloy additions which ate present
in the form of solutes. (The torsion data are not included
in Fig. 4,11 due to the dlfficultles encountered in"data
acquisition at low strains and high strain rates.)

/ The strengthening per 0.1 at—ﬁ of alloying addition -

relatlve to a plain carbon steel was evaluated fxrom the fol-

[ s
!

lowing relation:
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In a similar manner, the strengthening per 0.1 wt% of aliéy'

b
addition was calculated from: ) .

] - 0o JP1.C

W = ¥S ¥Ss 0.1
! 48 5 PL.C T Wtis

s

s is -the alloy addition assumed to be in solution. To esti-
i

mate the incremental strengthening due to Mn, Mo or V addition
W

; .
over that due to Nb addition alone, was used in place

Yys
YSPl.C in the expregsions given above. For purposes of

comparison, ¢ v wag ‘also substituted in these expressions
Ys

of ¢

and the strengthening due to the addition of Nb to a V steel
was calculated in this way. "

The results obtained using this method are presenéed
in Tables 4.2(a) and (b). Table 4.2(a) is for 875, 900 aﬂd
925° _ower the whole range of strain rates, and Tabie 4.2(b) -

2_-~1

is for a strain rate of 3.2/3.7x10 “s - over the temperature

~ range 975-1075°C. (The flow curves for this last set of tests

are shown in Appendix A.)

It is evident from the tables that Nb has the greatest
effact, and leads to a strength increase of about 70% per 0.1

w \ - s
at % of addition._ This ipfluence is followed in magnitude

by Mo and V, which have somewhat similar strengthening effects,
9% and 7% respectively per 0.1 at 3. Mn has a very small

effect, 1.3% for the same amount. Thé relative positions df

!
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TABLE 4.2 (a)
— > [ s
Strengthening Due to Microalloy Additions at 875, 900 and 925°C
l], o
Solute ~ Comparison .M'Y/ oy (base) % at TC* Arithmetic Agy/ay {base) % per dgy/oy (base) % per '
Elsment (s} Base 378 - 900 \ Average 0.1 at.% Solute (s) 0.1 wt.s Solute (s)
\ i
v . Plain .C 6.0 & S.b 15.0 & 3.5 4.5 + 5.3 8.5 7 ' 7
Wb Plain C.  13.3 & 10.2 22.4 & 3.2 13.8 * 5.8 17.0 70- \ 49 )
Mn + ¥ . | ) ‘ .
fin Mn-¥b steel) Plain C ?5.7 S 1.|E 32.6 3.2 | 20.8 4.8 26.5 5
m \ = E » ! A
(in Mn-Nb wteel) MDD Bteel 3122 ; 13, 8.4: 3.8 5.6t 7.5 . 8.7 1.3 3
Bb + V ) 1 R \
_ (in b~V nteel) Plain C 13.2 £ 27 l 38.5 4.9 22.9 8.0 24.9 17 17
- ¢ :
’ *(in Kb~V steal) Kb Bteel 11.2 # 13°  12.¢ 3 3.1 6.8 + 4.3 10 g . 9 i )
\ - {in Wb~V steel) V Bteel 21.0 £+ 13 20.0 3.0 16.3 4.9 19 80 _ : . 56
. Mo “ .
‘{in Mo-Fb steel) Nb Steel 15.4 ¢+ 6.3 14.5 3.3 20.0 3.7 16.6 10° 5 =
Mo + Wb . ! -
(in ‘Mo~Nb steel) Plain C 29.7 + 9.4 40.8 : 3.8 37.4 £ 7.3 36 18 : 10
*Limits shown are 1 standard deviation. ’ - ]
©
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' TABLE 4.2 (b)
’ Siren thening Due t? Microallo& Addigions at a Strain Rate '
_ ‘_33—%T§7§T7§IE=2§' in the 875-1075 C Temperature Range
- Acy/oy (base) % Overall Average*
‘ Solute Comparison Per 0.1 at.% Per 0.1 wt.$% Per 0.1 at.% Per 0.1 wt.%
El+mant (g)' Base Solute (s) Solute (s) Solute (s) Solute (s)
v Plain C 3.3 3.3 7 6
Nb Plain C - 78 -~ 55 70 50
Mn + Nb . )
(in Mn-Nb steel) Plain C ’ s 5 5 5 7
{in Mn~-Nb steel) Nb Steel 0.6 0.6 1.3 1.3
. No tv -
(in Nb-V steel) Plain C 18 18 .19 19
v L
(in Nb~V steel) Nb Steel 5 6 8 8
‘Nb
{(in Nb~V steel) V Steel 80 56 80 56
* Mo T :
{in Mo~Nb steel) Nb Steel ' 8 4 9 5
Mo t Nb ¢
{(in Mo~Hb steel) Plain C 17 "10 18 10

*Includes data from Table 4.2 (a).
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each of these elements and the similar effects of Mo and V
are unlikely to be coinc¢idental, and some of the possible

reasons will be discussed in the next chaptexr.

The temperature dependence of the yield stress at .
2 -1

[

a strain rate of 3.2/3. 7x10 is shown in Fig 4, 12. It
is interesting to note that the relative positions of the six
curves are not strongly affected by the temperature; i.e.
that the relative; ‘strengthening .does not decrease markedly

as the-temperature is ix{cféased.\ 'I'h—e‘ lower than expected

yielgl stregses of the plain carbon and V-steels at 1075°% is

. most likely due to some grain growth that took place in these

while the temperature was raised from 1030 and 1045°% respect-
\ : ’ /
ively to the test temperature.
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CHAPTER 5

DISCUSSION — -

5.1 Dynamic Precipitation in Austenite . ¥

ral There Is considerable intergst in being able to-

dlstlngun.sﬁ between the solute' and precipitate retardation

of recrystallization in austenite. One way of doing so.would
~ ’ be to single out each effect, i.e. to determine the “precipi-
tation kinetics on the one hand, and to evaluate the relative
solute effects of the different additions on the other. This
is v'wlgat/has been attempted in the present study. In what
follows, a description will first be given of the manner in
which dynamic precipitation kinetics were determined. The ; )
results for Nb(CN) and VN w:.ll then be compared with those .

reported ln/ literature. The effects will then be cons:.dered
’ ’ - of Mn, Mo and V addition om the kinetics of Nb(N) preClpltatfpn.
| Finally, in a separate section, the relative solute effects \39;&)
Mn, Mo, Nb and V will be destribéd and compared. A possible

é "7 ratiomalization of the magnitudes of these effects will be

presented and discussed.

5.1.1 Determiﬁing the Kineticg of Dynamic Precipitation

'J.‘he precipitation start (P ) and finish (P f) times
N 0 /
were determined from the Ep vs., log ¢ data of the previous

chapter. The method used in' this study is basically that, ~ .
,/s) y " of I. Weiss (21,29,30) and invblves the location of the hump

in the Ep vs log € curve. Thus, a mechanical test method was

= ‘ X Q / / »
N i ) ' ,
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employed to determine P s and P.. 'fhe method of Weiss as
originally develoéed, however, depends on a comparison of
the slopes of the ep vs. log € curves fo:; the microalloyed
steels (in which precipitation occurs) with those for a reference
plain carbon steel (in which precipitation is absent). Tl;g
present modified metlrllod, on the other hand, do‘es not requirg
a knowledge of the Ep va. log e dependence for {ﬁhe plain
carbon steel and is therefore somewhat simpler to use. For
the sake of completéness,\the method is d§scribed bglow.

In Fig. 5.1 a schematic Ep vs. log ¢ curve i‘s sHogm.

The:dashed line B is for the solute case, i.e. the expected

d b ,
behéﬁlior if there were only non-precipitating alloy additions.

PR

The point at which the two curves A and Btiverge at the high
strain rate end of the plot defines the stxain rate at which
precipitation starts, just prior to the peak strain Ep‘ Ps

is in turn determined from (21,29,30). ) )

- 8 b
P b /& , (5.1) .

“ g
~ The -curve marked C is parallel to B but shifted

along the vertical axis until it is tangent to curve A. The.

A ~

precipitation finish' time Pf is determined from the point of
- ~ J

maximum divergence_ (point of tangency) as

= e %y o (5.2)




[

3.

T

PEAK STRAIN

v

[

log (STRAINRATE) . §

Figure 5.1° A échematic Gp vs. log € curve to demonstrate
: .the method of*determining P and-P; times..
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This represents the condition where precipitation starts

early in the test and continues until the peak strain is

4

"5.1.2 Precipitation Kinetics of Nb(CN) in Austenite

The‘ dynanic 'PTT curves; of Nb(CN) in the four Nb
bearing steels are shown in Fig. 5.2, Precipiﬁtation starts
earliest in the base I\’Tb.—steeI cont‘aining 1.25% Mn. Precipi:-
tation is delayed by the additipn of 0.65% Mn /(Mn-Nb steel),
0.30% Mo (Mo-Nb steel) or 0.115% V (Nb-V steel). In what
foilovys, qoﬁw of the reaéong why the ;ddition of these elements
may retard the precipitation of Nb(CN) will be &égented a;ld
the present results will be compared with thase reported inl the

l_iterature .

5.1.2.1 Effect of Mn on Precipitation of Nb(CN)

The dynamic PTT curves for the 1l.25 and 1.90% Mn—

Nb steeis areé compared with that for a 0.42% Mn steel

~in Fig. 5.3. All of these steels had a similar base chemistry

and contained 0.05/6% C, and 0.035% Nb.{* It is apparent that

increasing the Mn concentration from 0.42 to 1.90% moves the

PTT curve sharply to the right by more than an order of magni-

*The 0. 42% Mn steel included 0.057% Al and 0.05% Si, whereas
the higher Mn steels contained 0.025% Al and 0.24% Si. These
differences. in Al and Si .concentration ( +0.032 and — 0.19%
respectively) are not considered to be sigm.flcant with
fegard to the present discussion. This is because Al and

Si are not transition elements and, therefore, have a rela-
tively small electronic effect in vy -Fe (63) as will be
discussed in more detail in Secti’.on ‘5.2

—
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. TIME , s N
" Figure 5.2 PTT curves for the dynamic precipitation of

'Nb(CN)' in the four Nb-bearing steels
investigated in the present study.
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Figure 5.3 The effect of Mn on the dynamic precipitation

kinetics of Nb(CN).
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tude in time. That is, Mn decreases the rate of Nb(CN)
precipitation.’ T@e reason for this delay is, in part, due

to the effect that Mn has on the Nb(CN) solubility in

aus;enite. The retardation observed in the present investi-
gation is consistent with the observation of V.R. Golik et gl:
(64) that raising the Mn concentration from 0.75 to 1.20%
increases the gsolubility of'carbides in steels of 0.16% C

with Nb éonqentiations of 0.08 to 0.29%. Similar observations
have been reported by J. Woodhead (65) regarding the %ncreased {
solubility of VN in austenite following the addition of Mn.

t

A’systematic study carried out by Koyama et al. (66) demon-
sg;ated that Mn increases the activity coefficient of Nb in |
austenite, but thaé it decreaseg the activit§ coefficient of
C by a greater magnitude. This effect of Mn on the activit¥
coefficient of C has also been reported by‘Wada et al. (67).
The results of phese two investigations are shown ih Fig. 5.4.
The physical significance of lowering the activity coefficient.
of an element in an alloy is that the material behaves as if
there were less of that particul;r e;ement present. Thus,
lowering the activity coefficient of carbon in austenite by
the addition of Mn makes the carbide more soluble because it

is equivalent to having a lower concentration of C present.

The net result is a decrease in the NbC solubility temperature.
Koyama et al. (66) reported that the éffect can be described

by the fcliowing relation:

e R TR A Ry VY gt

T T
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Figure 5.4 The effect of Mn addition on the activity .

coefficient .of carbon as determined by Koym

at al.

(66) and by Wada et al. (67).
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+ 3.31 + (=5 - 0.900) (% Mn)n

(1‘i - 0,05_04)(%Mn)2 .. (5.3)

log(%NDb) (%C) =

\

This relationship leads ‘to solution temperatures of
102'/7, 996 at 990° for the 0.42, 1.25 and 1.92% Mn steels, as
indicated on Fig. 5.3. The effect of temperature ah-the solubility

of Nb(CN) in|these steels is shown in Fig. 5.5. It is evident -

 that, at a given temperature, there is a greater amount of

supersaturation (with regard to Nb(CN) precipitation) in the
lower Mn steels. The somewhat higher C level in the 1.90% Mn
steel (0.06 vs. 0.05% in the other two steels), if accurately
deternined, may /ailsé accelerate the precipitation process due
to the greater supersaturation of C. -~ N

, The effect of Mn on some of the solubi,lity equations
for NbC reviewed‘by Nordberg &‘Aronéson (695 'has been analyzed
by the present author. A least squares fit through these data
(Table 5.1) led to the followi'ng\ dependence of carbide solubility

on the Mn concentration:

‘log(C) mb) = - 8286 4 3.275 + (193 0.59 ) (wt% Mn)
' ceseee(5.4)
Ac'cordz".ng to this equation, the calculated solution temperatures

for the 0.42, 1.25 and 1.90% Mn steels are 1086, 1059 and 1055?0

- respectively. (It should be roted that when the composition

of the 1.90% Mn steel is adjusted {:o 0.05%:c, this temperature

is decre;sed to 10349(:). The solution temperatures given by

et I e T T T o o A . sttt e Sabe o e e w e
) w e . -
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Koyama et al. (66).

um solubility of Nb and
8 containing 0.42, 1.25

Mn based on Eq. (5.3) due to
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Equilibrium SoluBilit Refationships for

NbC In Austenltes of Different Mn Levels*

J
7

Method

% Mn P -Q TOC Range Nb Range
. \ Equilibration
0 3.7 9100 10Q0-1300 0-0.8 ~ . with methane
. \ Chemical
0 2.26 6770 900-1300 0-0.08 technigques**
: Hardnesé
1.0 2.9 *7500 900-1200 0.036 nmasurempnt
1.2 3.04 7290  900-1300  0-0.11 Isolation of
» ' precipitate
. - Isolation of
1.4 1.64 5832 880-1000, 0.023 precipitate&ap
Isolation of
2.2 2.28 6815 880-950 0.019 precipitate

*Baged on results reported by Nordberg & Aronsson (69) .

