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ABSTRACT 

Constant strain rate compression and torsion tests 

were carried out isothermally at temperatur~s of S7Sto -i01SoC 

on a series of six steels. The base st~e.l had a composition .J 

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

following sets of additions: (i) 0.035% Nb; (H) 0.035,% Nb + 
, .' 

0.115% V; (iii) 0.035% Nb + 0.30% Mo; div) 0,.035% Nl? + 1.90% Mn; 
. . 

Cv), 0.115% V. The tests were conducted to de termine the effects 
-; ~ 

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

temperatur~ flow and recrystallization behavior'of the materials'. 
- . .. 

oThe dynamic prècipi tation kinetics for Nb (CN) ,and, VN were deter-

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

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

lower temperature (SS( vs. 900oC) '''~d at a somewh~t 'longer . 
, 1 

time ('26 vs. 16 s),,' in agreement with the lower equilibrium 
1 

solution te!pperature of VN. The_ dynalJl.ic precipitation kinetics 
-1 

, 1 

of Nb (CN) were X',etarded by the addition of Mn, V. or Mo. This 

re~ardation iB attrl.buted to the !ncreased carbonitride SOlubility 

~at follows the addition of these éle~nts because of th~ way 

in which they decrease the C and N activity coefficients. 

RTT QU%Ves w~re constructed for dynamic recrystal-
# • 

liza~ion in the six steels investigated. These were -derived 

from the peak str~ins of the compression flow curves, as deter-

mined at a strain rate of 3.7xlO-2s-1 • 

occurred eUliel' ln 'e plain C steel " ' 

.J 

Recrystallization 
'ri ,1 

followed fairly quickly 
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o 

ii. 

J 

by the 0.115% V steel. AU 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 addi tidn alone. This very large effect, and the 

retardation due to eaeh o~ the transition elements) is explained 

in terms of the 1 electronic differences between iron and the 

particular erement. ,The effect of the atome size differences 

with respect to iron is also considered. 

The strengthenipg due to the presence of Mn, Mo, 
1 

Nb and V in solution was dètermined from the yield strengths 
J 

of these steels..'l'he increment in yield strength over that 

of the plain c' steel was determined as 70% and 7% per 0.1 at.% 
J 

of Nb and V when each 'is addèd singly _, 'l'he strengthening 
, 

oincreased to 80% and 8% respective1y for these elements when 
-

present jointly in austenite. 'l'he strength incr'ements were 

9% for Mo and 1.3% for Mn per 0.1 at.% when added to a '0.035% 
, 

Nb steel. The rank order of these effeets.is also explained 
\. 

in terme of the electronic and atomic size differenees, and 

a possible reason for the synergistic ~ffect (e.g. in the 
1 

case of Nb and V in a Nb-V steel) is prd'posed. 
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RESUME 

Des essais de compression et de torsion, isother.mes 
J. ~ 

à des t~pêratures de 875 à 107SoC, ont étê effectü§s sur une 

sêrie de six aciers. L'acier de base avait une cornposftlon-

de 0.06% C et 1.43% Mn et l~s autres cqntenaient respectlvément 
J 

les êléments d'addition: (i) 0.035% Nb, (li) 0.035% Nb i*- O'.ll~% 

. V, (ii1) 0.035% Nb + 0.30% Mo, (iv) 0.035% Nb + 1.90% J, l(v) 

~ V. Les es~ais~t été faits de.mani~e ~ déte~er 
les effets de Mn, Mo, Nb et V, pris sêparêment ou ensemJle; 

• 1 

sur llêcoulement à haute tempêratûre et la récrlstallisation 

des mat~riaux. La cin~tique de prêcipitation dynamiQuelpour 

le Nb (CN) et VN a êtê dêterminêe par la'm~thode de Weis • Les 

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

(êtant situê à une temp~rature lêg~rement infêrieure (~8~ vs. 

, 900°C) et à, un t~ps un peu plus long (26 vs. 16 sl i en accord 

. avec une tempêrature de la solution en équilibre, inférieure, 

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

êtê retardée par 11 addition de Mn, V o,u Mo. Ca-retard est . 
attribué à la solubilité accrue du carbon1tri~e qui suit l'addition 

de ces él~ents à cause de la façon dont laquelle ils dêcrois-
ô 

sènt-les coefficienes d ' actlvitê du C et N. 
1 

'Les cOlurbes RTT ont êté faites pour la recristal-
J 

lisation dynamique dans les six aciers etudiês. ~ Elles orlt 

êté déduites dès définitions au pic de contrainte des courbes , 
~ ~ 

de compression. À une vitesse de 3. 7xlO-2s -l, la recristal-

lisation est âpparue' plus t5t dans l'acier au C, suivie de 

------------

1 . ; 
i 



( 

, "/0 

o 

,1\ 
l' 
,$ 

, i ,r v. 

< pr~J\ par l'acier O.llS% V. 
, ~ . 

~ 

Tous les·aciers contenant Nb ont 

rec:\stallisé' ~aucoup plus tard. Le plus retardé ~tant 

l'acJ.:er 0.3% Mo, où ,l'effet était environ"deux fois plus 

marqué que celui dû ! l'aadition de Nb seul. Cet effet très 

important { et' le retard dû ! chaque élément de tr~~nsit'ion) est 
, . 

/ ' 1 

explLqué en termes de diff4rences électroniques entre le fer 
1-

et l'élêment particulier. L'effet de la diffêrence de taille 

des atomes par rapport au fer est aussi considéré. 
, . ,.. 

\ . Le renforc~~ à la présence de Mn, Mo, Nb et 

V en'sol~tion a ~té dêtermin~ à partir de-là, limite elas~i~~ 

de ces acie~s:' L'incrément de la limite élastique divisé par 

celui de l'acier au C a été trouvê 70% et 7% par 0".'1 at. % de 
1 

Nb et V quand ciacun est ajouté séparément. 'Cette mesure auq-, 

mente à 80% .et 8% respectivement poui ces éléments Ilors<;lu' ils 

sont tous c;e~ pdsents dans l' austénite. Les incréments pour 

le Mo, et le Mn ajouté ~ l'acier 0.035% Nb, ont ééé de 9% et 

1.3% par 0.1 a~.% respectivement. L'importanc~lrelative de 

~es effets est aussi expliqué en -termes de différencesé~ec­

troniques, et de différencefl de tail'le atotniques, et ,une raison 
• 

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

l'acier Nb-V) est proposée. 
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Manganez, molibden 1 niyobymn ve vanadyumun % 0 / 05, karbon, 

% 1,25 manganezli çelikelrin ynksek slcakllktaki ak~ml üzerine 
• j ;I! 

tek ba~~na veya birlikte etkisini ara$t~rmak icin iki mekanik 

deney tûru kullanllm~$tl~. 875 ila 1075 Oc s~cakl~klarl qra-
1 ~ 

s~nda, sabit s~cakl~k ve sabit dogru geri1im h~zly1a kompre~-
\ ' . 

yon deneyleri yapll~stlr. Bu tûr deneyde:eri~ilen en yÛksek 

h~z saniyede O,74~ ve ert'yUksek dogru gerilim 0,80 idi. Daha 
~ 

yfu<se~ hlzlara ( saniyede 3 azami dogru~'geriliIn hlZ~) ve geriljm-

ler~ torsiyon denetleriy~e-e~i~ilrni~tir. Bu deneyleF 875 ve 

925 Oc sicakliklarinda yapilmistir~ 

Bu "eleman1ann (Mn, Mo, Nb ve V) solusyonda veya ~6kerti 

yap~cl olarak etkilerlni a~t eçebilmek i~in, I. Weiss'ln ge­

li~tirdigi yontemle, mikroalaSlm ~rbonitrurlerinin cokerme 

hlz1ar~ olcülmûstur. Bu yontemin,temeli, en yUksek basln~taki 

dogru gerilimin (E ) 'çokerme hlz~na olan hassasiyetidir. Coker-
, P 

me olmayan çeliklerde Ep' dogru ge~ilim 11l.Zln~n logaritmasiyla 

dogrusâi olarak artar. Çôkerme ba~layan -hlzda, o1aganln ustUn­

de birartis gorûlur. Bu yolla Nb (CN) ve VN'nin dinamik (yani 

ak~m slraslndaJu) çoke-rIllEf h~zlalri blç:ulmû~tur. BU' iki sis1Jemin 

/ 

çokerme égrilerinin yakin zamanl~:rda 'oldugu gorûlmu"t{lr. VN .t 
, ... 