**Sea also reference #16.

W P -

8266

\l

log (% Nb) (% €)

b
+
H )

3.28 - 0.5981(% Mn)
8266 ~ 983(% Mn)

983

P s
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Eq. (5ﬁ.4)"a;:e highgr than those calculated frc;m the Koyama
et 'al. (66) relation. This suggests that the differences in
the :levels of the other alloyi;ig elements, e.g. Si, also
affect the sg;l,ution temperature. _

The sh.a{:es of the PTT curves in Fig. 5.3 are also
changed slightly by the increased Mn con/centration. That is,
the nose of each curve remains at approximately .900°C even
though the location of the nﬁcleation controlled branches of
the C~curve is retarded by the decrease in the soiution tempera-
ture. The observatio\;f that the temperature ‘coorginate\ of the
nose does not change indicates that Mn affects ' not c;nly the
solubility of the carbo~-nitride, bl;t also the diffusion of
the rate controlling species of the preci;;itation reaction.

(The foregoi_ng discussion :i;s in terms of NbC precipitation
alone. *It is, nevertheless, likely tl';.at Mn has a similar
effect on Nb (CN) solubility (and similar results have been
reported for the effect of Mn addition on the N activity
coefficient (16,68). As the N cogcenf:ration is much lower

than the C concentration in‘ t41ese steels, no correction will

be made for the influence of,N in the discussion that follows. )

As already j:‘ndicated‘, above the nose of the PTT
‘curve, nucleation is the rate controlling process\ (Fig. 5.6(a)).
The increased solubility of Nb(CN) is exp\ec;ted to result in
a'slnhift‘of the upper part of the PIT curve to the right: as
illustrated in Fig. 5.6(b). If this were the only effect, it

would sI}j:ft the nose of the curve to a lower temperature. In

&
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Figure s5,¢ (é)

-

Figure 5.6 (b)

Figure 5.6 (c) Effect of both decreased solubility tempera-

Oppésite page, 113

-

Illustration of the contributions of the
nucleation and diffusion controlled branches
of precipitation on the shape of the PTT
curves and on the location of the.hose time
and temperature coordinates.

J , .
Effect of decreased solubility temperature
on the shape of the PTT curve and on the
decrease in the nose temperature.

ture and decreased diffusivity on shifting
the nose of the PTT curve to longer times
without changing the nose temperature.
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- .the present case, however, the lower part of the PTT curve,
i.e. the portion below the nose, is also shifted to longer

times. 1In this region, precipitation is growth or diffusion
. t
controlled. When both nucleation and growth controlled

branches of the PTT curves are shifteé to {the right by

A\l

approximately the same amount" (Fig. g.G(c)), the nose of the
curve remains at the sa;ne.temperatur;-:. It is, therefo(re,

! possible thatMn addition décreases the diffusion rate of
Nb while it raises the activity coeff{cignt. The specific
reasons for this are nbt known, but both effelcts could be,

linked, for example, to the formation of Nb-Mn complexes. »

w 0
£

4,

e

.€Comparison with Other Results R_ejsorted in Literature
P— FAE : .

¢ The Ps‘ times for the tWwo current Nb steels are

!

presented together with the results from five other investi-
gations“i'n Fig. 5.7. At 900°C, precipitation sta;:'ts in the
range 0.6 (curve #‘.‘};) to approximately 45 seconds (curve #5).
This disparity (in time) can be attr'ibuted to two major
fa;ctors: (i) differences in the prior heat treatment and
state of deformation of each steel; and '(ii) d:.fferent alloy j

chenistries. The effect of ‘Mn addltlon on the rate of dynamic ‘ N

/precipitation under the same processing conditions (curves
£§1,6,7) has already been discussed above. This is also .

. ev:.dent in curves 4 and 5 below 900 C, where an increase in ) .

W

Mn level from 0.99 to 1.35% retards precip:.tatlon. That these

o

two curves cross over it about 915% is probably due to “the

; 2
- o
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Figure 5.7 Comparison of the precipitation start time ‘
' for Nb(CN) determined in the present study
: with some of the results reported in the
; _ literature.
/ 1
C y . LEGEND
\ composition (wt$)
’ Steel # € Mn N M Condition Tiotn °C Reference
: %
1 , 0.05  0.42¢707B04 0.035 deforming 1027 Weiss and Jonas( 21) e
H s - '\' w‘fv -1 o .
S s 2 0.17 1,35 0.011 0.040 1.3 ¢ at 3.6.8 1165 Le Bon et al.(28 )
! ’ i at 500°c '
b [ 3 0.06 1.71 0.006 0.084 0.3 € at 980°C 1113 Watanabe et aldf ¢3)
H (¢ not given)
} -
( ]
- v ., 4 0.1 0.99 0.008 ©.04 0.5 £ at temper- 1110 -~ Hoogendorn st al.( 57 )
o sture .
. {€ not given) .
! L] Q.11  1.35 0.01  0£.031 0.5 ¢ at 2.6 871 ° 1071 Hansen et al<13) !
o at -950°C
, (] 0.05 1.25 0.006 0.038 deforming 996 present - h
{ \) ) ‘ \l -
, 7 0.06 1.90 0.006. 0.03% deforming 990 presant

&4.... v — _M/mf . , . . ~ i renste e -
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\

somewhat different deformation histories. in the Hansen

et al. (13) work (curve #5), the steel wds given 50% pre-

strain at 950°% at an average strain rate ef 2)67s™1; then

the temperature was decreased to make the precipitatio? measurements

By contrast, in the Hoogendorn and Spanraft (57) work (curve
#4),the material was pre-strained (the strain rate was not
reported) at the temperature at which the precipitation kinetics
measurements were made. It is, therefore, likely that at the
higher temperatgfgs, dynamic, post-dynamic, or classical
recrystallization occurred, thus slowing down the precipitation

process. At the lower temperatures, on the other hand, pre-~

!

cipitation occumdin a deformed (or deforming) matrix and is,

therefore, strain-induced or 'strain-enhanced'.

Curves #4 and»#s.are in good agreement with those
determined in this ipvestigation. The higher C éoncentrqtions
in the steels in curQes $#4 a;d #5 (0.10 and 0.ll%respectively)
are consistent with the noses of these curves being situated
at higher £émpera§ures. ?Davenport et al.. (44) reportea that
they expected the ﬂose of the PTT curve for a similar steel-
to be at ~ 950°C. As thei; results did not pe}mit a full PTT
?u;ve tofﬁe defined, thei were not included”in Fig. 5.7 . At

the lower temperatures, on the other hand, precipitation .occurs

in a deformed (or deforming) matrix, and is therefore strain

-

, induced or 'strain-enhanced'.
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The precipitation kinetics reported in curve #2 (Watanabe

et al. (43)) are faster éhan the present wark, despite the
higher Mn ?nd lower C levels. This is probably due to the
considerably higher Nb concentration used 5y these workers
(0.08 Qs. 0.035%). In a similar vein, the Le Bon et al. data
depicted as curvé #2 are for a larger §re-sér;in (1.3") at g

higher strain rate (3.6 s '

). The comparatively short P
times in their steel are probably due to (i) the higher dis-
location densityraséociated with the larger pre-s%rain, (ii)
the higher C concent;ation in their material (0.17 vs. 0.1%
in curves #4 and #5 and 0.06% in curve #3; and (iii) the
ldwer deformation temperature that they used (900°C for all
the samples). ’ %

:' In‘summary, Mn addition retards the precipitation
of Nb(CN). This effect is attributed principally to the
decrease in the activity coefficients of C and N assoc;ated
with the increased Mn levels. The kineti¢s results obtained
in this investigation are in broad agreement with those )
reported in literature, the differences being largely consis-
tent with the different processiné methods aﬁd starting

materials used by the other authors.
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5.1.2.2 Effect of Mo Addition on the Precipitation of Nb (CN)

The addition ?f Mo results in a retardation of
Nb (CN) precipitation similar to that produced by the high
Mn levels discussed above. The dynamic precipitation kinetics
in the Nb and Nb-Mo steels are shown with the PTT curves
reported by Watanabe et al. (43) in Fig. 5.8. When the ﬁs
times for the present Nb~Mo steel are compared with those
Eor the g%se steel, a slight delay is épparent,ﬁand the nose
seems to drog,to a somewhat lower temperature. The changes
produced by the addition of Mo are more evident in the Pf
times, where the delay is considerably longer.“ Parallel
conclusions can be drawn from the Watanabe et al. (43) data.
In their case, Mo accelerates the start of Nb (CN) precipitation
by a very small amount; however, by the time precipitation is
85% coniplete, the retafding effect of Mo add;tion beqomes pre-
dominant over a wide temperature range. The Py times they
observed are shorter than thé present oﬁes; o;ce again, this
is probably due to their higﬁer Nb conégntratioﬂ (0.084% vs.
0.035%). The later -completion gf precipitation In their steels
is probably due to the differen£ deformation histories. - The
PTT curves from this investigation are for dynamic precipita-
tion; whi}e theirs are for a pre-strain of 30% imposed at 980°%
(and therefore for stat@c precipitation). IIn agreement with
the findings of Jonas and Weiss (21), dynamic precipiﬁé;ion
not-only starts earlier than precipitation in a pre-~strained
material, it is also completed in a shorter time(frame. This

, 18 because, when p?eéipitation occurs concurrently with deforma-

¢
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kinetics of Nb(CN).
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‘\ that 'since no significant amount of Mo appeared in the Nb (CN) 3
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tion, new dislocations and vacancies are constantly being

produced, making the rate of diffusion faster, and the .

progress of precipitation easier. Furthermore, in ‘the pre-
strained material, when the critical strain for static or s
metadynamic recrystallization is exceeded and recrystalliza->

tion oécurs, elimination of the dislocations can lead to a
congiderable delay in the progress oflprecipitation, as the /
latter process .is much more difficult in a recrystallized I

matrix.

LN

‘ The decrease in the nose Pf temperature is more
visible in gpe Watanabe et al. (43) da£a. This may be a
consequence of Mo altering the_solubility of Nb(CN), as does
Mn. Note, however, that it does not seem to affect the dif-

fusion rate of the Nb oxr, at least, it does so to a more

limited extent (cf. Fig. 5.6(b)). Watanabe et al. argued i

phase, ... the precipitation kinetics must be inflﬁenced )
indirectly by‘Mo.f ‘They also suggest the possibility that Mo
slows down the nucleation rate. Thé results of Kanazawa et al.
(70,71) support the view that the effect of Mo is not through
its precipitation in the austenite phase, as the- evidence
indicates that only a very limited quantity'of Mo is found

!’ -
in the precipitates. The above authors (71) also found that

b

Mo addition accelerates the dissolution of the Nb carbonitride _

‘in austenite, in agreement with the comments made above regarding

[

Mn addition. , . R
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The present author -considers that the retardation
of Nb(CN) precipitation by Mo addition is due to the increased
solubility of the carbonitride-, and that this in turn is a
consequence of the net effect that Mo hag on the activity
coefficients of Nb, C aﬂa N. The'latter conclusion is con-

l
sistent with the results of Wada et al. (72,73), and of Nishizawa

- (74), who showed that Mo lowers the activity coefflcient of

C, as well as with those of lehlzawa (74).. To dxteé, no data
are available to indicate whether the effect of Mo on the

[

activity of Nb parallels that of Mn.

5.1.3 Dynamic Precipitation of VN in:Austenite (

The PTT curve for the V steel is presented in Fig.
5.9, together with the curve of Fig. 5.3 for the Nb steel. at
the same level of Mn concentfation. It can be seen that the
nose of the curve is at a somewhat iower temperature (885 vs.

. J
905) .in keeping with the lower estimated solubility tempera-

ture of VN (985 vs. 996°C), which is discussed in.greater

detail below. Ofxgreater‘inportancé are the time coordinateé
of the noses of the curves, situated at 16 and 26 s.for the
Nb and V steels, respectiﬁe;y._ The present observations
indicate thét the rate oé precipitation of VN during deforma-
tion is only slightly slower than the correspbnding rate of
precipitation of Nb(CN) fE is, in fact, about equal to the
precipitation rate of Nb(CN) in pre-strained austenite as
determined, for example, by the method of Weiss and Jonas
(21,29,30). ’ ! .
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The work of Roberts (34{;‘in which he compared the
hot deformation behavior of a V and a microalloyéd steel,
is also of interest in this respect. \::;;;Ehxggtxmated the /
position of the PTT curve for 20% precipltation of V(NC)*
aféer 30% pre-strain at a strain rate of 1 8 % (%gg. 5.10). )
He based this curve on the time to 50% recrystallzzation
(after the above~mentioned pre—deformatiorl) in the two steels,

with a foreknowledge of the NB (CN) precipitation kinetics.

_ At 900°Cc, his estimated time for 20% precipitation is 60

_seconds (Fig. 5.10) and can be expected to be somewhat less

for (say) 5% precipitation. The Roberts Pé time for strain’

induced precipitation is thus longer than the dynamic Ps time
[ 4}
for the present V steel. "This is consistent with the higher

Mn concentration of the Roberts'material (compare Figs. 5.9

and 5.10). ./
. ‘ .
The solubility temperature of VN (985°C) shown in

Fig. 5.10 was calculated from the following expression (2):

¢ Z 7733

log (V) (N) + 2:99 (5.5)

—

{ . .
The Mn leyels nfthe steels on which this relation is based

_are not known, but 2?& believed to be in the proximity of 1.2%

as will become more evident from the relationéhips describe&

t

below. Irvine et al. (16) repo:;éd the solubility equation
for a 1.5% Mn steel as -

-

8330

log(v) (N} = + 3.46 , ) ‘ (5.6)

\
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They found that the solubility of VN depended on the Mn con-

centration, and expressed this as:

logv) ) = - 83304 340 + 0.12(3 ) (5.7)
They suggested that this effect is due to the decrease in the
activity coefficient of N caused by Mh addition. (We have -._
adopted' here an anclogous view regarding the effect of Mn
addition on-C activity.) The solubility temperature of VN

in the present 1.2% Mn, 0. 115% v and 0.006% N steel can be

estimated as 985, 1025 or 970 c, dependlng on whether Eq. (5.5),,

(5.6) or (5.7) is employed, respectlvely. The solubility.
temperature’ of VN can also be estimated from the relationship

determined by Frohberg and Graf (75):

A

.

lgv) ) = - BT84 2.2 (5.8)

!
v

This last equation is for a steel with no Mn; it can therefore
be expected to lead to a high solubility temperature. For the
present material, this is 1025° , as is also obtained from Eq.

(5.6). These relations (5.5 to 5 é), indicate that the dis-

‘solution of VN in the present austenite occurs in the 970-1025°C

temperature range, with the lower temperature perhaps being
the more likely one. These temperatures are close to the lower
endfof the Nb(CN) selubility temperature range in steels of -

~

similar Mn concentrations. N

[3:1
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It should be added that the presence of vanadium

lcau:b:i.r.ie precipitates is not expeéted above 850°C (2) because
of their éolubility above this temperature, as calculated °

©

from (2) ' . \

og)¥3c) = - 39%99-+ 7.06 o (5.9)

5.}.4 Precipitation in the Nb-V Austenite

The experimentally determined d&namic precipitation
kinetics in ‘the Nb-V steel are compared in Fig. 5.11 with the
dynamic PTT curves of Nb(CN) and VN in steels of similar C

and Mn concentrations. There are several things worthy of

4

note in this figure: .

(1) The precipiggtic{n kinetics are slower in the

wf

Nb-V steel than in the Nb steel. (V addition °

retards the precipitation of Nb (CN).)

(11) Above 900°c, precipitation starts earlier in
the Nb-V ateel than in the V steel. Below
this temperatﬁre, the reverse i§ observed, '
though to a lesser degree. (:rhis sugdests
‘Nb addition retards the precipitation of VN.)

(iii) Precipitation &nds later in thg Nb-V steel D

than in the Nb and V steels,, di fference
in time being smaller at the 1

i

[ an)

wer temperatures.
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in Fig. 5.12.

l ’I
~ than ‘the V-xich ones,

(iv) The nose of e Nb=V steel PTT curve drops’

to ' lower temperatures in going from P to P,

. .~ " in a manner similar to the drop caus

e

by
the addition of Mo to a Nb steel. i

'I.‘he explanation for 1\ihe fi:.‘st item above lies largely
=
in the expected increase in Nb(CN) solubility due to V addition;

~much like the effect of Mn and Mo, V ‘addition decreases the

cactivity coeffic:.ent of ¢ (72) and also of N (75), as shown

- ¢

In a gsimilar manner, the addition of Nb-to a ‘
V steel can be considered to “increase the solubility of VN
and, therefore, to retard the rate of precii)itation of VN 'in
the Nb-V steel below 900°C. /Although this approacﬂl\is ao over-
s:.mplification, it can,
(li) above, as described in more detail in the next paragraph.-

account to some ex}ent for conclusion

Above

largely due to the

900 C, the Nb~rich prec pitates form earlier
;reater sup'ersaturation

of the former in this temperature range. *} At approximately

. 900°, the nucleation and diffusion controlled branches of

*

v

the Nb(CN) PTT curves intersect and are equally rate“controlling;
cf. Fig. 5.6(a). Below this temperature, 'the process. becomes
diffusion controlled for the Nb rich phase. For the V-rich
phase, on the other hand (see Fig. 5.9), ' there is a heavy

degree of supersaturation bhelow 900°c, ygithout the process

A

being largely diffus:Lon controlled. Hence, it can be antici-
pated that the V—rich phase precipitat\as sooner than the ﬁb

one . !
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/

We tuxn now to’a consideration of items (iii) and

(iv) above, which involves some knowledge of' the composition
of the precipitate in the Nb-V steel. The nature of this

/
phase was not investigated, and was not within the scope of

this study. It ié, however, believed to be a complex (Nb,V) (CN),

bei/ng\veryJ lean in V at the higher -temperatures and at earlier
times. Near the end of precipitation, due to the longer time
and greater density of available nucleatiém sites,‘e.é. the
existing INb(CN) particles, a V-N rich phase is expected to
precipitate. Behavior similar to “this in nature has been
observed in Ti-Nb steels where the Ti-rich phase precipitates
almost instantly and the Nb-rich ones precipitate 'at lower
tlemperatures and longer times oni;o .the previc'msly formed phase
(76) . A ‘ \
' It was sugge\steélw above that, based on the shapes of
the PTT curves in Fig. 5.3, it was possible that Mn addi}:ion

\

decreased the diffusion rate of Nb in y~Fe. It will now be

¥

_ hypothesized that both Mo and V addition decrease the rate of
\ dif£fusion of Nb in y-Fe. Furtherm;re, the possibility that
Nb addition decreases the rate of diffusion of V in austenite
will also be examined. These effects, ifl they occur, will
¢ i modify the shapes of the PTT "éurves along the lines aiready
P : discussed above for Mn dddition. First of all, they will
prevent the nose of the curve from dropping to the extent

expected when the diffusion rate of fhe controlling species

. ( ‘ is not modified by an alloying addition. This has to do with
)

the direct link between /diffuaion rate and the lower branch

A
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of the PTT curve. However, it is possible that the decrease

in diffusion rate also affects the upper branch of the curve,

~and in particular the finish time, rather than the start time

(i.e. o/ growth rather tha.n the nucleation process). Thus, the

present results are conmstent with the proposition that pre-
/ cipitation in the Nb~V steels takes longer than in either the

base Nb or the base V steel because the addition of Nb to a

V steel retards the rate of diffusion of V, and vice versa. . %

l

5.2 Dlnamic Recrystal1ization—'1‘ime-'l‘emerature (RTT) Curves

5.2 1 Recrystallization Start Time

The time to the onset of dynamic recrystallz.zation
R can be determined from.

R = ¢ /fe (5.10)

in a manner analogous to the determination of the Ps and P £
times previously described. Here, & is the peaié‘. strain at

s

the assoc:.ated str’ain rate e The/actual recrystallization
start times are estimatad t/o be approximately 5/6 of Rs,,based
on the work of Rossard et a¥. (77). For the strain rates used
in this investigation, as will become evident below, this dif-
ference is of no practical significance.

To construct RTT curves for the current materials,
compression tests were performed at a single strain rate of
3.7x10 “25~1. This strain rate was selected because it was the

“lowest that could be used under the condition that little or

e e R S pn s e . R

-
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i i ! N - v\
no precipitation takes place prior to the attainment of the
peak strain. (The latter was limited to 0.8 with the equip-

ment available.) For all the six steels, this stipulation

was likély to be respected, even at the lowest testing tempera-
ture (see Figs; 4.8 and 4.9). This is because, at the selected
strain“rate, the t}me of the test to a strain of 0.8 is'20 ‘
saconds, which is just long enough for some limited precipi- -
tation to start, if any at all. ‘_ . E

The tests Qere conducted in the temperature range .
875—1975°c. The flow curves are presented in Appendix B, and
have all been reproduced in caég they are of utility for the
calculation of rolling loads. The Rs-times were determined
from the peak strains in these flow curves, and the RTIT curves
that resulted are presented in Fig. 5.13. The Ry times are
shortest for the plain C steel, followed by the V steél, in
good agreement with observations in the literature. The Nb
bearing steels all have longer R, times.*  The delay produced - ‘
\by Vv addition (compare the curves for the plain C and the V .
steels) is approximately %he same over the whole range of

{

%

*Note that the plain C and V stegls for the 925 and 875°C

tests were austenitized at 1075 C (the highest gesting
temperature) for 15 minutes rather than at 1030 °C and at

1045°C respectively for the usual 30 minutes. These higher
temperatures were used to compensate for the somewhat smaller
grain sizes in ‘these two steels in comparison to She Nb- /

bearing ones, which had been heat treated at 1100°C for half
an hour.

%
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LY

temperatures investigated and is due to the solute retardatioq

effect of V on dynamic recrystallization. The addition of Nb
at similar Mn levels (compare the dﬂives for the plain C and
the 1.25% Mn, 0.035% Nb steels); however, leads to greater
delays in recrystallization below 925°C than at the highex
temperatures. This can be attributed to the interaction between
precipitation and récrystallization in the Nb steel, whlch is
elaborated on in the next section.- At 900°C, where the nose
of the PTT curve for(Nb(CN) precipitation is located, some
precipitaﬁion starts just before the ﬁeék strain is reached’
(see Fig. 5.l3). This probably causes the delay in the re- -
crystallization start time beyond that due to the solute
retarding effect of Nb. -

I It is clear from Fig. 5.13 that Nb alqne ﬁ;s a
greater solute retarding effect than V. Somewhat unexpectedly,
the additlon of V to the Nb steel does not lead to an increase
in retardation. Instead, the R time follows the behaviour ’
of the simple Nb steel and thg Rggtimes for these two steels

~

are almost indistinguishable. The RTT curve for the Mn-Nb

steel is located at shorter times than the curve for the Nb

steel.’ Although mére ‘complex eiplanationsoare posslble, this °

lack of difference between the Nb-V and the Nb steels may be

due to the somewhat smaller grain size in the {ormer, ag in _~

the case of the Mn-Nb steel (see Table 3. 1) As shown by o

\Sah et al. (18),asmallen gra;n sizea lead to smﬁller peak ”g
R

strains, and therefore to shorter Ry times. For the same e
grain size as- the Nb steel, the R curve for the Mn—Nb steel

/ L
\
‘e
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Jis expected to lie at about the eaﬁe location7 or éossibly
slightly to the right of the curve for the Nb steel.

When Mo is added to the Nb steel, the greatest post-
ponement in recrystallization is produced amoﬁg the five HSLA
steels ;nvestfgated. Tﬁe;probable reason why_tpe RTT curve
for this steel is ggt.deflected riéhtwerd and upward below .

.. 9259 will be coneidered in more detail in Rk next section.

v

5.2.2 Recrystdllization Finigh Times
KN

The Ry and Re (recrystallizatlon start and finish)

timés for the plain C, V and Nb steels are presented in

Fig. 5.14. The Rf tlges were' calculated from

s N - 1v

Y " - o
Ry = sf/3.73ciq‘zb | i
o | ;
Here £g is the etrain at whlch.the flrst cycle of recrystal-
‘lization is terminated (78) . The \Rg¢ times are incomplete at
the lower temperatures in the Nb bearing steels. This is
bécause the strain was limited to a. 8 in the test method

Poos

adopted, so that the test could not be continued to the end
of the first cycle of recrYstall}zatlon. .The R values' were
not included in Pig,_5.13 to make the figure clearer.'

: X ¢
.

5.2.3 Solute and Precipitate Retardation of Recrystallization

\'\

Dynamic RB times were also calculated (as described

-above) from the data of Weiss (79) at a strain rate of 3.7x10™2

s~l. The results cbtained £f6r & plain C and a Nb steel are

‘presented in Fig. 5.15 with thé plain C and Nb steel data from

1
-
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*

this"inveéti'gation. The differences between the overall time

coordinates for the two plain‘ C steels are probably due to

the considerably different chemistries of these steels. The
/ ,

steel studied by Weiss contained 0.007% Si, 0.33% Mn, 0.09%"

Al and 0.021% Sand can be compared with the present composi-

tion of 0.24% Si, 1.43% Mn, 0.025% Al and 0.012% S. The greater

concentration of Mn and Si in the current research accounts

for the longer Rs times in the current éteel_. For example,

at 975%, Rs is around 5 s in the Weiss plain C steel compared

with more than 7 s in the present one. The pronounced change
in the slope of the curve for the Weiss plain C steel below
950% is possibly due to AIN g;recipitation, which is expected
to occl:ur'dyn‘amically at these strain rates and temperatures, |
as shown by Michel and Jonas (32). 1In the absence of preci-
pitation, this. curve would be expected to be parallel to *the

other plain C steel curve, as indicatetf{ by the }iashed line.