egrisinin burnunun b~az daha dü~ûk slcakllklarda olu~u ve 

biraz d~a g~ç baslamaslnln nedeni,'VN'n~n ostenitt~ki solusyon 

s1cakll.gJ.n~n ·daha du~Uk oluljludur'. Nb (eN) , n;l.,n c;:ôkermesi yuksek 
1 Il ) , • 

Mn katk1s~yla, veya 0,115 V (, yuzde olar.ak), veya 0,30 Mn ilave-

siyle.geciktirilme~tédi~. Bu gecikmelerin nedeninin "bu ilavelerin 
~ . ~ 

Nb- karbonitrUr1erin &stenitteki eri~genligi' üze:rin~ olan 

i 

1 

1 
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etkisinden oldu~u dnerilmistir. (BU eiemanlar e~irgenligi art­

tl.rmàktadir;-)- Erirgenligin artJ.sl., bu elemanlarJ.n C ve N aktivas-
J _ 

yon katsay1.1~rl.nl. azalemaSJ.ndan ileri ge1mektedir. 

Încelenen altJ. çeligin rekrista11izasyon- zaman- sl.cak11.k ,. 

(RTT) ég~ileri, saniyede 3,7 x 10-2 gerilim hl.zJ.nda, 875 ila 
o . 

107.5 C sl.caklJ.klarl. ,arasl.nda be1irIen.misti~ -Bu veriler, azami 

geril:imin (EpJ dogru gerilim h~Zl.na oranlanmasJ.yla elde edil­

mi$tir. Rekristallizasyon en erken sade karbon ~eliginde ba~­

Iamaktadl.r. Sabit bir zaman farkl.yla (logaritrnik eksende) bunu 
f • 

V çeli~î takip etmektedir. BÜtûn niyobyumlu çelikleràe rekristalli-
, 

zasyonda a$J.rl. bir~ 9~Ci~e gorul~ustürJ karbon celigine oranla 

V un iki katl. kadar. ~50C'dan daha a~agl.dakl. sicakliklarda, 

RTT ~grileriyde bir kamburla$ma gôrüImektedir. Bu kamburlasmanin 

nedeni, Nb(CN) nin çôkermesinin_rekristallizasyondan once ba$-
,j' J 

lamasindandir. Nb' lu celikler arasihda, en fazla gecikme, 0,30 

Mo li ceIikte gôrulmûstûr. Bu gecikme l, sadece Nb' ~ etkisinin 
( 

iki misli k~dard~r. Bu a$iri etki, ve her elemanin etkisinin 

derecesi de) , elemanin' elektronik yapisinin demirinkinden farki, 

ve atom çap farklari a~isindan incelenlp a~iklanmi$tir. 

Nb ve V'un çeligin yÙksek sicakliktaki direncine tek olarak 
, 

katki~ benzer ternel ala,imdaki karbon celiginin direnciyle 
• ,--- 1 

ala,imli ce1iklerin dirençlerinin oranlanmasiyla eide ediImi$tir. 
J 

Atomik orande , 0,1 Nb i1avesi direnci ~ .70 oraninda arttir-, 
mi~tir. Ayni miktarda V direnci % 7 kadar arttirmaktadir. Bu iki 

e1émanin heraberkenki etkileri, Nb için , 80 ve V ~in % 8'e 

artmaktadir. Yüzde 0,035 Nb'lu çelige , 0,1- (4tomik) Mo veya Mn 

ilavesi direnci,sirasiyla , 1,3 ve , 9 kadar attirmaktadir. 

Dirence her elemanin'katkisi elektronik yapi ve atomik çapl~r 

\, 
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/ farkiyla, ve bir oneri olarak j birlikte iki elemânin etkisi~in -
1 

teker olarak katkisinin daha yUksek olu~u, 
/ 

elemnlarin bir-

birinin aktivasyon katsayilarini arttirmasina baglanmistir. 
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CHAPTER l 

INTRODUCTION 

) 

High Str~ngth Low Alloy (HSLA) steels were develo~ed 

in response to the increasing need for inexpensive, strong, 

tough and weldable steels. With each passing year, larger 

tonnages of these materials are being produced. Many of the 

advances associated with the development of these steels have 
1 

depended, and still do, on the control of racovery and recrystal­

lization in defo~d austenite. In tile case of fIat HSLA steel 

products, this is accomplished by controlled ;olling, a process 

in w1?-ich the temperatureand reduction at each stage of hot 

forming are manipulated accordinq to an overall pl'an or schedllle. 

The delay or prevention of. recrystallization, whEm required, 
1 

is achieved by making microalloying additions (i.e. additions 
J a 

in, amounts weIl under 1% by weight). Wheth,er the elements 

added fulfill their purpose as sblutes on the one hand, or as 

precipitate formers on the other has been subject to great 

debate. Some of this can he found, for ex~ple, in the book 

entitled "~ne Hot Deformation of Aust~niten" edited in 1977 

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

not been resolved, as can be seen from the proceedings of the 
) 
\ 

October 1980 Internatidnal Conference on Steel Rolling in Japan. 
\, ,-:-

The __ papers presented at this conference include ones claiming 

either, that the ~croalloying additi~ns produce strong solute 

retardation effects, or, inverselY that these additions retard 

recrystalliz~tion principally via the formatipn of precipitat~s. 
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An understanding of the effects of the microalloying 

a~dition~ singly and in combination, on the softening processes 
~ 

mentioned above is of importance for several i,easons. The 
j 

first of these is that, in arder to 0l?tain the desired final 

properties, i t would be useful if the chemistry could bej 

selected on the basis of rational principles. Once the Chemistry 

has been determined, a rolling schedule must also be designed. 

The latter should enable the steels to be formed without damage 

to the equipment and also produce the' required final mechanical 

propertles. ').. well)eveloped set of rules regarding the concep­

tion and design of s~ch, schedules,would also pe of great utility 

to steel processors. 

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

rational rolling schedule design requires, however, that the 

rales o'f each of the alloying additions be clearly understood. 
, l' 

For example, why should certain alloy additions such as Nb he 

more effective than other~, e.g. V? Similar remarks apply to 

the influence of Mo or Al, as other examples. The present 

investigation was undertaken, in part, to try to answer these 

questions. The project involved a series of six steels contain~~g 

Mn, Mo, Nb and'V singly and in combination. The, solute and/or 

precipitate effects of these eleme~ts on- retarding recrystal­

lization durin'g or after high tempe rature 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 ~e hot strength 
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of austenite was also studied systematically. -linally, a, 

possible scientific or rational ba~,is was drawn up and is 

-. 

3. 