In a like fashion, the dashed line for the Weiss
steel in Fig. 5.15 indicates the expected solute retardation
due to Nb addition.‘ These points were calcx;late& from the
hypothet:.cal peak strains expected in the absence of precipi-
tation; i.e. they correspond to the’peak strains represented
by the dashed Iine B in Fig. 5.1. The points on the SOlld
line were calculated from the experimentally obserxrved peak
strains. The Rs times for solute and precipitgte retardation
shown in Fig. 5.15 were raadiiy calculated for the Weiss Nb

steel because the faster preé:ipitation kinetics in this steel

R i
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(see Section 5.1.2 and Fig, 5.3) permitted the two effects

to be more easily distinguished at this strain rate. /
| ! ) [

5.2.4 Comparison between Stat;.c and Dynamic. Recrystallization
Kinetics .

c1assical (static) and post dynpm:‘f: recrystall‘ization4
Kinetics are considerably different, ix’:‘terms of time, than -the

times
dynamic ones discussed above. For example, the statlc R /é or the

\

‘plain C grades are generally about an order of magnitude
shorter than.suggested by Fig. 5.13 ‘to F/ig/./s.ljs.‘ Furthermore,
the static times for the microalloyed";/rades can actually be
longexr than the d;ynamic times indicate/d in the above figures, . /
Thus, the dynamiq times fpf the fuJ}i'range of. steels appear
to be more 'compressed' than ‘are the static times usually .
reported for the same st,e/eﬁ.s(.' The data 6f Le Bon et al. ’(528)‘
for a 0.17% C, 1.35% 4Mn//ang1 a0.17¢ C, 1.35% Mn, 0:040% Nb
steel indicate. that above 959°C recrystallization st;rts
in less -than ofie second for both steels (Fig. 5.16). In fact,
rec‘rysﬁéllization starts in less than a second at temperatures
as low 'ag 800°¢ in the-plain C steel. In the Nb steel, the
procgse; is dglayed by more ithax} an order of magnitude at 900°¢
and the R, times are of the order of 10-50 seconds at 850°c.
(The 86-ca11ed "reverse-knee" at 900°C is due to the 'inter-
S.ction' between racrystallizazion and precipitation, which
will be considered in more detail below.) The static R, times
] change in tha Nb steel by more than two orders, of. magnitude
in time over a 200% temperature range. By contrast, in the

- % e e v s bt < T e e e s Rty st o
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case of dynamic recrystallization over the same temperature

Y
'

rangea, the Rs timgs increase by only half an order of magn:ﬁ.—
tude in time, or perhaps even less (see Fig. 5.13) for the
strain rate selected here.. (A different strain rate shifts
the RTT curves along the log (ti’me) axis.) It shéulc_i be noted
that the shape of the plain C curve of the present study» éoes
not change when shifting from the static to dynamic case. In
thie Nb or V steel, on _i:he )other\hand, wh?ther or not a&shift
occurs depends on the particular strain rate selected. At

2 -1

strain rates greater than 3.7x10 °s™~ (i.e. further to the

right of the 'humps' in Figs. 4.8 and 4.9), the slight “reverse-
knee" evident below 925°C in Fig. 5.13 will generall;disappgai
almost completely, as the whole curve shifts to shorter times.
At lower strain rates (i.e. within the 'hump'), the "reverse—
knee™ 'is éxpect;d to become more noticeable. Under thesé
conditions, the curve moves to generafty longer times.

@ It is'apparent} from /t; a:bove discuésion that the'
relation between the static and dynamic times is not a simple
one. Nevértheiess, many fewer tests are required to determine
the‘dyx‘xamic than the static RTT curves. It_iis,' therefore, of
consider;ble intérest to find a "calibration factor® relating
the two types- of recrystallization processes. (It is unfor-
tunately, unlikely to be a constant.) The relationship :coﬁld
be determined by running both types of test on-a gi\rex‘; material, .
for example, on a non—precipitaéiqg, plain C steel, and for a 4
selected Nb steel. If this were done, and if a "i:arallel" 5
behavior were to be fginxd for the materials of each t;pe, then

S b T IT U, . T
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_This argument has been advanced in more detail bY_Weissfendgg

it is possible that simple extrapolations could be performed
to estimate the static RIT curves from the more easily

espaﬁlished dynamic ones.’. ' *

E]
e

/
5.3 Interection between Recrystallizatlon and Precipitation

5.3.1 fThe Dynamic Case S -

Innphe preceding gsection, the RTT curves for the six
steels'investigated were discussed. The “iéverse—knee" seen
in the Nb steel curves Qes ascriﬁed to the initiattbn‘of pre~-
cipitationﬂprior to éecr&stallieation. This-explaeation will
now Qeréonsidered much more closely. For this purpose, the  /
RTIT cuéves for the Nb and the v steels are reproduced togetﬁef‘; ,
with the Nb(CN) and the VN BPTT curves in Fig. 5.17. It can be "
seen that the RIT curve of tﬂe Nﬁ/sﬁeel/is intersected by the -
5% Nb(CN) PTT curve in the .vicinity of 900°C. The rightward y
deviation of ‘the RIT curve can be explained on the following
basis. First, an extraéolation is made of thp 'no-precipitation
(sclute modified, only) RIT°curve for the Nb steel. (This is '%J
depicted aa a broken line/X Then an estimate was made of the

0% Nb(CN) PTT curve as/éhown (broken line). ‘It is the inter-

f
section of the 0% PIT line (P,) with the solute modified RTT
curve that leads to the deflection of the observed RTT curve.

Jonag (21,29), Kreye and Hornbogen (80), Hansen et al. (13) : 1

- & ,
and” Akben et al. (63), amongst others. . .
Tu:ning ‘now to the case of the V steel, it is apparept)

\

that there is no hint of a "raverse~knee" in the v RTT data.
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Interaction of%preciﬁithékon and recrysﬁgi; )
lization in the Nb and V steels investigated.
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In‘terms of the present model, this-is because neither the 5%
nor the estimated 0%, VN PTT curve intercepts the RTT curve.
Thege two sets of curves are typical of the kinds of inter-
actions between recrys£allization and precipitation that are
found in microalloyed steels. In this way, they lead to an
insight into why a microalloying element such as Nb is parti-
cularly effective as a controlled rolling reagent, whereas
others, .such as V and Al, are less so. a

i

5.3.2 The Strain Induced (Industrial) Condition

The above e#ample is for the interaction between
dynamic recrystallization and dynamic precipitation. In the
controlled rolling process dyhamic precipitation can occur
during a particular‘rolling éass,vbut it is unlikelj to be
as important as static precipitation. This is because the
elapsed time during rolling (i.e. during passage through the
deformation zone) ranges from about 0.1 ms in the finishing
stﬁges‘of strip rolling to abbt 100 ms during the roughing
stages of the ingot or slab breakdown, whereas the time
between passes is much longer, falling in the range 100 ms
for strip rolling to 10 s for ingot breakdown. That is, the

time available for static precipitation is generally about

two orders of magnitude greater than for dynamic precipitation.

2 . A given rolling pass may, or may not, be followed

by static recrystallizatiéﬁwauring,thé interpass time.*

Toe

*ses following page . “
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Generally speaking, the statically and dynamically'fofmed'
precipitates (if they 'can nucleate on dislocations) prevent
or delay both recovery and recrystallization after each pass.

When this operation is carried out successfully, as was

described in Chapter 2, the resulting austenite grain struc-—
ture is pancaked. When these austenite grains transform, the

ferrite graiﬁé‘are fine and uniform.

5.3.3 Solute and Precipitate Contributions

-
Two static cases analogous to the dynamic cases of

Fig. 5.17 are illustrated in Figs. 5.18(a) and (b). In Fig.

5.18(a), the retarding effect of Nb in gsolution on recrystal-

lization is indicated by the shift to the right of the RIT ' ]
diagram with respéct,to the one for tﬁe plain C steel. By

means of this shift, the solute-modified RTT diagram inter-

u

gects the PTT diagram for the deformed material. When recrystal-
lization precedes precipitation, e.g. at’lOOOOC, the prestrain

dislocations are removed, and the onset of precipitatioh is

delayed, as given by the stqtié PTT curve (13,63,79), which

%s not shown on the diagram. Alternatively, when precipitation

k3
B

*The possibility of metadynamic recrystallization is almost - -
completely excluded because very largevprestrains are’ required

to initiate it at rolling mill strain rates and finishing
temperatures (8l). Even when recrystallization is absent

and the strain is effectively 'accumulated' ‘over a number

of passes, the total strain is unlikely to reach the high

levels required to provoke dynamic recrystallization, largely .
because the critical strain when the temperature is continuously
decreasing is more than double that observed under isothermal-
conditions (81)7 " 5 :

P

— Y A Y e



1000

& .

. 950

w .

g,

£ 900

(1

o K,

g 850 !

P B
800 M;

TIME , s
(a)

Figure5.18 (a) Comparison of the RTT curves for a plain C-
and a ¥b-bearing steel, illustrating the
intersection of the RTT and PTT curves in
the latter case.
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Figure 5.18 (b) Comparison of the RT¥,curves for a plain C
' and a V steel, and the PTT curve for VN in
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begins earlier than the recrystéiiizatign start time indicated
by the solgte modifieé RTT cﬁrve, as it does at 909°C, the
recrystalliz;tion is dglayed significantly (21,29,30), and
produces the desired pancaﬁed grain structure during finish
rolling. |

In Fig. 5.18(b), the expectéd behaviour of a V steel

[~
containing no Nb is depicted. The solutesmodified RIT curve

&
is only slightly displaced to the right of ‘the plain C curve.

This small displacement is insufficient to cause this curve
to intersect the PTT curve for VN. Once the steel starts
recrystallizing and the dislocations are removed, it becomes é
increasingly--difficult for strain-induced piecipitation to ‘;
occur. In this wayﬂVN precipitation is considerably delayed,
and may not taﬁé place at all. Thus, the V concentration -
selected cannot prevent recrystallization, even at 900°C, not.
because the precipitation of VN is too lew (see Fig. 5.9),

but because the solute retarding effect of V i too small.

In fact, the solute retarding effect of V appears to be s0 o
low that, when/%%%%omﬁzhation with Nb, it cannot be distinguishedg'
from the effect of Nb alone (see Fig. 5.13) . .

The retarding effect of Mo in solutién i$ much morg
noticeable, even in the presence gf Nb. This is suggested by
the dynamic RTT cuives of Fig. 5.13, although it is the static
curve which is of industrial interest. Even t@ough the RIT
curve for the Nb-Mo steek is shifted to longer times, in
comparison with the Nb steel, due to the solute effect, the

"reverse-knee® which could be expected to be more pronounced, -

e
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is -barely detectable. This can be rationalized as follows:
(a) the PTT curve is also shifted éo_longer times in this
steel (Fig. 5,2) due to the effect o% Mo addition on the C
activity; (b) the nose temperature of this curve is degreased
by the addition of Mo; and (c) as a result of (a), the PIT

curve moves more than the RTT curve, so that they'no longer

intersect. This explanation could be checked out by condugtinéb

experiments at lower strain rates, and possibly at lower

temperatures, under which conditions the 'knee would probably

become moxre Pronounced.

5.4 Rationalization of Relative Effects of Different
Elements on High Temperature Filow Behaviour of Austenite

The roles of the microalloying elements in austenite
‘are not well unders;bod. This is partly because, at low con-
centrations (e.g. 0.02, 0.1 and 0.25 at.% of Nb, V and C
respectifely) detectable effects argﬂnot generally expected.
However, there are reasons (both expérimental‘and theoreticaf}
for considering that the transition elements, and even some
of the non-transition elements, can‘have important solute
effects in the austenite range. As an example,’Ouchi et al.
(825‘have recently shown that increasing the Mn concentration
from 0.57% to 1.30% in a"0.12% C steel delays gtaticﬂrepovery
and recrystallizagioﬂltimes by one half to one order of magni-
tude in time at 1000, 900 and 800°C.: The experiments of Luton
et al.‘(éé) on decarburized and denitrided Nb, steel have algg
shown that Nb in solution retards _both atatic recovery and.

R

static recrystallization by about one ‘order of magnituda in’

Al
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time compared to an equivalent plain C steel. Similarly,

the work of White and Owen(41) on a V steel conducted above

‘ oo f
the solubility temperatures of VN and VC has demonstrated

that V in solution retards the dynamic recr?iiallization of
austenite with respect to a geference g}ain'c steel. With

regard to the retardation of dynamic récigstallization, in

addition to the references already mentioned, the torsion data

of Fig. 4.9(a) and (c) determined at 3 s © indicate that the
pg}k strains for V and Nb bearing steels are higher than for

C steels, even when there is no time for precipitation to:

take place. The results of cam plastometer tests carriedé%uﬁy

at 55 st (and therefore in about 20 ms) lead to a sim%lar
conclusion (83). Torsion testing on a éeries_of Al-N steels

1 also resulted in

by Michel and Jonas (32), e.g. at 0.6 s
lérger peak strains in a 0.08% C, 0.084% Al steel than in an
Al~-free steel, even when the precipitation of AIN was not
taking place. . -

: ) A number of possibilities exists as to why these
elements c#n have significant solute retardation effects on
recoQary andrrecryétallization. The various possibilities

will now be considered in turn apd‘are evaluated below.