./ ", 
recommended for the explanation o~,."these effects. It is the . 

aathor's hope that such a rationalization may be "of sorne 

.~ ~se with respect'to the design of both alloys and ro~ling 

schedules. • 
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CHAPTER 2 

A REVIEW OP' THE Ll:TERATORE ON THE RIGH 
TEMPERATURE FORMING OF HSLA STEELS 

2.1 Development of HSLA Steels 

2.1. 1 A Brief History " 

The development of High Strength'Low Alloy',,(HSLA) , , 

, -

steels has occurred in response to demandS by design engineers 
~ l "1 

• 
for improved tensile and impact properties, as well as to 

Cl '. 
social and economical pressures to achieve higher co~t and 

'1 
materiàl efficiencies in production. The most important 

property to be controlled "i8 the yield strength. It 'can be 

increased hy grain refinement, by solid solution alloying, by 
l, 

precipitation in austenite and ferrite, and finally by 

controlling the transformation behavior. In addition, for,' '-, . " 

low temperature applications in pl~te for.m, e.g.-arctic pipe­

line grades, the ~p~Gt transition temperature (ITT) must b~ 

sufficioently low. In the case of C~dian appli~_ationsl this 

tempe rature may be required to he as lowas - 6SoC (1). Good 
-

w'e'ldability is also a requirement for the heavy plate applica-

tions (e.g. bridges, offsho~e oil and gas riqs, pipelines, 

~ etc.), and even for soine sheet matal uses in the automotive 
~<' 

1 

and other industries. The following is a brief history of 

the development of HSLA' steels. 
1 

From the beginnin~ of the çentury up ·to the early 

1930's, the strength requirements for steels were m4t through 

C anJ Mn additions up to 0.35' and 1.5' resp80tively (2,3)~ 
~.;. 

By 1933, Cor-Ten (2,4), the firat commercial low alloy steel 

., 
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was introduced. This product made use of two or more of the , 
'following addition agents: Cr, Cu, Mn, Mo, P and Si. The 

total all~Y concentration was'r.in the range of, 2-Ù'. This 

product had a combination of high strength, ~proved impact 
t.J () 

properties and good 'corrosion ~esistance, all of which made 

it widely Juseful, and therefore applied. The structural st~el 
1 1 

plate grades had yield strengths in the range 345-4l~ MPa (3,4). 
t> " 

By the beqinning of the next decade, the strengtheninq 

effect of Nb (or Cb) ~dditions of as little as 100-500 ppm was 

discovered (2). Although this development led to a s1ight 

loss in c:forrosion resis,tance, it enabled the total alloy 

additions to be reduced to l-l!%, including Al, Mn and Si 

which comprised most Qf the additions. In the same decade, 
,f 

the simil~r ~fects of Ti and V were also recognized (4). V 

was used successfully in structural, plate and sheet grades. 

o""_:The use of Nb was limited until th~ 1940' s when its aV~~i1itY 
increased and the cost decreased. 

The form of the dependence of the yie1d stress on 

the ferri~ic grain size was <iiemonstra'ted by Hall (S) and Petch 

(6) in the early 1950's. This allowed the different strength-
.: 

ening contrib~tions attributab'ie to grain refinement and to 

solute addi~ion'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 USé of these elements 

as grain refiners 1 particularly for controlled rOllinq opera-. 
tions, fa an impo~rtant SubJ~ct ~ea C?f this th!9~i~, and will 

be el~orated on in the DiscuSsion. S~nce then, Mo,'Nb, Ta, 
'Q 

(lQ' 
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Ti and v have also been used as grain refiners. The greater 

effectiveness of Nb than of the other elements was str~ssed' 

by Leslie (9), Morrison .and Woodhead (1,0)', and Morrison - (.111 . 
1 • 

as early as 1963-. Morrison was also able -to single out the 
. 

effects of precipitation fram those 9f grain refinement (11). 

Prior ta the develo~t of practical TMT sch~dules, 

HSLA and pl~in carbon steel products were manufactured in a 

similar way. The forming operations (e.g. hot rolling) were 
1 

perf~d and heat treatments may or may not have followed 
c, . , 

te produce the required properties. The two main disadvantages 
1 

.1-
~r- of this practice were (i) that the optimum properties of the 

. " 

alloyed grades wer~ not-genera11y reached (2), and (ii) that' 

the costs invo1ved were often higher than necessary (largelY 

because of the inefficient use of the alloy additions). 

Furthermore, because sorne of the microalloying additions pre­

cipitate be10w a qivèn temperature, and because this leads 

to significant increas~s in ro11ing 10ad, plain C steel pro-

duction methods are no longer emp10yed for HSLA stee1s. As 

early as 1958, there were reports that 'de1iberate finish­

r011inq at lower than convention al tempe ratures led to a _ 

re~inement of the 'l,ferrite grain -sttucture and to a corres-
\} . 

ponding improv~ment in the mechanical properties (12). This 
& 

el1m1nated the need for further heat treatment. Such low finish 

rolli~g 1s called contro! rolling, and if carried out in the 

approp~iate manner, produces the optimum properties in the 
r 

as-rolled product. This type of p~ocedure is now conunonly 
J 

used for HSLA sheet Fd thin plate produ~tion. Hot' forndng 

1 
1 
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wi th sub~(equent heat treatment is still used t ' however, for 
"" 

certain plate and heavy sections, for the reasons discussed 

in tlle next section. 

2.1.2 Controlled Rolling of HSLA Steels 

Controlled rolling i8 a process whereby the proper­
) 

ties of a steel can Ibe improved to a levell equivalent to 
1 

those of a 1'OOre highty alloyed or heat treated steel (12) • 
.,. 

Its first purpose is to refine the austenite grain size by 

natural or accelerated cooling durÏng passage of the steel 

thr~ugh the mill. This can be achievep 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_~terial is.coiled if it is thin enough. For 

complete success, the time and tempe rature at the st~rt and 

end of each of these stages must.he carefully regulated. 

The second important aim of the rolling process-is 
1 

to produce a very fine grained ferrite after transformation. , 
Because grain refinement ia the principal source of ferrite 

strengthening, the carbo~ levels can be reduced ta 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, 
1 

along with the presen~e of microalloying agents, resulte in 

crackfree weldabllity and:in increased hardness in thé heat 
~, ' 

, ~~ 

affected zone of the weld, both of which are particularly 

important in the pipeline~grades (15). 

) 
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The sOaking temp~rature of the HSLA steels is 

generally in the range 1200-:-l300oC. The minimum is set by 

the solubility tempe rature of the microaliloy carbonitrides. 
1 -, 

The effective use of the microalloying elements,. particularly 
J , 

ND and V,I depends on their being in solution at the start of 

rolling, and then on their presence in supersat~rated form 

as the tempe rature decreases during rolling. In this way, 
J 

they are avai1able for prebipitation during the hot forming 
.~ 

operati?n. (Precipitation results in the retardation of. 
, . , 

recrysta1lization, as is described in more deta~l ~Section 

2.2 below.) The final st~ength and toughness of the HSLA 

product is tpus strong1y inf1uencéd by,the s0aking tempe rature , 

(16,17), because the latter de termines the amount of carbo-

nitride available for precipitation. 
1 

High sOaking temperatures 1ead to coarse austenitic 

grain sizes (250-1000 \.lm), and aré~ therefore undesirable (16).' 

As- a result, lower soaking temperatures (which must still be 

above the solubi1ity temperature) have three distinct advan­

tages. Th~ first of these is a s~ller initial grain size, 

which i9 a 'help in producing fine.grained ferrite. The amount 
" 

of deformation (bite per pass) required for the onset of both 
1 

static and dynamic recrysta11ization decreases with decreasing 
• 

initial grain sizé. 'Thus sma11er initial grains make further 
1 

re;inement easier, although they have little 'or no bearing on 

the L~nal austehitelgrain size once recrystallization has 

occurred (17,19). The seéond of these is related to the,hold 

time, which i8 the time the s,te el has to be held between passes 

J 
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for the temperature to drop to the necessary level. Higher 

soaking 'temperatures lead to longer hold times and sometimes 

lower mill output. The third of these is related to the 
'( 

rgy costs invol ved in heating to higher tempe ratures • This 

saving iâ, however, somewhat offset by the, lower rolling loads 
J 

required at the higher temperatures. 

, Roughing ia carried out between 1150 and l050oé . . 
The initial coarse austenite grains are refined to the range 

1 _ 

60-250 ~m by at least one complete cycle of recrystalliza~ion. 