»
-

5.4.1 Atomic Size Differences.in;y-Fe Solutions .

The diameter difference between gamq;'ifon and a
given solute atom can be an importantffactor with regards to

gsegregation to bot@‘aisloéations'and grain boundaries.h The -

149.
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"—(i ﬁranking order for these size differences is presented i
Table 5.2. The atémic sizes are taken from the reference

e A
\

by Pearson (84), and are for a coordination number of 12 and "\
1 for metallic bonding. It is apparent from this table that, \
at equal atom fractions in solution in y-Fe, Nb and Al-at

size differences of 15% and 12%, respectlvely, are expected

- e g

to have stronger effaects than, say.V at 6%. In a si,milar i .
way Mo, with a size difference of 10%, is expectﬁed’:o have
an effect intermediate between Nb and V, whereas Mn, at 2%,

is likely to have only a small effect. -On this Basis,n’Cr and
. |

e -

Ni, which have approximately the same atomic diameter a‘sb,A;ron, H:‘a

% / should hg“\s‘(e a negligible effect. . ' ‘.,

¢ ’ . ' Although there is reasonable qualitative agreement be- iy
tween the atomic size differenées and the observed Ysolute effects" '

i o,

ISk -

there are important exceptiéi*is. 'For example, with almost -equal

o)
1y i

% ~ atomic diameters, Al, and\Nb sho&ld have similar effects. As' AN
] ' ' : a
H

Dac

\ illuatrated schematically } Fig. 5 19, the increase in the [ b
peak strain produced by Nb g

ddition. is consxderably larger
‘(by a factor of mors than three) than that dﬁe to Al addition. | . R

diffe@e‘ces in the electron,ic structure of: iron and of each

alement ( \, Will be consiﬂered‘ in. Section 5.4.3 below,

» " . in getail. L . % 4 . R

5‘.4‘.,,2 Modulus Differences . ‘

-

’ The chAnges in the modulus of y-Fe as a result of 7z
. () ;""" aifferent solute additions are hard tp compare with each other

-




wu,

PO

ver e A

N T

,ﬁﬁ

J
151.
s .
Y\
_ k) |
(AN ‘.\\ N . l,"l‘ A
. TN ‘..., TABLE 5.2 J .
" [ D '
' Elements in Décréaging Order of Atomic Size
/ , erance wit ron .
+ ' | ! ' ;'; ‘ , ' ' l{
) - \ - ]
3 ’ - |
T, > Tpe , o Ty < ::"Fe /
Symbol 8) | (xi-r. ) mbol & )
¥ o rx'(A) (rk-rrg)/rFe Symbo ny ) 1(rx—rFe)/er
P ! /
Y 1.80L o.412. / | ¢ 0.916 .0.28
ﬂzr l¢602 ) O."26’,€ ‘ B 0.98‘ 0023
BHE 1.578 0.24 Be 1.128 0.11
BRg ' 1.573 . g.23; Ni 1.246 0.02
.U '1.56 0,22' Co ., 1.252 0.02
Nb 1.468 0,15 ] 1.27 ' 0.003
Ta 1.467 " QA !
Ag 1.445 "/Qi13 PR :
Al 10432 , ”"p.J.Z -
W 1.402 | ;" ",0.10 .
MO 10400 . ,i ,;" . 0.1.0
Se _ 1.400° 4 ' "0.10 .
Zn 1.394- - 0.09 . ) -,
Pt 10 38 f,"/ K 0-09,-_' ’
P4 1.378° 0.08 .
Te 1.360 0.07° . )
Ir - 1,357 0.07
v 1.346 . 0.06 ‘ \
Rh % ¥.345 . 0.06 - /
Si 1.312 0.03
Mn, 1.304 0:02-
Cr 1.282 0.01
P 1,28 0.005
- - — -
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for a number of reasons. One is that such data are scarce.
Another reason is that the extrapolation of room temperature '
data (for a-iron) to the high temperatures of concern here ,
may be inaccurate due to the change in lattice structure. A
recent survey of the llterature relating to modulus effects
published by Michel and Jonas (32) is reproduced in part in
Table 5.3 for Al, C, Mn, N, Nb and V. The data are presented
as normalized differences and as the modulus mismatch para- -
meters (1/E) (dE/dc) . 100 and (l/u)(dg/dc) . 100, where ¢ is
the atomic concentration.

Accoxding to this table, each of the above elements
produces 3 decrease in the Younds nnduius of Fe with‘increasiné
concentration, and all but‘one also lower the shear modulus
(the exception in the second case is V, which is'expectea to
lead to a slight ipcrease); Data for Nb are lacking. The
softening due to C and XN is ;nticipatgd, as these interstitial
elements strongly dilate the lattice. H&wever, a clear drop \
in the modulus of y-Fe is also produced when Al is added. The

rétardation of recovery and recrystallization described above,

., and the strengthening effects described below, therefore, can-

not be attributed to tha decrease in modulus (as lohg‘hs these

trends are also followed in Y-Fe). They would require an

increase in modulus on the, addition of solute. It therefoéé

. Saems apparent that the observed differences in the rates of

) i .’
recovery and_rQQIyatallization are probably due to the electronic

effacts, which are described immediately below.

&
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TABLE 5.3

_Influenceé of Al, C, Mn, N, Nb, Si and V Addition

3

on the Elastic Modulus of lron¥

13

Relative Difference
in Young's Modulus .

By Ere

Relativa Increase
in Young's Modulus
-with Concentration

Relative Increase

in Shear Modulus

with Conceptration

‘ 1 4E 11 du
= x 100 = . 5= x 100 =, =£ x 100
Element Epe ' E " dc uw -~ dc
c - - 63 at 1ooogc -
B -102 at 1050°%. ; -
N - < 0 and similar - N
. e to C
Al * -65 -125 -132 -
o si o - -130 -139 to
l A - -200 o
v -33 ~0 +12
-~
Mn N -19 -42 -29°
Nb -47 - -

*

B

[

T *¥ST
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5.4.3 Electronic Differences bet':weenl Solute and Sdlvent
For the presefxt purposes, the rele\;ant electronic
ifference is defined as the difference in -the‘m:nber o‘éf
electrons contained in the outérmost shell or shells. For
s xample, ixron has 2 s, 6 p and °6‘d shell electrons in the
outermost iayer. In what follows, ‘the basic approach of
Abrahamson and co-workers (85-88) has been adopted.
Accordingly, the expected effect of solute addition on the
recrystallization behavior of Fe depends primarily on the
number of s, p and d eJ:.ectrons in the outer shell of the
particular'elements in their ground state. Abrahamson's
original plot is repro'ducbed here as Fig,. 5.20, with the
addition of several elements, identified by crosses, which
were not included in his investigation of 1960. The rank
order of these elements is listed in Table 5.4. N

\

According to Abrahamson, even whem%alements have

the -game number of s, p and d shell electrons, their rélative ‘

effects can still be distinguished. With regard to their
influence on the reczyst;llization témperature of g-Fa, as,
shown in Fig. 5.20, at a given number of s and d electronms,
the rank order will be based on the atc;mic size ord;lr ‘given
~in Table 5.2. It is evidefit from Fig. 5,20 that the number -

of free electrons has a significantly strongezi inflnancd on

recrystallization behavior than the nambcr 6.-‘. filled eiectronu

, shollu. (Tt ds the latter which is ciculy u-ocd.ate& with.

tha atomic size of aach elemsnt..*) !

*see éggo 158, - -
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It is ;pparent from Fig. 5.20 that Nb has a much
more powerful effect on the recrystallizatlon ki?net:.cs of
a-Fe than V, and /also that V and Mo have similar effects,

with Mo having a somewhat larger one. The additiofof Mn on

the other hand, only leads to a small change. The ‘elements

"Al, B, C, N and Si, amongst others, are not represented in

this figure because they have ho d shell electrons. .It is,'~
however, possib‘le‘ to rank t'hesg elements according to the
nmlger off p_shell electrons, apd ,‘th%s has been done by Michel
and Jonas ( 32) ' follov;ing a pattern originally proposed by ’

Abrahamson and Grant (88). o -
; S

"'5.4.4 .The Reie of 'Agsociated Solutes'

. Abrahamson's model, useful as it is for predictive

-and correlative purposes, has one serious flaw: it gives no

indication WHY the various solutes line themselves up as shown

in Fig. '5.20. Wpy, for- example, does Nb in solution have an

-—-p-—-—--l- ( - ]

*Bafore comparing Abrahamson's Model to the. prasent situation,
howaver, two assumptions must be made. The first is that the
ranking of Table 5.4 determingd experimentally for alpha iron
applLas to gampa iron. This has not bean demonstrated, -but
is reasonab? in that (a) the phase, transformation doas.not
affect the electronic structure; and (b) the Abrahamson cor-
relation has been' demonstrated to be valid for fce (85 )a.nd
hep (86), as well as bec (87) structures. The change in -
coordination humber, on the other hand, implies that the slope
in Fig. ‘5.20 does not apply to gamma iron, which will have

a different proportionality factor. The second assumption

" concerns the conversion from isochronal to isothermal eondi- °

tions, and st;!.pula.tes that the rate of recrystallization. at
a fi. ture “follows the ranking given in Table 5.4 .

temparature
for _g%f_a.ure of recrystallization at a __gg time,
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shigher Mn steel of the same low C level. The effect is said

. ! .
'J‘Jeslie has .used the expression "associated soluted" for this

dﬁstinct pracip:l;/f:e, might alsg help us. to understand the o

' b : . 159.

&

order of magnitude more infllfenoe than V, and two orders of
magnitude more tl?an Mn? Some light is thrown on this matter
by. the concepts int\roduoed by W.C. Leslie (L.89,90\') , which w:i.ﬁll'
now be desoribed.bl;iefly’. éccordj.ng to Leslie, a type of
clusﬁorinql, can ‘occur which effectively iohibits the recrystal-

1ization of worked ferrite. The clustering involves two or

nmore solutes, which dlsplay a strong attraction for each
o s . -

other, so that they are associated in solution. The relevant

A
solutes may be any combination of intergtitlal or substitutional
- (
elements. The regults are most pronounced when the solutes

are present in, very low concentrations. An example he cites
is ip"q ferrvite containing less than 0.1% Mn and 0.02% 8§,

where recrystallizétioh becomes very éluggish compared to a

to be ‘due; neither to MnS nor ‘to;’ Mn or S singly in solution,

but. rather to their association in Solution. For this reason,

j ¥
P AN | . -

phenomenon. - ;
. ' The idea that c lusterg of elements, e.g. Nb, c and
N, can form without necessarily; creating a compound or pre-
cipitaﬁe is a rather welcome one. It helps.to bridge the gap
between tl;e precz.pitate and 'solute' retardation th’eori;s

of recryatallization diaoussed eaﬂ:ier in this secti.on. The

A e #3000 2 - - [r—

e -SRI NI

idea that Mo or V or Mn might form with‘ Cand N some sort of
_orfered region or cluster, a.nd that this formation :.s not a

-

_physical prncesses by - ans o£ which the ac:tivity coéfficient
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o ‘ .
of the latter two eleménts (C ;and N) are reduced.‘ )
Observations of this type have already been reported
(90) for the case of Ti, C and N. Given the commercial impor-
tance og steel processing, it will clearly be of importance

to determine the extent of this phenomenor in high temperature

austenite, and to,subject Leslie's idea .of 'associated solutes’

_ . to fyrther investigation.

5.5

A\

e emmgwry ome wr w

‘ etress level -ak which eppreciable dynamic recovery i
‘ so that the £flow. cqrrespondm roughly to /ctage IIX de

©

High Tenn;erature Flow Stresses !

. The solution strengthening produced by single or
multiple addition of Mn, “Ho, Nb and V, and listed in Table
4.2 (b) is reproduced below as Table 5.5 for convenience.
The magnitude of  strengthening produced ‘by single additionst
of these elements follows thatv expected: from the Abrahamson
plot of Fig. 5.20 for,arecrystallizatlon. In this table, Nb
has almost 10 times the strengthening effect of V and about
50 times that of Mn (i.e. 70 vs. 7 vs. 1,3%a respect;ively).
A possibfe' expianation\ for the correlation between e‘trengtﬂening
and recrystallization effects is the following. Pirst of all,
recrystallization is. generally preceded by -static recovery, -

a process which is required for nucleus formation. The yield,

or flow stresses, on the other hand, are controlled’ i(at high

temperatu:es) by. dynami.q reoovery (24,31). It is éven considered

by some (31) that the high temperature yield' strenfth is the
initiated

e

ormat;!,on




e}

T LS v e R

N B
PR TONS B e g n

A

o
W,
:gc LY h =4 ’
‘ .» .
" . TABIJE 5-5
Strengthening Due ti Microalloy hddisions at a Strain Rate
. of 3.2/3.7x10 %8+ in the 875-1075°C Temperature Range
5 : P cAay/oy (base) % Overall Average*
. Solute Compairiaon Per 0.1 at.‘% Per 0.1 wt.% - Per 0.1 at.%i Per 0.1 wt.%
- Elemant: {8)" Base Solute (s) Solute (s) ~ . Solute (s) ! Solute (s)
v Plain C 3.3 3.3 7 6 -
- Nb, " Plain C 78 -~ _.___ 55 70 50 )
‘Mn + Nb o i . .
{in Mn-Nb steel): Plain C 5 5 - 5 \ 5
] ‘ ‘m “ ° N . ‘ ! R
" {in Mn~Nb steel) Nb Steel 0.6 0.6 1.3 1.3
.. ¥tV ‘ '
"(in -Nb-V steel) Plain C 18 18 19 19
- . 3 -
(in Nb~V steel) _ Nb Steel 5 6 8" 8 -
. Nb . ; ‘\k ' . &
(in Nb-V steel) V Steel 80 56 8o 56
{in :upg?ab steel) Nb Steel 8 4 9 5 o
Mo+ Nb . . : .
(in Mo—~Nb steel) Plain C . 17 -0 10 18 10

oy

o

- *Includes data -from Table 4.2 (a).
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of single t'rystals. I Thus, on the assumption that static and
‘' dynamic recove;ry ar{a affected in a similar mdt;mer‘ tvhen solute
additions are mac?ie,~l it does not seem unreasonable that both
yield strengths and static recovery rates should follow the
Abrahamson pattern. | ) '
We turn now to a related question, anﬁ that-is the
effect protluced by the combined addition of Nb and V, and to
a lesger dfgge/eﬁs to that of Mn and Nb. 2s me;)tioned above,
the simple addition of 0.1 at % Nb leads to a 70% increase
in strength. However, in ‘lthe presence of V, this amount
-increases to 80%.‘ Th2 greater effectiveness of Nh in the
company 07‘. V may be reliated to a change ijn the activity coef~-
ficient of Nb due to V addition. The effect of adding V to
a Nb steel retards the precipitation of Nb(CN), as discussed '
in Sectioﬁ\ .13. This was attributed to the decrease in the
ac‘tgvz.gy coefficients of C (72) and N (75) , which -leads in
turn toﬂﬂan :L‘n&ease in the solubility of the carbonitride.
The effect was considered to be parallel to that of Mn. Mn
addition has ’been Shown, to increase the activity coefficient
of Nb in steel ‘(66) . This can, in physical terms, be inter-
‘pretad as :n’ignifying that, when Mn is added, the steel behaves
as though there were more Nb present. -\‘rhis"type of phenomenon
is often. termed a f'synergistic' effect, implying that the two
elements ‘work' together. ‘o o |
It is usual to discuaa the activities of elements

in soluti.on with ;-espect to the tormation ot precipitates and

5ot Fl
N - . vﬁ ‘i s T
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solubilities, as was- done 'above. Hovever, when it comes to
‘solute strengthening effects, the term 'activity' is not ' -
cqeventionally employed to evaluate or describe the. synergigtic
effects. With respect to the Nb-V system, the present author

ig not aware of any evidence that V raises the activity coef-
ficient of Nb, as does Mn. However, it can be anticipated

that;it does so qualitatively, but perhaps to a different

ddgree. Similar results ﬁeve been reported in the literature

for the Nb-Mo pair (70,71). Because a regerence Mo steel ‘

‘was not ueed in?rhis investigetion, the extent‘of synergism

in tﬁe latter case could not beldetermined. Returning to the..
Nb-V system, it scems p0331b1e that if v addltion anreases N
the act1v1ty coefficient of Nb with ragpect to carbonitride o
formation, it may also increase the activity coefficient of

Nb with respect to solute strengthening.