Fo~ this to be eff~ctive, it must take place without any sub-.. 
stantial grain growth--following .recrystallization. The number 

of cycles depends on the temperature, the reduction per pass 

and the initial grain size (17-19). At these temperatures, 

recrystallization takes place.,within seconds, or even frac-

tions of a second, after each pass (this is less than t~\ 
inter-pass time). In this manner, repeated recrysta11ization, 

) 

\ 

in the absence,of'appreciable grain growth, leads to a finer 

austenite grain size, which in turn results in. a finer ferrite .~ 

grain size (12t. 

In opposition to the roughing process /during 

finishing, it is nece~sary to avoi~ recrysta~zat~on ~omPletely. 
This is po~sible through the control of t~erature and time, , 

and most importantly, by oalloying. ~The time 

te the onset of recrystal!ization inc eases somewh~t at lower 

temperaturesi it is also reduped a the amount of-deformation 

, is'increased at a given temperatdre. 
i 

J 
However, recrystallization 

/-
1 

1 
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can be delayed by more than an order of magnitude in time 

.(with respect to the plain C behavior) by the microalloying 

additions. This retarding effect has often been att~ibuted ' 

to the precipitation of the carbonitrides (12,19-23). A more 

detailed discussioh of the interaction between recrystallization 

and precipitation will be given in the next,section, along with 

a dif~erent approach to the.effect of the microa11oyi~g additions. 

According to severaJL authors 1 the product from the--­

finishing mil1 should have a uniformly 'pancaked' structure 
, . 

(17,19,24). The greater austenite grain boundary area provides 

more nuc1eation sites for the ferrite grains. In addition, 

the deformed state of -the austenite, as well as ~e presence 

of deformation bands, increases the nucleus density still 
. 

further above the level perta~ning to equiaxed (undeformed) 

grains. This results in a fine and uniform ferrite grain 

structure after transformation. When austenite recrysta11iza-. 
tion occurs in the finishing stage, des pite the precautions 

'described above, the final ferrite grain size is -mixed, or in 

~e best possible case, larger th~n desirab1e (17,25). This 

leads to a deterioration in the fracture properties. 

A:ustenite grain growth ls avoided once the material 

- leaves the finishing stands by quenching or-accelerated cooling 

(19) • In some cases, finishi:ng ia. even carried out below the 
j 

Ar3 tempe rature; as is 40ne for some dual phase steels. Under 

these conditions, the presen?e of the- fine precipitates intro~ 
. - ; duced by microalloyinq CM defay or pre vent ferrite grain -

growth (12,17;26). In their absence~ grain-grOWth cannot be 

/ 
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prevented, 

rolling is 

... 

and ~ refinement of f ferrite grains by 

difficult to ~chieve. When rolling ls carrieà 

l~ 

1 
out below the Ai3, the final structure i5 generally comprised 

of elongated ferrite grains containing subgrains. The defor.med 

state of th~ ferrite can lead to unfavorable texture effects, 

particularly in pipeline g~ades. 
1 _ 

Controlled rolling ls especially effect~ve for the 
.-----

production of thin plates and strip mill products. For heaVy 

gauge plate production, e.g. 40 mm, the lowèr cooling rates 
-- " 

in the centre of-the plat~ are, responsible for peor roechanical 

properties. For these products, norma+izing heat treatments 
1 1 

are requiréd after rolling to produce uniform properties. 

The choice of $e rolling schedule depends on 
, ) 

characteristics of the product, such as thickness, strength 

and toughness. These ,determine the finishinq and coiling . 

temperatures, and whether'turther ~eat treatment is required. 

A h,igh fini!3hinq tempera~ure in Nb-steels, for example, will 

produce maximum 'precipitation strengthen!nq in the ferrite 
1 

'after ,tran"formation, but little or no grain refinement. 

Though the yield strenqth, may be comparable to th~t produced 

with the a~d of lower finishing temperatures, there i9 a 10ss 

in toughness because of the h~avier re1iance on precipitation ,. 
,strengthening. -When low finishing tempe ratures are used, on 

thé other hand, there ~s mch less p.r~cipltation strengthening. 

Its place ,is taken by' a~s~stantiai component of Hall-Petch 
'1· _ ----

atrengthening due 

ia simu1taneously 

to' the· finer grain size, land ) the 

improvèd (3,13,19,25). " 

l ' 

toughness 
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... 1 

Lower finishinq temperatures necessitate ,~e use of 

e~ther a lower soaking temperature or a hold~time beiore 

, finishin~. ~e former mày lead to excess'i vely high rolling 

loads in the roughing stands, either due to,solute effects, 
1 "" 

or to the retaraation of recrystallization by precipitation. 

Thè ,insertion of hold-times ia also unpopular, because it 
'l ' 

c~n'iowei-mill output. Most mi!l operators define mill pro~ 
ductivity in tons per hour outP~t, rather than in dollar val~ 

produced. The delaya involved in schedules , with hold-times 

are unwelcome for this reason' and not readily accepted for 
1 

implementation, partioularly where tonnag~ shift bonuses are 
, 1 

---,' 
awarded (12). This penalty can be avoided by scheduling 

several slabs op a single series of mills. The rolled plates 

can then be held on run out tables, provided they are long 

enouqh, or el se removed temporarily from the line. 
,~ 

Each steel company ~as-1;ts own preferred rolling 
1 , 

schedule for different grades of products (e.g~ see references 
'. 

12 and 25). As already suggested above, however{ most schedules 
l' \ -. 

~rnvolve soaklng at 1200-1300oC, ~OUghing between 1250-10S0oC, 
-

850oC. and f~nishing lat or below 900 or After a brief hold 

of approximately one minute, the material is ~apidly, cooled 
j 

to 6S0oC and coiied. The desired product properties are 

Obtained by controlling the recrystallization of austenite 

by means of its interaction with the precipitation process. 

This subject will be considered in the next s'action. 

j 

, 
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2.2 Recrystallization in Austenite 
) 

2.2.1 ~pes of Recrystallization 

13. 

The rec:rystallization behavior of an alloy depends 

on three main factors: i ts chemistry, and the amount and 

temperatu\e of the defO~tion it has undergoile. In addition, 

the- strain\ rate of deformation a,lso has a/d~tinct, but sma11er, 
\ , 1 

effect. Ff a given temperature and ohemistry, the time and 

rate, of reckystalliz-ation are primarily determined by the 
1 

prior or accumulated strain. During hot forming, there are 

th t f 11' ' (1.' ) (, 1 i 1 ree ypes 0 recrysta uat1.on: sti!1tl.C, or c ass ca 

recxYstal1izationi (H) dynamic recrystal1ization; and -(iH) 
• t -metadynamic recrystallization (24,27). The ,type that pre-

, 1 

domina tes depends on the conditions of deformation. Stati~ 
\ 

recrystal1ization 'requires a minimum or cri tica1 amount of 
'1 

prior deformation. This is of the order of 8% (27); it is 

the slowest of the three processes in térms of Rs. <reCrystal\ 

lization start time). It qenerally takes place in between 

rolling stands and on the runout table. As described in 

Section 2.1. 2, it is desirab1e for Ra t,o be short in the 

roughing ternperature range and long i~ the finishing tempera-
. (1. 

ture range •. It is a1so necessary tha\: Rf (recrystallization 

finish ti~) ·not be too long during roughing, so that recrysta1-

1ization is complete at 'a given stage. Othenrise the grain 

size ia 'un1ike1y to he Uhiform. 

Dynamic recrysta11ization'occurs concurrently with 

deformation, e.g. whi1e' the materia1 i8 being rC?lled or forged. 