The strengthening resulting from the addition of
solutes reported in the literature is summarized in Table 5.6.
Table 5 6(a) shows the strengthening produced by 0.1 wt$ of
'alloy addition and Table 5. 6(b) that for an atomfraction of -

strengthenlng as such, as are thoge reported by Michel and
Jonas (32), and the ones produced in the present investigatipn.~
Only part of the‘reeuits of Everett et al. (91) , on the oéher "
hand, are.- for solute strengthening alone. These are marked :’m‘
by an Aaterisk. The- other values from this source axe for

the combinaticn of~work.harden&ng (reterdation ‘of, recryatal- _
“1£=et£on), and precipitate end aclute strengthening, Qgcauqe ,3 
they ccrrZspond to gnd, 3rd ar 4th milr‘pasu simulationt.
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S 3 : TABLE 5.6 (a) .
C N Coglgarison of the Solute Strengthenihg Produced by - ) M
. 5{ . N M . Allgy Additions, per Atom Fraction of 0.00 : ,
1"(""; - ; : ;.‘” . (‘ N ‘ ° . . w N . 7 _
~ Element: ‘Nb Mn , V Mo Si Al c ATOC' Reference ‘'
f < '. Al - 7~f ) ¥ "l‘l ‘ ) ‘- : : * %
s ;= 0,52 ., - 2,2 . 0.4 0.8 .- 1000 Tegart & Gittins (35)
. 31 - ¥ 7 - 1.2 4.2 1.4 ‘1000 Everett et al. (92) :
’ 183 - "10.4 - 1.6 - - 92 ibid.
- . c : -106 . - - 0-7 6.8 N “0-; 87 QEverett et al. (91) ~
N 44.4 -, , - - 1.6 21.8 -~ 975 ibia. .
110 7 2.4 ;1 - - - - 0.3 . 875 (a) ibid. : 3 -
‘ S - - 2.1 15 - 975 (b) ibid.
- - L - - 12 (a) - - 875-925 - Michel-and Jonas (32)
29.5 1.3 8 2.9 - - 875-925 present study
Joee o : " TABLE 5.6 (b), . ’ ,
) - . ' Comparison of the Solute Strengthening Produced by ’ ' -
o : Alloy Additions, per 0.1 wt.%& : : -
- ) - . .
. s _ -~ o »k Y . 3 . .
- - 5.3 - 1.3 . 0.8 1.6 - 1000 " Tegart & Gittins (35) )
a 18.5 - 7.5 ~., 2.5 8.8 6.5 1000 ‘Everett-et.al. (92) e
110 - 11.4 - 3. - - 925 ibid. R .
x - 1.6 - - 7 1.4 14.1 1.2 875 Evergtt et al. (91)
2 . 26,7 -, - - 3.2 45.2 - ‘975 ibidi -
66 2.4 - - - - . 1.2 875 (a) ibid. ~
- - - 4.1 31 - 975 (b) dibid. - -
° . ° % 3 . M.: p—
7 : o -
-
(a) and (b) also include precipitation strengthening. 7 .
) : : - ¢ -
T, - ‘ - " %. .- ) ‘ ST
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, , That Nb causes the greatest so;lutxon strenéthening K !

v, " in steel is once again evident from this table, as has already

o« ‘o
I
Tt

been pointed out above. The magnitude of the effect is sIJ.ghtly ; .

s

O o L ol gt w0 B
&

3

1 ' smaller in <“these published results than has been reported here, -
4 but this may be due to the different methods used. The agree-

‘ ment is better for the cases of V ind Mn. .Thé reason for the -
. large d:&screp/ ancy between the twoiMo results in ;his teb“lg is
not knovm The data for Si and Al are included because they

+ are common'and important-elements in steel. . .

o - ' 3

’ -
/ -




Gy TR TS T TR r

B b S L

e g SRR T T

w5

P D e

Tn the present
methods were employed to
Nb and V addition on the
lization be;havior of si‘x
I. Weiss (1977) based on

peak strain was utilized

- CHAPTER 6
CONCLUSIONS ; : B

investigation, twol mechanical testing
distingu;éh the effects of Mn, Mo,
high temperatire flow and recrystil—.
xii;roalloyed steels. The mgtho}l g‘&fﬁh
the stra:.n rate dependence of

to determine the dynamic prec:.pitatn.on

L]

kinetics of the nu.croalloy carbonitrides in the 875-925°C

L)

temperature range. The dynamic RTT curves for these Steels

1

were -established by testing at a strain rate of 3.7x10 28'7].' ’

in the temperatvurekrange 8‘75-1075°c. , AS 5 result of this s udﬂ(,

the following conclusions were drawn:

LN

Precipitationr Kinetics.

|

1. Increasing the Mn concentration in a 0.05/06% C,
. 0.035% Nb stesl from 0.42% £o 1.90% leads to a
\ g_e_laa_x'in the dynamic precipitation kinetics of
Nb(EN) by moi'e than an order of magnitude in
. time. This effect is attributed to the greate
h solubili‘ty of Nb(CN) that results from the sharp
decrease in the activity coefﬁcient of c f:aused

-8
by the add:.tion of Mn.

(The accompanying increase"'

B

in the activity coeff:l:cient of Nb is insufficient )

i

to compensata for the dac:cease in the C activity )y
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 with the Wb steel is €aken to be a result of the

(‘6‘9’

le7.

The temperature at the nose of the dynamic PTT _

curve for Nb(CN) is not api:reciably changed by
the addition of Mn. This suggeste’ othat Mn ‘
also decreases the diffusivity of‘Nb’ih.austenite.
The addition of Mo to a 0.035% Nb steel leads
to a decrease in the rate of dynamic precipita- !
tion of Nb(CN) in austenite, the amount diminishing
near 875°C. The effect is attr:.buted {by analogy -
to the case of Mn addition)), to the probable '
increase 'in the solubility of the c;rbonitride

that accompanies Mo addition through the decrease

in the activity coefficient of-C.

The ner of the dynamic PTT curve for Nb(CN)
precz.pkgata.on is moved to lower temperatures,
Qindicating that the effect of Mo on the diffusi-

vity of Nb is probably small.

The dynamic precipitetion kinetics in the present
Nb-V steel arxe slower than in the Nb steel a.nd

- faster than in thé V.steel each ‘having a similar

base compogition. The retardation in oomparison

ii;creased s\oldbiliti{ of ‘the carbonitride attributable
to the i:resence of v, which ‘like Mn and Mo lowers

L

the activity coefficients of C and N.
’i'he lower nose temperature in the Nb-V steel,
in comparison with the" Nb steel. /ia due to the

{ S
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greater supersaturation of VN than of Nb(CN)
at the lower temperatures, leading to the -

earlier precipitation of the former particle.

Recrystallization Kinetics o

.1, A;nong the microalloying elements investigated, ' .
the solute retarding effecé of Nb Hy,fa/sr wa“s
the strongesﬁ. The more marked eff’eqtiveness
of Nb than of V or /Mo is prima;ily due to the
greater electronic difference between Fe and Nb
- than between Fe and V or Fe and Mo. It is also .
related to the larger difference in atomic size
‘between Nb and Fe than between either V or Mo
and Fe. © L
2. The magnitude of the retarding effect of the
dual microalloy additions on the dynam:.c
. ~ recrystalljzation rate"is, in decreasing order:
0.3% ¥o-0.035% Ib, 1.90% Mn—0.035% Nb, and
' 0.115% V-0.035% Nb. The rqtardation of recxyétal:
lization of a‘plain C steel by t;he dual addition
of 0.3% Mo and 0.635% Nb is appr,pximately‘ twice-

%

“that due to the single addition of.0. 035%‘Nb . v
) 'and :Ls possibly greater than expected from uhe |
. simple.‘ additi.on of the effect of each elemént
. when added alone. This synargism may be :elated N
to’ the increase in agtivity, cosfficlents of ¥ '

'a.nd ﬂc that occu:n wh.n *thcu slmnu m addod

NN \..' L - n‘ t
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jointly.

The Nb-V pair pehaves much like Nb alone in

terms of retarding dynamic rectystallizat\ion.

The 1imiting factor that affects the retarda- :
. tion of austenite re’crystallization in HSLA ) *

& - ey

. . !
steels is not the rite of precipitation of the
microalloy carbonitrides, but rather the minmimum
- ¢ >
amount of ‘solute retardation that is required. !
- /
delay recrystallization until the onset of static
precipitation, the latter process cannot prevent

.‘S:ecrystallf:zation.

[ N 7

A e

Bingle additions of Nb and V produca yield

strength increases of. 70& and’ 7% reapactively
par 0.1% at.t addition. The strengthaning due .
to Nb and V in the presant . 115%, 'V=0,035% Nb ﬂ )
steel are 80% and 8& z;tﬁectively per 0.1 at. i
additicm. This greater eff.,!ct in c}ompariabn ’
with the sing,le addition 'Of. each element is’

s

attributed toa synergism i.n their strengtheqing 'd
effects. . “ .. ‘4.‘ .
_the iddi.tion of Mo or of'Mn 'increased the yield ;.
strength of a 0. 035% Nb steel by 9 a.nd 1. 3% per | '

e.1 at.t addition. . T

0 -

a
s
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The rank order of strengthening ﬁroduced by the

alloy additions (per at.%) is primarily associate@d
with the electronic difference between “eac;h element
and irc;n ‘and secondarily wit{u ‘the atomic size factors:
Tl'\xe extent of synergism produced by dual additions

-is probably related to tHe effeé_t of each element

A .

e —onam e it e 4 T

O T

<

on the activity coefficient of the other element.
Over the range of témperatures and stra{in rates
investigfted, the addition of Mn, Mo erV,to a
0.05% C, 1.25% ¥n and 0.035% Nb steel does not

change the peak stress in a systematic manner.

\
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o . ' STATEMENT OF ORIGINALITY AND, '@ 7 “
CONTRIBUTION TO KNOWLEDGE

- . -}

~ The results of tlie present study have led to the
following orz.g:l.nal contnbut:.on"s' '
. ' 1. The investigation showed ttfat an J.nérease in \
2 ‘the Mn level of a Nb steel delays the dyg;xg.c'
precioitation'of Wb QICN) in ausfenite. In the -
o temperature range wh_;re the precipitation is
nucleation controlled, the delay is)due to the
, increased solubility obe(CN). This effe\ct
is considered to be as.sociated with the decrease °
in the activity coefficient ‘of C, and possibly
also of .N, in the presence of increased ¥n con-
centrations. At lower t;enlperatores, where the
) precipi.‘irzation is‘ diffusion (and growth) co;htrolled‘,
. the ;iel'a:}-is ‘linked to a possible decrease in
’the dxffusiv:.ty of Nb associated with the increased
Mn level. ,This 1nterpretation is rslevant to ‘
. indostrial rolling practices \n: that a decrease
in the solubiiity tem‘i)eratuz.;ei means that 'lowér '
’ _soakiqé and roughing temperatures can be us‘ed, .
. ./ which can lead. in ‘turn to energy sav:.ngs. . .
| . 2: It has -been shown that the addition of Mo or V o 3_

' delays, Nb(CN) precipitation in 'aus(zenit;e ina B

marfqer similar’ to Mn, but to a greater extent

() cooL . | /
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per atomic percentjof addition. _ These delays

!

are also linked to the increased solubility of

the carbonitride, which probably results from -

' Fd
the way in which these two elements reduce .the
agtivity coefficients of C and N.

The dynamic precipitation kinetics of VN ip

- {

austenite were Ei/etermined and demonstrated to
be slightly schwer than those of Nb(CN) in a
steel of the same Mn concentratlon containing
0.035% Nb. On thls basis it has been suggested
that the markedly lower pancaking effa.ciencms
observed in controlled rolling practice in V
steels as compared to equivalent Nb steels is

T

. [ 4
not due to the sluggishness of VN precipitation,

-but rather to the distinctly reduced solute ‘

retardation produced by V addition. To the ™

present author's knowledge, the dynémic preci~

‘pitation kinetics of VN in austenite have not

paen previously determined. Neither has the '

‘relative inefficiency of Vv addition for preventing

austenite recrystallization during control rolling
, )

been attributed to its rather limited effect in y

solution in Y-Fe. 7 "

Dynamic Recryst.gl1,1.zati&1-‘rime-'remperature {RTT)
curves have been constructed for t)llae first time
from {n;echanica.l tést data, rather than by the

uaual metallographic methods. The relative

e

-
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*in determining the relative %jfecbiveness gf

/,,;etarhation of austenite recrystallization.

. is retarded by the addition of Mo/ as solute.

strengthening effects of Mn

\ .
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i
I
retardation of dynamic recrystallization pro-
duced by single or multiple additions of |Mn, ’

Mo, Nb and V has thus been determined over a
wide temperature range (875-1075 °c) for L (53'

selected deformation rate. It is suggested that

this technique is capable of predicting thELi B
relative retardations under industrial ?onditions
of static recrystallization. }

The present research contributes to an hnder*

. i . 817

standlng of control rolling by highllghtlng the
probable importance of the electronic d%:ference

1
betweeg the microalloying element and y-Fe. These

differences are likely to‘play a primary role '
individual alloy additions with respect to the . :

The importance of solute effects was upderlined !
in the present work by the contrast between (a)

the early recrystallizatlon in the V steel ‘

(compared to the Nb steel), and (b) the late . y
recrystallization in the Nb-gg steel (compared

to, the Nb steel) whereﬁaynamie recrystallization .

A gystematic study df/the singl and combined
r Nb and V was
made on a geries of steels of sinmilar base
cpmpositiona,m_mhe normalized_gtreﬁgthening

produced {on an atomic,percgng basis) was

/ / ~

A
&
L]
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demonstrated to be related to the electronic

/ ]

- .

differences between each element and iron.
. I > - RO

The synergistic effects observed, for example:
Nb alone vs. Nb-with V, have been associated
with possible changes in the ac¢tivity coefficients

of these elements due to their combined presence.
|

i
. \ o




S

e I I

—

l0.

ll.

-13.

14.

5.
15.

I7.

vt -

175.

z s [¢] N > \

2
REFERENCES

W, . .
J.P. Orton: "Microalloying 75", Union Carbide Corpora-
tion, New York, NY (1977), 334.

, | «
J.N. Cordea: Symposium on Low Alloy High Strength
Steels, Nurnberg, BRD, May (1970), Metallurg Companies.

F.B. Pickering: ' “Mcroalloying 75", Union Carbide ;
Corporation, New York, NY (1977), 32. o/

H.W. Paxton: Met. Trans., 10a (1980), 1.
E.O0. Hall: Proc. Phys. Soc., Series B, 64 (1951), 747.
" N.J. Petch: dJ. Iron and Steel Inst., 174 (1953), 25.

F.B. Pickering and T. Gladman:
ments in C Steels", Iron and Steel Inst.

"Metallurgical Develop-
(1963), 10.
H.J. Wiester and H. Ulmer: Stahl und Eisen, 79 (1959),

1120. . .

W.C. Leslie: "The Relationship between Structure and
Mechanical Propertles of Metals", NPL Conference Proceedings,
Her Majesty's Stationery Office (1963), 334. .

/ .

W.B. Morrison and J.H. Woodhead: J. Iron and Steel Inst.,

201 (1963), 43. |
W.B. Morrison: ibid., 201 (1963), 317.

W.B. Morrison and J.A. Chapman: Phil. Trans. Roy. Soc.,

Series A, 282 (1975), 289.
Met.
1

8.8. Hansen, J.B. Van der Sande and M. Cohen. Trans.,

11A (1980), 387. /

M. Cohen and S$.S. Hansen: "MiCon 80: Optimization of , ‘
—Processing, Properties and Service Performance Through : )
Microstructural Control", ASTM STP 672 (1979), 34.

L. Meyer and H. de Boer: J. Met., 29, No. 1 (1977), 17. .
K.J. Irvine, F.B. Pickering and T. Gladman: J. lron

and Steel Inst , 205, part 2 (1967), 16l.

-J.M. Gray. Presented at Instituto Latin Americano del

- Flerro el Acero, Bueros Aires, Argentina, May 9-13 (1976).




18.

19.

21.
22.

23.
24.
'25'

26.

27.
28,

29,
30.

32.
33.

34.
35.

36.

20 .‘

J.P. Séh, G.J. Richardson and C.M. Sellars: Met. Sci.,
g (1974) ’ 325. . o \ i

T. Gladman and D. Dulieu: Met. Sci., 18 (19M), 167.

R. A. ‘Petkovic, M.J. Luton and J.J. Jonas. Can. Met.
Quart., 14 (1975), 137.

f

I. Weiss and j“J. Jonas: Met. Trans., 10a (1979), 831.

"Microalloying 75", Union Carbide Corpé/ét;on, New York,
NY (1977).

"Hot Defoxmation oflhustenite", J.B. Ballance, edq,AIMEg
NY- (1977) . .

J.J. Jonas and H.J. McQueen: “Miseqen forme des métaux :
et alliages", B. Baudelet, Jd., Centre National de la
Recherche Scientifique, Sept. (1975).

J.D. Jones and A.B. Rothwell: "Deformation‘Under Hot.-
Working Conditions", Iron and Steel Inst. Pub. 108 (1968), J
78. ’ '

D. McCutcheon and R. M. Jamieson: Can. Met. Quart., 12
(1973), lo0s. '

R.A.P. Djaic and J.J. Jonas: Met. Trans., 4 (1973), 621.

A. LeBon, J.,Rofes-Vernis and C. Rossard: Met. Sci., 9
(1975), 36..

I. Weiss and J.J. Jonas: Met. Trans., lIA (1980), 403.
J.J.- Jonas and I. Weiss: Met. sz{, 13 (1979), 238.

"Recrystallization of Metallic Materials", F. Haessner,
ed., Dr. Rieder-Verlag GMBH; Stuttgart (1978).
O

J.P. Michel and J.J. Jonas:  Acta Met., in press.

R.W.KlﬁHoneycombe and K. Pethen: J. of the Less Common

Metals, 28 (1972), 201. -
W. Roberts:’ Swedlsh Institute for Metals, Research N

Repd’rt No. %1333, Nov. (1978).

W.J. McG. Tegart and A. Gittins: "Hot Deformation of
Austenite”, J.B. Ballance, ad., AIME, NY (1977), 1.

P.J. Wray: ibid., 86.

.....
e




——

37
38.

39,

44.
45,

46.

47'

48.

49.

--50.

. 51.

52.

53,
54,
55,

- v. -
" t(,‘le. Coladas, J. Masounave and J.P. Bailon- ibid., 341.

b

M.J.. Luton, R. Dorvel and R A.P. Petkovic. Met. Trans. ,

1A (1980), 411. p

M. Lamberigts and T. Greday‘ "Hot Deformation of Austenite ’
J.B. Ballance, ed. AIME, NY (1977), 286.

L]

W. Roberts: Swedish Institute for Metals Research,
Report No. IM-1211 (1977).

] ‘ -
M.J. White and W.S. Owen. Met. Trans., 1lA (1980), 597.

R. Simoheau, G. Begln and A.H. Marquis: Met. Sci., 12;
(1978), 38l. _ -

1

H.' Watanabe, Y.E. Smi and ‘R.D. Pehlke: "The Hot Deforma-.
tlon of Austenite"; J.B. Ballance, ed., NY (1977) r 140.

A.T. Davenport, R.E. M:Lner and R.A: Kot: 1b1d., 186.

Y. Mishima, R.H. Horn, V.F. Zackay and E.R. Parker: Met. x
Trans., ll1a (1980), 43l.

International Conference on Hot Working and Deformat

R.K. Amin and F.B. Pickering: Preprint from "Sheffiel }7
i
Processing", Sheffield, England (1979). - (

J. Jizaimaru, H. Kobayaslu and T. Kosaka: Tetsu—to-ﬂagane,
60, No. 4 (1974), 177.

C. Ouchi, T. Sanpei, T. Okita and I. Kozasu: "Hot Deforma-
tion of Austenite”, J.B. Ballance, ed., NY (1977), 31§. -

M.F. Ashby and R. Ebeling: Transt AIME, 236 (1966), 1396,

V.M. Farber, O.M. Mikhailova, V.N. Davydov and N.N.
Chesnokova, Steel in the USSR, Aug. (1977), 667.
AS

R. Phillippo and F.A.A. Crane: J. Iron and Steel Inst.,
211 (1973), 653. ’

I

7. Chandra, I. Weiss and J.J. Jonas: submitted to Metal
Science. . -

J.W. Cahn and J. Nutting:' Trans. AIME,;-~215 (1959), 526.
J.E. Hilliard: Trans. AIME, 224 (1962), 906.

C.M. Sellars and A.F. Smith: J. of Mater. Sci., 2 (1967),"
521- A !

b e T T

&




et

56.

57.

58.

59,

60.

61l.

62.

63.

) 64.

65.

66.,.

67.

68.

69.

_70.

71.

72.

7 178,

A.T. Davenport, L.C. Brossard and R.ﬁ. Miner: Republic\
Steel Project #12, 051, Apxril (1977).

T.M. Hoogendorn and M.J. Spanraft: "Microalloying 75",
Union Carbide Corporation, New York, NY (1977), 75.

s _ . , "
M.J. Luton: h.D. Thesis, McGill University, Montreal
(1971). . - ) \ g

S. Fulop, K.C. Cadien, M.J. Luton and H.J. McQueen:
J. Testing an Evaluation', 5 (1977), 419. ,
D.S. Fields, Jr. and W, A. Backofen, Proc. ‘Am. Soc. Test,
Mater., 57 (1957), 1259,

G. R, Canova, pr:.vate communication.

G.R. Canpva, S. Shrivastava, J.J. Jonas and C. G'Sell:
J. of the Mechs. and Phys. of Solids, in press.

w

M.G. Akben, I. Weiss and J.J. Jonas: Acta Met.,'in~press.

V.R. Golik, V.A. Dubrov, N.IL. Sandler and V.M. Yunash:
FJ.z. Metal. Metalloved., 14, No. 4 (1962), 555.

J.H. Woodhead: "Vanad:.uxﬁB”, Vanadium Int. Tech.
Commttee {1980), 3.

v s -

Shin]:. Koyama, Turuo Ishii and Kiichi Narita: Journal
of the Japan Institute of Metals, 35 (1971), 1089.

T. Wada, H. Wada,'J.F. Elliot shd J. Chipman:- Met. Trans.,

3 (1972), 1637.

» '

K.J. grvine, F.B. Pickering and T. Gladman. .J. Iron and
Steel’Inst., 205 (1967), 161. ,

H. Nordberg and B. Aronsson: J. Iron and Steel Inst.;
206 (1968), 1263. ) ‘ .
S. Kana.zawa, A, Na.kashima, K. Okamoto and T. Suzukz..
Trans. I.S. IJ., ll, #3(C1971), 184. -~

—

S. -Kanazawa, A. Nakashima, K. Okamoto, K. Tanabe and
S. Nakazawa: J. of the Japan Institute of Metals, 31
(1962), 17}. ) ,

T. Wada, H. Wada, J.F. Elliot and J. chipman' Met.
Tranﬂ-, 3 (1972) ' 2865. /.‘

i

v #
! /

\

OR——




L T e mn i v

PUFSTI.
", -
s

’ . J 1793

73. T. Wada, Y.E. Smith ahd WﬂE Lauprecht: "Vanadium 79", -
Vanadium Int. Tech. Committee (1980), 61.

74. T. Nishiz&wa:’ Scand J. Metallurgy, 1 (1972), 41.

‘75. M.G. Frohberg and H Graf: Stahl u. Eisen,’ 80 (1960),
539. .

76. D. Houghtor', private communication. .

77.' C. ‘Rossard: 'Proc. Int. Conf. Strength Metals and AllOYS:
3rd, Vel. IT (1973),175. i
I . !

78. G. Glover and C.M. Sellars: Met. Trans.,'4 (1973), 765.

79. I. Weiss: _Ph.D. Thesis, McGill University, Montreal (1977).

80. 'H. Kreye and E. Hornbogen: J. Mat} Sci., 5 (1970), 89.

8l1. A.H. Ucisik, I.Weiss, H.J. McQueen and J.J. Jonas :"Cén.

Met. Quart., in press.:
. » [ ! \ '

82. C.,Ouchi, T. Okita, MM\ Okado and Y. Noma : "International
chference on Steel Rolllng s Iron and Steel Inst. of
_Japan (1980), 1272.

0

3. M.J. Stewart: "Hot Deformation of Austenite®, J.B. Ballance,
ed., AIME, NY (1977), 47 'and. 233.

-84. W.B. Pearson: "The Cryst$1 Chemistry and Physicés of
Metals and Alloys", Wiley-Interscience, New York, NY ,
.- (1972), 151.