'!'he higher the temperature and the' lower the forming rate, 

strain required, and the more 1ike1y it :ils to 
) 

.~------------.-

c, 
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oceur. The onset of dynamie recrystallization is marked by 
'1 

a drop\in flow stress (load) while forminq. The strai~ (or 
, 1 

deformation) at the maximum stress ia referred to as the 

peak strain (t ) and is used as a parameter to follow this p 1 
~~ 

type of recrystallization (21,28). Strictly speaking, re-

qrystallization commences before tne peak is reached (28), 
\ 
,but for MOst prac.tical purposes, this difference ean be 

1 

negleeted. 

The peak strain for a given chemist~ i~creases 

with-defotmation rate and. grain sizJ (18) and decreases -With 

an inerease in temperature. The Ra time for this process is 

very short, and ean be le~s th:an a second (21,29, 30), in 

eontrast to roughly 30 seconds in the static case for a 0.035% 

Nb steel deformed to 1.33 strain in torsion at 3.6 s-1 and 

900°C (28). 

The third type of recrystallization oceurs when 

the material is under no load but is distinguished from the 

elassical type by the fact that dynamic recrystallization 
\ 

must- have be~n initiated prior to the interruption of straining. 

That ·is, it only oceurs after ,the material has been deformed 
l 

beyond the peak s,train. Like elassical recrystallization, 

this type of recrystallization can also take place between 
if 

·rolling stands. At a given temperature and de formation rate, 

the R- time decreases with inereasing ~strain. Thus the 
S ,Î \, 

"-

possible start times -are always less than th~ statfc case.' 

As pointed out above for dynamic reerystallization, the h!gher 

the strain rate, the greater ,the critica1 strain (e:p) for the 

onaet of metadynaJDi.o reorystallization. 

----~--_.....------, ... _--.... --:~~-
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\ 

2.2.2 Effects of Small Alloy Additions on Recrystallization 

The effect of alloy chemistry on the three types 

of recrystallization is similar to that of strain. The 

retardation of recrystallization by alloy additions ean be 

attributed to their presence as solutes, as p~ecipitates, or 

to a combination'of the two causes. Before examining these' 

eff~cts in more detail, there will be a brief reeapîtulation 
~ , 

of the princ1p-àl recrystallization mec~anisms. 

The h'tidleation of ree'rystallization ean oeeur by 

two alternative processes: ,(i) the buIging of high angle, 

i.e. grain, boundaries; and (ii) by subgrain coalescence (24). 

In addition, it is also possible to have recrystallization 

tak~laee without any nucleation whatsoever, through the 

p~oc~ss of 'in situ reeryst~llization' (31). The first of 

these oeeurs in materials that have not undergone large 

strains. The latter requires that the deformation be suf­

fieient for a well developed substructure to have formed. 
\ , . ., 

Inereased amounts'of de;ormation or of holding time lead, to 

larger misorientations at the sub-boundaries, until eoales-

cenee oceurs. 

Reerystallization is generally preceded by some 

form of reeovery. In materials that recover with ease, i.e. 

those with high stacking fault energies such as Al and a-Fe, . 
" both statie àn'd ,dynamie re~rys~allization are retarded, or 

may not even oeeur. ~nhanced recovery prevents the. formation 

of a well-defined substructure with a minimum of mi~orientation, 

~ing thè nucleation of recrystallization more diffieult. 

- __ • _I",'_r,._ .. _____ .. __ ._._---
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Both solute atoms and second phase partic1es Cin 

this case, precipitates) can affect the ~ecrystallization. 
•• J 

Stuwe (31) has presented an excellent sununary of the contri-

bution of these two factors to the "dragging force" opposing 

recrystallization. The major difference in their effects 18 

due to the mability th~t/single atome have,in a lattice at 
",' 

high temperatures. They can move with a dialocatioQ'or with 
1 

a boundary provid~d that the rate of motion of the latter 18 

not tQP high. When a dis location or a boundary moves, tpe \ 

solutes can create a substantial dragging force. precipitates, 

on the other hand, are invariably sessile, and thus can only 

provide static pinning. When they are coarse, they are no 
'J 

longer able to act as barriers (21,29,30) and can sometimes ) 

even enhance recrysta1lization (32). The effects of solutes 

on recrystallization can be summarized as follows: 

'-

r 

- Solutes can lowe-r the stacking fault energy and 

therefore hind~r recovery. Consequently, recrystal­

l~zation ia delayed or prevented completely (33). 

- When the presence of solutes,ob~tructs dislocation 

rearrangement, subcells cannot readily forro nuelei 

and recryatallization is delayed (34). 

Sub-boundary motion can become more sluggish due 

to solute segregation to dislocations. This often 

promotes the occurrenëe of dynamic recrystallization 

when it might have otherwise been absent (33r. 

(This is also related to lower recovery rates.) 

) 

! 

1 

J 
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o j 

\~~ , 
'!'he presence of sol utes on moving grain boundaries 1 

can affect the motion in one of three ways: if 

the grain boundary motiori is Slow, .. the, sflute 

atoms will move with it; if the motion ls very-

fast, the boundary will break away from -the 
l 

solute~; at intermediate veloei ties, there will 

be a solute dra~ which will impede the boundary 

motion and, therefore, retard recrystallization 
a 

(31) • 

Fine precipita;tes prevent or restrain sub-boundary' -
. \, 

ndgration, i,. e. the motion of groups of dislocations rather 

than s~hgle onps (13,24,33-35):" They tend to stabilize the 

substructure, thus retarding recrysta1lization (24). Fine 

precipi tates on grain boundaries a1so produce a drag-force 
- , 

(Zener. drag), resulting in a delay or "elimination of preci-

pitation. 
" , 

J \ • 

~e retardation of recrystallization due to non-

precipitating, a110y additions is readily accepted when. these 
l' 

are pre'Sent in substantial amounts, e. g. the effect of aS. 2-% " 

Mn addition. in y-iron is well known (36). Whether there is 
1 

.a solute-retarding effect of elements suc~ as Nb and Ti. (which 

are pres~nt in mueh smaller amounts) has been the s~ject '9l 
eonsJ,deltable contr.oversy (~7). The observed delay in the 

recrystallization of Nb-micr9-alloyed steels has generally 

been attributed to the effect of fine pre,c:!pitates, with the 

exception of a ~few inV'estigators who could not detect prec:i- . 

______ --_____ "1 ______ --
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pitation direetly or indireetly (21,28-30,37). In order to 

shed ligh.t on this debate, several researchers have attempted 

to distinguish between the individual effects of solutes and 
) 

preeipitates in Nb-HSLA steels (21, 29,30 t 34,38). The most 

reeent of these is the work of Weiss and Jonas (21,29,30). 

With a 'h.igh temperature, isothermal compression testing , 

technique, they were able to de termine precipitation and re-,,. 
. , 

crystallization kineties in undeformed, deforming and deformed 
" , 

steels.· They demonstrated that, at high temperat~es and h~gh 
u 0 

strain rates, where dynamic recrystallization starts prior ta 

the onset of dynamic precipitation, recrystallization (Le. 
" , 

the peak strain, E ) i8 nevertheless delayed in comparüron , po 

'with a plain carbon steel of similar comgosition. (This delay 

oceurs in the absence of j observable precipi tates'. ) When pre-
, 

cipi taUon starts before reerystallization, the latter is 

dÉ!layed still further by lOOre. than an order of magnitude in 
, - 0 

time. The;. oost pronouncel! case was observed at 900 C,. at 

whièh tempe rature the nose of the PTT curve is located" 
(, 

These resul ts agree in general terInS Il with the' p-revious ones 
1 
of Le Bon et al. (28),! and of 'Lal'llberigts and Greday (39), as 

~-). 

well as with the more recent data of Hansen'!i!!.. (13). The 

former two reports are based on torsion data and the latter 

involves CI. 1 eombination of compression testing and microscopy. 
\ 

" .. 

The' second of these investigations is that of Roberts 

(34). His study eonsiste~ of a series of. hot isothermal 

compression -experiIDents earried out on Nb and "'[ m1croalloyed 

. . 
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steels. The a uthor reported that he observed an increase in ,.-/ 

peak stress and that Nb leNL particles were ~ present. He 

did not, however, conc1ude that the effect was /due to solute 

drag. In an earlier study (40); carried out in 1977"he 

c1aimed that solute retarded recrystallization was unlikely 
f. 

in HSLA st~els, ,such delays as ~were observed being attributable 
, , 

to ~ine precipitat~s. His more recent study (1978) led him 

to conc1ude that there is definitely a solute-drag component 

of retardation of dynamic recrystallization in the ~esence 
, " 

of Nb and.V. The results of White and Owen (41) for V, Nb 

and Nb-V HSLA steels published in 1980 agree wi th Roberts 1 

work,' a1though the authors did not themse1ves come to the 

same conclusions. 
\ 

. , Both of the above studies were carried out in stee1s 

containing è and N a10ng with Nb and/or V. '!'he third study 
, . 

was perfo~ by Luton, Dorvel and Petkovic (28). They,tested 

three stee1~ a 0.055% C, 0.41% Mn, 0.005% N plain carbon 

steel, and two 0.054% Nb steels with 0.92% Mn. The first of 

rthese Nb-st~els contained 0.05% c,,~nd 0.005% Ni the second 

-was decarbu~ized and denitrided with wet hydrogen to reduce , . 
the interstiti~l ,lèvels ta' 0.0014% C and 0.001% N. That la, 

they produced a near1y ninterstitia1 free n steel. They found 
• 1 

the.t an inc;-ease of 0.56% in the concentration of the substi-
, . 
tutiona1 solute alone 1ed to-a 1-11 order of magni~ude delay 

, j/ " 

in recry~ta11ization at'900-1000oC without the formation of 
j , 

precipitates.' 'rhey also showed that, when dynamic and I,post-

dynamie precipitation occurs, it retards Btatic recryBtal~iza- ~ 

; 
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tion when the pa~icle size in in the 20 nm range. Further-
,,> -

more, -if the volume fraction of precipitate attains 0.02% or 

more, static recrystallization can be completely suppressed. 
~ , ~ 

In this author1s view, the effect of solutes such 

c as Nb in retarding recrystal1ization is reasonably well 

established under the conditions of deformation and tempera-

ture described above. "However, as, it is still a subjeçt of 
.... / 

debate in the technical literature, we will return to' this 
" . If' 

question and consider it in greater depth in the Discussion. 

2.3 Methods of'Following Precipitation in Austenite 

The austenite phase in HSLA steels is stable only 
, 

at high tempe ratures • ThVS 1 any -room temperature/ method of 

fo1lowing precipitation requires the use of indirect measure-

ments, either on martensite or on ,the transforme~ a-phase. 
l', _./ { 

A d1rect measurement method at high temperature is also pos-

sible, and is based on compression or torsion testing. The' 
-

room temPerature methods are based on one of the fOllowing four 

approaches: (i) physical property measurement~ (~i) mechanical 
, 

property measurement; (iii) quantitative metallography or 

micro$copy; and (iv) quantitative chemical extraction. 
J 

2.3.1 Direct Methods (Bigh Temperature Mechanical Testinq) , 
\ 

A method was d~vised by Weiss (21,29,30) to deter­

mine th~PTT curves of two Nb-HSLA steels for the undeforrned 

- (static), pre-deformed, and defo~nq (dynamic) .states of the. __ ., 

material. The method involves l.sothermal, éonstant stfain 

\ 
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1 

rate, uniaxial compression testing. The peak strain (E p) 

determined from the resQlting flow curves is Ithe parameter 

used to estaDlish the precipitat)on 
- 1 

start CP > and finish s 

(Pf> tim~s. After a half hour'soak 
/ 

at the soJ.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 a given strain rate. ,This provides_ 
• 1 

data for the (undeforrned) static case. 

(ii) The samples may be pre-defor.med immediately 

at a given strain rate te a specifie strain, 

he'ld for various times and the deformation 

~s continued, possibly at another strain 

rate. This method provides data for the 

pre-deformed static case. 

(iii) Finally, samp1es can be tested without 

interruption over a range of strain rates 

to furnish information for the dynamic case. 
, 

The Ps timés for the undeformed and pre-deformed 
1 1 

static conditions are th~ holding times corresponding to the 
-

first deviation of t. p from a maximum and constant value. In 

a similar mànner, the P f times are associated with the holding 
1 

times where the t. p reaches a second, and minimum plateau. In~ 

~ 
c the dynamic condition, the P sand P f times are calculated from 

the ~p ~. log & (log strain rate) curves. ) (The details of 
, 

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

1 
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The PTT curves 'obtained by these 'mec_hanical methods 

are comparable with the results obtained from the indirect 

methods which are reported in li te rature • For examp.:j.e, 

although the curves and precipitation kinetics reported by 

Le Bon et al. (28) and Simoneau et al. (42) are somewhat 
-" 

slOWèr than those of Weiss, those obtained by Watanabe et al. 

(43) are slightly ~aster. As will be demonstrated later, the 
, 

differences in the kinetics can to some extent pe accounted 
\ 

for by the differences in steel chemistry and in the amount 

of pre-deformation. 

White and OWen (41) have also used isothermal 
, 

compression tests to fol1ow the precipitation of Nb, V and 

Nb-V ateel, but they empl~yed constant cross head speeds 

instead of constant true strain rates. The ch~nge in flow 

st~ess of the pre-strained samples was mëasured after various 

holding times. These data were supplemented by electron/ 

micrQscopy but the results were not treated 50 as to lead to 
• 

PTT curves. Similar metpods, but under constant true strain 

rate conditions, were used by Roberts (34,40). 1 Once again, 

these were not employed to de duce PTT c~ves but, with the 

aid of accompanying 'electro-D 

buted to an understanding Qf 

microscopy, ~su1ts contri­

precipitat~on kinetics ,and pre-

cipi tate morphology in Nb, V and Nb-V steela. 

2. 3. 2 Indirect M.ethods 

2.3.2.1 Physical property measurement me thods 

~ ~ " ......... ,"'. 
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The electrical resistivity of a materia1 ia sensitive 

to its structure. In order to follow' the progresa of precipi­

tation, SilllOneau et al. ,(42) measured the resistivity compo­

nents pIt and Pre Here pIt is the increase in resistivity 

due to the temper~ture being higher than 4oK, and Pr has three 

contributing factors: 

= Pr(I) + Pr(Nb) + Pr(D) 
~ 

-::/ 
where Pr(D) is the contribution due to the presence of dis­

locations, the density of which is measured by an x-ray line 

.broadening techniqueiPr(Nb) is the contribution attributable 

ta the Nb 1eft/in solution, and Pr{I) is due ta the non­

precipitating interstitials, whose concentration is assumed 

ta remain constant. In arder ta e11IDinate possible diffe~ences 

in resistivity due to variations in the C and N levels, al~ . 
s~p1es were annealed 16 ho urs at 300oC. At 9000 C they de ter-

1 

mined the P s times for static p.recipitation of two tfu alloys. 

They detected the .start of precipitation ai:: approximate1y 1000 

and '3500 seconds for a 0.19% C, 0.65% Mn, 0.05% Nb, 0.0072'% N, 

and a 0.07% C, 0.88% Mn, 0.04% Nb, ,.0.0103% N steel, respective1y. 
• j 

For 'bath materials, the onset of precipitation,wa~ de1ayed 
• • at higher temperatures. 'Theae times are much longer than any 

b . 
others reported in l~terature (see Ref.'t21 for a recent 

rev~ew) and probably reflect the insensitivity of ~he method . 
for determining preci,ltation-kinetics. 
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Pavenport et 
l " 

al. (44) used an x-ray diffraction 
(, ! 

techn~que to detefmine the volume fraction and size distri-
1 

bution of Nb(CN). ~hese resulta were verified by means of 

the dark field examination of thin foil~. The observed 

, precipitation-time-temperaturè behavior followed a C-curve, 
( 

with the, nose at around I090oC. 'rhe effect of pre-strain on 

the rate of precipitation, and the effects of time and 

temperature were also obtained. 