85. E.P. AbrahamsonrIE: Trans. AIME, 224 (1962),. 727.

86. E.P. Abrahamson,II and J.A. Alexander: Trans. ASM, 56 )
. (1963), 3717.

87. E.P, Abrahamson,II and B.S. Blakeney, Jr.: Trans. AiME,
218 (1960), 1l1l01.
J

88. E.P., Abrahamson II and N.J. Grant: Trans< ASM, 50 (1958);
, 705. .

¥

89. W.C. Leslie, private commdnicétion.

90. W.C. Leslie: "Physical Metallurgy of Steels", McGraw Hill, -
\ ‘ -to be puhlished in 1981.

91. J. Evarett, A. Gittins, G. Glovexr and M. Toyama. pre-
: print from “International Conf. on Manf. Eng.", Melbourne,
( . 25-27 Aug. (1980). ' ’

92, J. Everetﬁ, ‘A, Gittins, G. Glover and M. Toyama: pre~print

from Sheffield Int. Conf. on Hot Working and Forging
Processes, Sheffield, England (1979}. ]

v
E -
t R ! J
- .
. . - * U == e - OIS T PR :




-

et Ay BT PP YIRS o+ v g

vy

S

T A A rerrve | on

APPENDIX A

~REAL TIME PROGRAM USED FOR TORSION TESTING
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‘BKBEM -~ 16~DEC-20 MTS BASIC UBIE-A20 | : r

188" REM" EX3 LR e A R P Ve b SRR LR R R Ak
101 REM" TORSIOM TESTIMG PGM USEQ® T )
192 REM* ADOPTED FROM THE TORTEST PGM WRITTEH EY |G . R . CaHONRY

103 REMMEAERRE LR R EROELR AV EXEREE R D R RE R R L AR X Rk R by
%gglggm;f DETERMIMATION OF THE TEST €OMDITIONS" ,

186 PRINT “DO YOU WANT TO PUM ¢ TEST?"-IHPUT v1%

197 IF ¥1$="YES " THEM'10g-50 Tn 2@ T

108 PRINT “SaMPL #7"~THPUT HE ‘

189S PRINT ”$TEQIH—PHTE?"ﬂINPUT 0

110 R=3.175 o

111 L=25. 4

112 DIM XC281)5,a0116.202. B 118,207, 1¢118> f

112 DIM B1C116),EC 95, TC 100 o

114 DIN C1(20.D1C 28> ’ , - :

115 REM Ehkkbdedbbistvi st EXAR IR S IRS SRS L eSS SR SR AL D0 T % T Ll
116 REM" THE MEXT S LINES ARE FOR INTEFRUPTED TESTS OHLY
117 REM"EEERE O R R R b O R R R R b
118 PRINT "HOM MaMY INTEFRUPTIONS?"STHFUT M

119 FOR'I=1 TO'H -

128 PRINT "“INTR STRAIN"INPUT E. 13

121 PRINT "INTR TIM?"“IMPUT T¢I

122 NEXT 1 ?

123 REN" SXEARRRERR LR B ERRLEER O K f b l
124 REM" SETS UP SYSTEM FOR TESTIHG" - . ’
1235 REM"kriiikviididbiiribieiidipes ey

126 QUIT . | :

127 MSWi¢2) .

128 DACR(H.K9.2.0) .o R

123 FOR' 1=K9 TO @ STEP -1

138 FGIcI) . | ,
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~~ W NS |
N 1 - l
131 Naxr 1 : ‘ J
132 PRINT IS TST REﬂDY’"xINPUT A¥ - \

133 IF ASCO"YES" THEN 132

134 REM“****#H#*#**H*#**#*#####*#*tt#**#%#.Ht# LEFEERe
135-REM" RUHS TEST AMD CARRIES OUT DATA ACRUISITIOH®

136 REH“*#**M;}#***‘#***N ERIRRES e RERRERILE LTI RAE I RS S S0 A

137 G9=0. . T . :
138 FOR ' J=1 TO H . - .
139 MSH1(2) % , »

148 P=ECHL/2/P1/RESORCZ)

141 PRINT “# OF TURNS".P , o ~
142 IF J>1 THEM -149 R \

M3 - ¥ 1 )=24895/2%0/EC J j . \ ‘ ‘
144 IF J>1 THEN 149 - ; - :

T 145 ¥1=P¥162,

147 Go=Yt ,
148 GO TO 153 - - - |
149 P2=E( J-1 XL/ 2-F1-R¥1~ K 1 3=48395.. 28D EC.J 3~EC =1 2188
150 Ho=(P-P2)¥162 S k -
151 X(2)=H9+G2 S

152 Go9=K(2> o . Y

153 ¥=2 . x,

154 IF J<¢>1 THEMN 156 .

155 U=1BX%ECJ>-D~G0 TO 13?

156 U=1B¥CECDI-EC-133D . N\ .«
15? FGI(K.,1,7.7)> :

8 DACEK 3,.R1.8.U .J’“?»Dﬁcf“ Z,Bt.2.U
159 PRINT bagh ‘ .
160 STAR . "
161 MI(Z) ‘ * . N . - .
162 IF 2>-1 THEN 161 : .
163 QUIT L : |
164 PRINTY “STOP" ¢ ) \ o -
165 IF '\"1#3"\"85“ THEH 183 ; .

146 X(2)=Y1. S \ }
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e T |

| .133'\ FOR-I=1 T0 500 '

182 Renr o - -

169 U=GS-10

] 178 F§ICUH .

4 171 MSWICarFEIca) ' : :

o ; 172 PRINT “FIHISH* k RS
i ! 173 X1 )=4895.T( J» :

174 FOR I=2 TO 20153 1 5=0HEXT 1
175 x ,
1?7 IGG*T( 4y
17 Bﬂca 3.C1,0. 015
178 FGIEX, 1.7
179 STdR
188 BUF1<2Z> Co
ist IF 2:>— 1 THEH 186
182 U ‘
183 IF vxt-"vss" THEM 185
184 Mi=116~G0 TN 126
185 M1=100
486 FOR I=1 TO M1 -
187 ACT.J)=R1(1)-9
188 B(I, Jo=B1c1>
189 IF <161 THEH 193
-+ 198 IF Y1$="YES" THEN 123
191 Ii=f-1900 ~
192 A L,J:r-cn’ I15-9~BC 1. »=D1< 11
193. NEXT 1
194 MSW1(2>
195 NEXT J '
196 REM™KERilddeikkrt ket iacie”
197 REM" LISTING OF DATA"
198 REMskikxikkbiiikhkibspyge
199 CNTR(3) . : oo
' 208" PRINT "TORQUE" "EQU STR™, “TINE"

LR 3. D1, 3,010
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] - : R
201 a8=0 . » '
2062-FOR J=1 TD M -
5 263 U=19*(Ef33~E(J—1)) D Ty
) 284 FOR I=1 TD 166
R , 205 . AB=AS+)/ 1606
T~ - 286 PRIMT &¢I, 100718, 2. CBCT. 1D-B 1.1 371 SR IAPTERLL-SORC 20, (48, 1
oy T 287 NEXT I f
208 IF ?1$="YE¢" THEM 214 ‘
269 FOR I=161 TO 118 : ,
~ 210 UP=1e8%T( )y « = /
- 211 AB8=nB+U1-1000 RSN
212 PRINT aCI..0)>-18. ¢,~Ef1,l:~8v1 1;: 1E2EE2FPIEP-L -SORC 3 L MG, T '
213 HEXT I o % '
214 HEXT J . . . .
215 INPUT v6s " : / {/

, . 216 CHTRC3D - o - R
L 217 REMUSERibRdsrrbbesrsssvad vy < : '
_ ‘218 REM* PLOTS TORQUE US. TIME" : 1
’ 219 REH“*’***#*#*#*%’## t***##*###t*# "o
- 228 T9=n8
221 LCMTRC 3 )CHTRC B yNPHYLC 100, 906, 55, 708 “
222 SCALCB,0,T9. 16, 75 X AHESCD. B ) - o .
223 CHTRCZ »PLOT(B,05 :
224 LABLC"TIME", “TORQUE", T9.5.5. 1 » n-z FOR J=1 T0 H
555 IF J¢>1 THEM 226+M=104Er ) wvinGd T0° 257
226 u-letcE<J:—E<J~1wv,u . ,
227 FOR I=1 TO 166 ‘ ;
. 228 -X= xmziaw SACL U318, 2WARKE YL MY R HERT 1 *
. 229 IF vzsL"wEs" THEW® 272
230 FOR 1=101 TO 110\X=%+100%TC ) 1606 : - / )
231 YERCT, UD/18. 2VHARKC Y LY NNENT T . : :
. *232 NEXT J o
233 INPUT GP§ |
234 REM | - '
235 REM - - e
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.. 236 REMy****t*****#*****¥**#***#3*3f"
23% REM" PLDTS TORQUE US. STRAINH"
233‘RE“"*****************?*f**?*#’**"
229 REM .
_ 249 CHTR(B)RPNTP(@?
" " 241 PHYL( 190, 960, 89, 708D
. 242 SCAL(n,. B, E‘:JJ:@.‘?‘;)
T 243 AXKES(B,d)
: 244 C HTR(E)kPLBT(B#B?
245 BI=INTCEC )+ 1)
248 LABLC"STRAIN", "TﬂPnUE":E’q 1';7‘ iv.6> -
247 LABL Y . %, - B9.-26.18.2) _ =
\'; 248 C“TE(°J%PLUT(B:BI“FHTR(ﬁ!
<. 249 FOR J&i TO N o
+(25B.FOR I=1 TO g0 - |
251 ¥=A(I,J>718.2 ﬁ
252 Y=(B(14J3“B¢1 IT‘/16?4Q¥PI$R L’QUR(*‘ L
253 MARK(" ",.¥,¥)
254 MEXT 1
235 IF ¥1$="YES" THEH 2 .
256 FDR 1=161 T0O 118 .
. 257 ¥=ACl,J4)-1a 2
‘298 Y=(B(I,J»-B(1, 1)1’165* 2¥PI¥R- L SﬂPf?;
- 259 MARKC " ", Y., 'ﬁ"'
268 HEXT 1
261 NEXT J o
262 CHTRC 2N THPUT Gq§
263 REM"*********W******X#***#**#*#E*?iﬁf*"
264 REM" PLOTS TORQUE US. LOGYSTRATIH " )
265 REM"********#**#******t***#*fft#*i##**"
266 CHTRCZINCNTRC B NPHYLC 183,908, 26, 700>

267 SCALC3, .B1,EC4), 10, 75r-AHES, .81, 16>-CHTR(2 ™ PLOTC . A1, 18>

268 LABLC"STRAIN", "TORGUE™.1.1.1>
269 FOR J=1 TO H\FOR I=1 TO 168 LT -
2?3 X-R( I.J>-18.2 @ .‘
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| 271 Y=(B(1,J)-BC1, 1 3)/162¥¥FIAR-L-SORCSY -, o I
. 2727 IF- X(=p THEN 27d4\IF ¥~.=0 THEM 2rd - .
; 273 MARKC® . ¢,y ’ , . ) N N
. 274 HEXT 1 ]
e " 275 HEXT J IR
- $E CHTRC2OWINPUT COSACHTR(3)
i ? PRINT “DO ¥OU HaMT TO EEEFP THIS PO THRUT C# ,
278 IF C$="YES" THEH 283 ~ 2 :
279 GO-TO 306 : A - : . ;
gge- REM® t*t*****:p:***t*#:ﬁ*i#:**lt:#:t*'#:ttti#’#:* e A .
, 1 REM" STORES THE DATA OH THE FLOPFY DISCe ;
& 282 REM“XEFLEkkk b R LKL LR I P L b g ' | z
: 283 OPEN “DX1:TOR“LH$ FOR OBTRUT AS FILE #1 - . .
1 2B4 FOR J=1 TO H
) 285 G=C J-1 X4 R=0+1 | :
286 Qi=R+1\Ri=01+1 | L !
e 287 FOR 1=1 TO 11D : ;
| 288 ALCII=ACL, INBLCT)=B(T, 1) _ 1 ;
.- 2BIHEXT 1 - . . - | ,
~ 299 FOR I=1 TO 100 : i
292 ROUTCBL.1:R,E2) - ‘ |
293 NEXT 1 . « . |
294 HEXT J | -
. 295 CLOSE #1 . : \
| 296 CNTR(3> * . -
L 297 REM"XEEXErckibehersase”
o 298 REM" END OF THE TEST" _
299 REM"tikkbbkikkkdisdrstrsn ' »
388 PRINT "DO vYou WANT TO RUH AMOTHER-“-IMPUT C% :
381 IF C$<>“YES" THEM 383 . |
302 PRINT “DO YOU WAMT THE SAME TEST CONDITIOHS?"“IMPUT C% . |
303 IF C$="VES" THEN 126 . o ‘ : 1
304 GO TO 106 - ;
'\ 385 REM \ - .'\} . ’ ‘ ' ;;
; s
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321
322
323
324
323
326

327

328
329
338
-331
332

READY

-

‘REM"  THIS PART

e i T B T

\ , '

REM" RERE XKL R KRR RRRER L DL RN AR R R RN A R kg g
1S TO RECALL DATA FROM THE FLOFPY DISC®

REM" X3RO R O A AR S R R R P PR Ry

PRINT "DO ¥OU WAHT TO RECALL DATAT IMFUT ves _ ,

IF YE$<>"YES" THEM 332 |

INPUT HE-.INPUT R-IMPUT L-~IHPUT T2

PRINT “ENTER M.M1PSIHPUT HMNIMFUT M1

FOR J=t TOH ; ‘

PRINT "“EMPER.IMNTER. TIMESSTRAIH-IMFUT TC X IHPUT Ec¢ 3
§§§¥TJ”5[RQIH-RﬁTE“NINPUT b :

OPEN "Dt TOR"es FOR THPUTNGS FILE #1

. PRINT "EHTER SAMPLE#. RQDIUS-LEHGTHJEHP.TIHEf

FOR J=1
0=C -1 32 R1=0+1 ‘ ,
FOR I=1 TO 10 ' \
ATHPCAL, 1,0:E1 ATHPCEL. 1 R1.E2) : )
HEXT I ) :
FOR I=1 TO-~108 \
R(I;J)=ﬁl(I)KB(I,J7=§1£I3
MEXT I - )

NEXT

CLOSE #1 . - .
60 T0 216

}

REM"THIS PGMY I
PRINT "TOURIST!"-STOF

! ) ‘ ( c
REM"MRKES RBSURD REMARE TO THOSE HHD REALLY HAYE HOTHING TO 0O NITHt .
. ’; . ‘
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APPENDIX B

1

FLOW CURVES OF THE.STEELS TESTED AT A STRAIN RATE

%

OF 3.7x10~%s L AT 975, 1025 AND 1075°C
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