Mishima et al. (45) followed the progress of pre­

cipitation of nVe n in austenite with the aid of two methods. 
) 

The results obtained agreed with one another, the methods . -
being based on measurement of the thermoelectric potential .. 
and of the martens~te transformation temperature (Ms). The 

thermoe'lectric potential drops when precipitation starts. 

It is reported to have a nhigh sensi~ivity to atomic concen-

trat±on and relative insensitivity to the presence of defects" 
/ 

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

resistivity method described above. The M temperature rises 
1 s 
\ 

after holding the sample at a given "ausagingn temperature. 
/ 

This i,s because, once pa:'eci~itation starts, the C concentration 

in solution drops. 

Mechanical property measurement methods 2.3.2.2 .. 
- Microhardness measurements were utilized by ADdn 

and Pickering (46), LeBon et al: (28) 1 Jizaimaru-et al. (47,) 

and Ouchi et ~l. (48). !he precipitation o~ Nb in ~e 

austenit1c range reduc8s the amount available for precipitation 
'\ 
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during or' after transformation to ferrite.. This causes a 

10S8 in the secondary hardening.potential. Amin! and Pickering 

'(46) applied a combination of reheat témperatures and of 

rOlling/holding temperatures and times with redùctions of 20% "\ 

or 50% prior ta cooling to room tempe rature at 4000 Cjmin • 

t6. 7oC/sec) • The effecta df thes~ parameters and of stoi­

chiometry on precipitation strengthening with Nb(CN) was c 

followed in this way" 

In the latter three references, a ndcroalloyed steel 

and a plain carbon steel were tempered at 6000 C for an hour 

to evaluate the proqress o~ isothermal precipitation. Changes 

in hardness vs. aging~time in the austenite range allowed the 
,-

determination of Ps and Pf , which are times at which the hard-

ness level beqins to drop' and levels .out respecti vely. 
j 

2.3.2.3 Quantitative metallog~aphy and rnicroscopy 

Although the precipitation kinetics can be determined 

with the aid of the above methods, they produce little or no 
J 

information about' the size, volume fraction and shape of the 

individual precipitàte~. For these purposes, thin foil and 

"extra~tion replication can be used ta better advantage. With 

th~ replication method developed by Ashby and Ebelinq (49) :., 
" --

for precipitates in the cu-Si02 system, accurate siz~ dis tri-
~ . 

butions, and interparticle spacings can be determined. It 

leads, however, to inaccuracies in volume fraction which arise 

from statistical errors. '!'hese can be overaome usinq the 

Pullma~ expression (50) fQ~ 'determining the number of partiales 
1 ( 
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per unit volume. ·The number of NI::( CN) precipitates per unit 

volume after different rolling schedules has thus been calcu-

lated (5Q). Phillipo and Crane (51) adopted this method to 
l 

get the Ps times for carbide precipitation ~fter various 

amounts of reduction followed by aging a<t lOOOoC. 
J 

Hansen et al. (13) applied the technique, using 

carbon replicas, to determine the PTT curve for Nb (CN) fo~­

tion, as well as the particl~ size distribution and particle 

area-density statistics for both the Nb(CN) and AlN systems. 

White and Owen (41) also followed,~he 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 stee1s. 

They excluded the possibi1ity of quantitative electron micro­

scopy to detect the start'of VN precipitation due to the 

smal1 size of predipitates and to their being widély·scattered. 

In the V and Nb bear,ing steels, they found no evidence of V , 

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

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

in samples that were compressed at different strain rates. 
} 

They'found that in a 0.05 C, 0.01~ Nb, 0.004 N steel,'at 925°C, 

dynamic precipitation produced fine particles. (3 to 8 nrn) • 

. / When static precipitation preceded straining, the mean particle 

sizé produced dynamically dropped to belowr, \ the statically pre­

cipitated size (at about 15% strain ~t 1.2~10-3s-1 strain rate) 

and then grew. 
/' 

St;aining beyond the end of dynamic precipi-

tation lad tq coarsening. The rate of coarsening was higher 

at lôwer, temp~ratures. ~s was attributed to (the higher, 

j 1 

j 
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dislocation densities present under these conditions! 

Par'fiele volume fractions were measured by trans­

missionl electron mieroscopy by Many authors. Cahn and Nut~~ng 

(53), and Hilliard (54) described the corrections required 

for the effect of overlapping images when the mean partiele 

diameter' is small in eomparison to the foil thickness. Sellars 
~ 

and Smith (55) developed bother method for the same purpose. 

Additionally, they\established a separate correction for the 
- / - ) particles intersecting th~ foil surfaces. In their more 

, -
reeent investigations, Davenport et al. (56) showe~ how to 

differentiate the particles which remained undissolved during 
! 

reheating from those that precipitated during the rolling 

scbedule. ~heir Nb(C~) precipitation study involved the use 

of dark field procedures in the TEM. 

-2.3.2.4 Quantitative chemical methods 
) l 

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

of aging was followed by Hoogendorn and Spanraft (57) using 

a ehemical extraction method. Aging was carried out in the 

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

The carbide partic~es were separated by dissolving the ferrite 

matrix. The volume fraction was estimated from th~ ,weight 

of the residue left after filtration. Watanabe et al. (43) 

àttempted to de termine the chemical composition and crystalline 

structure of Nb (CN) with, a similar method. They had the sub­

sidiary aim of çhecking for the presence of Mo in the carbo­

nitrides in a series of Nb-MO microalloyed staels. After 
! 

,------,--------------
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thermomechanical treatmen~ the sampleslwere cut, polished, 

ûltrasonically cleaned, dr~ed and weig ed. With the aid of 
" 

further ultrasonic vibration, electrolytic extraction of 

Nb (CN) :from the mattix was carried out. The washed a~d dried 
\ , 

samples were re-weighed to determirie th~.weight ,10ss. The 

'solution w~s filtered and the amount of Nb was also determined 
l by spectrophotometric analysis. The 10ss of Nb'in this pro-

cedure was reported to be less than 3% of the total amount. 

The lattice parameter measurements of the precipitates by 

x-ray. diffraction did not reveal the presence of
l 

MO in the 

Nb (CN) phase. 

Each of the indirect methods described.~ove invo1ves 

some complications. None is carried out at the tempe rature 
1 j 

for whidh the information is required. Furthermore, the 

chemical method ia not sensitive to the presence of coherent 

particles. Likewise, the meta1lographic method is in~ccurate 

due to the denseness of the quenched microstructure. Thus, , 
the sampling errora can he significant. A1thouqh the micro-

hardness technique does not suffer from'the latter two defi­

ciencies, as the measurements are carried out in a quenched 
" 

and têmpered phase, they can be influenced by other aging 
\ 0 

and hardening phenomena. 

The' meehanieal testing method has, two advantages., 

One 1s that testing ia carried out on the phase of interest, 

i.e. the auatenite p~ase, and,not on a transformed phase. 

'!'he second 1s that bulk, rather than local, pro~erties are 

meaaured, '-so that the sampling e'rrors are reduced. This 

, 1 
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technique, followed by electron microscopy to obùain the 

partiele size distribution and, volume fraction, can produce 

the1most detailed and reliable information. Even without 

microseopy, the usè of medhanieal testing is a~ efficient 
"1' • _ . ..,-

anp, rel8:tively ace urate way of d~term.inin9' PTT curves', and 
\ - -" 

it is the me.thod sel.ected for thÉ! present study. 
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CHAPTER 3 

EXPERIMENTAL MATERIALS AND PROCEDURE 

3.1 Experimental Materials 

With the purpose of investi1gating the effects of 

Mn 1 Mo, Nb and V singly and in combina t~on on the dynamic 
" 

recrystallization and' on the higll .t.emperature flow behavior 

or~austenite, a serièa. of six steels was prepared in the 
, .... III- ... 

p}i'\l'S'liical Metallurgy Research Laboratorie~ of the Department 
.1 ~k'... 1 -

of Energy, Mines and ~esources, Ottawa. The series was 

comprised of a reference p~ain carbon steel and five HSLA 

seeels, with the chemical compositions sho~n in Table 3.~. 

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 crôpped and the ingots were eut into t'Wo êylindrical 

sections weighing roughly 23 kg each. They were soaked in 

an oil-fired furnace for two hours at 12000 C before being 

forged down to 67 mm thick slabs. These slabs were soaked 

for two ho urs at 12500 C in an ~lectric Glpbarfurnace, then 

hot rolled down to a final thickness of 13 mm in a reversing 

mi.ll.e-, 

For the reasons described below .(in Sections 3. 4 

~3.5), two testing methods were adopted: cÇ)l1Ipressi,on and 

torsion. All the test samples were prepared from the 13 mm ,.. 
thJ.èk plates with their longitudinal axes along the rolling 

\ 
dJ.rection. 

1 
1· 
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TABLE 3.1 

J' 

Chemical Composition of the Steels 

i 

Inve.ti~i!ted. 

Steel Type C Mn S Al Si Nb 
/ 

Plain C 0.06 1.43 0.012 0.025 0.24 

V 0.05 1.20 0.0~2 0.030 ,0.25 

Nb 0.05 1.25 0.012 0.030 ,0.27 0.035 
, 

Mn-Nb 0.06 1.90 0 .. 010 <J 0.030 0.225 0.035 

Mo-Nb 0.06 1. 33 0.012 0.025 0.205 0.040 
r'Jç..") cf~ï 

Nb-V 0.05 1.18 c 0.01:3 0.020 0.24 0.035 

N .. 0.006,' P ~ 0.006 

j 

31. ----

wt.t 

V Mo 

0.115 

, 

0.30 

0.115 - , 
<) 

j 
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Two separate heat treatments were ca.riéd out on 
'" 

aIl the samples tested. preliminary c~mpression tests 

resulted in elliptical samples due to the rol1irtg texture 
, 

in the as-received material. To eliminate this effect, 'aIl 
-' 0 \ " ' , 

samples were heat trea ted at 1000 \ C for two hours under 

vacuum, and then water quenched. This heat- treatment was 
1 

carried qut in batches of 10-20 specimens for the compression 

.samples, and in bat'ches of "foUr' for' the torsion samples. The 

samples were enclosed in stainless steel annealing envelopes. 
, . ~ , ~ 
The second heat treatment, the austenitization, was' 

carried out immedia tely prior to tpe testing, of, eac;:h specimen. 
1 

The sample was held at T us (austenitizing temperature) fot' \ a 
u 

half an hour 'in the test chamber in an argon atmosphere. 

These te~eratures are given in Table 3.2. The cho~ce of 

Taus for each steel was based on' two considerations: (1) 

To ensure the complete dissolution of the mi~roalloy carbo~ 

nitrides, and (2) to 'obtain approxiniately the same initial 

austenite grain size for, aIl the six steels. The matter of 

the austeni te grain size will be considered in more detail 
• 

in the next section. 

The equilibrium solubility temperat:ures of VN and 

V
4

C3 for 0.05% C, 0.115% V and 0.006% N wereëalculated from 

(2) : 

log, CV) (N) = 

'J 

7733 + 2.99 --y--
, .-

,1 
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Steel Type 

Plain C 

v 

Nb 

Nb-v 

( 

, 
" 

( 

,TABLE 3.2 

Heat. 

Aùa~itizin91::·r.ture 

1 1045 

1100 

1100 

1100 

1100 

() 

33. 

n Sizes 

'1 

.." 

(oC) y-Grail). Size (J,lm), 

110 

100 

130 

120 

130 

120 

*Al1 samp1es were heat treate4 a~ 10000 C for two hours and 
wàter,quenched prior to austenitization. ' 

--...,..----------~--_._. _..-&.-- - .. 
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log(V) 4/3(C) 

/ 

/ 

• _ 10 80~ + 7.06, 
T 
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where (V), (N) and (C) are the concentrations in weight-per-
~:\ 

cent of V,N ap.d C respectively, and T is the absoJ,.ute 

temperature. 
. 

In this way 1 the equilibrium s'olubility temperature 

of'vN was estimated to be 984°C and that of V
4
C

3 
to bOe. 8S0"OC. 

. , ° Fo; this steel, Taus was selected as 1045 C. This is approxi-

.... '0 mately 60 C above the nitride solubility temperature, and , , 
. according ~o Cerdea (2), such an annealing tempe rature should . 

lead to apprQximately Ithe same austenite grain size as when 

plain carbon and Nb-steels are heated to 1030 and· 1100oC, 

respecti vely". . 
The equilibrium solubility temperature for 0.035% 

Nb andIO.OS% C was calculated.as ,104loC from the fo11owing 

equation (2): 

" Il 

log(~) (CL = -' 7~lO + 2.96 , 
~) 

where (Nb) and (C) lare the concentrations of Nb and C in 
, i 

weight percent and T is the abso1ute temperature. If the 

~ carbonequivaient of 0.006% N is taken ~s 12/14 (N), the 

calculated sC!lubility t'èniperature becomes '·1050~~. f 

All of thè Nb-bearing steels were austenitized at 
1 • - . ' 

1100oC, which i8 50 to 60°C high~r than .the
r
calculated equi-

'librium 80fubility temperature. The ef~ects of the other 

alloy1n9 and microalloying elaments on this t~rature are 
r 

\ 

.. 



'. 

/ 

( , 

\
: 
1 

1 

l 

. \ 
., ; 

l ' 
! 

( 

- ------ -~-

considered extensively in tne ~iscussion section below 

tChapter. 5) • 
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Once the half-hour austenitizing treatInent was' 

complete, the !systeIn wa-s

o 

ceoled te the test tempe rature at 

an appreximatJ rate of 1 C/sec. Each sample was·tested as 

soon as the t~erature w~ ,stable with:in SoC of the rEiquired 
1 . 

value. This \OOk between 3 to 6 minutes from the start of 

the coolinq operation. 

3. 3 Metalloqraphy, 

In order to determine the initial austeni te grain 

sizes of the materials tested, a series of samples was heat 
. 

treated, as described above, and ice-water quenehed. The 
\ 

quenched specimens were mounted in res in and hand polished 

by standard' methods down to 5 ).lm qrit diamond polishing 

compound. 

A number of etch~nts wastried, includinq nital 
. 

and a hot (SOoC)" saturated aqueous pic~ic acid solution 
. /' 

contain'ing a _ w~~tt}9' agen~ \ !Teepol). The most successful 

one was the modf-tied aqueous ,1Uerie acid ,solution developed 

by the Republi~ Steel 'Co. *, which 18 comprised of the fol-
'\ ,. 

lowing Ingredients: 

l ' *'rhe authOr ia indebted to E.L. Brown for this information 
from hia tb.es ls • 
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6 drops hydrogen peroxide 

2 qrams ammonia persulphate 

2 grams wetting agent (Teepol, Calsoft) 

per 100 ml saturated aqueous pi cric acid. 

36. 

The mounted sample. was inunersed in 't;his solution and swabbed 

regularly witn çotton wool to remove the dark deposit formed , 

due to the chemical attack. 
, 

The grain sizes were dete~ned ~y the intercept 

method (ASTM 'El12) using a circular 200 mm length grid. Th~ 

grain sizes determined in this Way are shown 1'ri Table_ 3.3. 

3.4 Compression Testing 

o'ne of the aima of this inv:esti"gation was to deter­

mine the dynamic precipitation kinetic~'of VN and ~(CN), along 

with the effects of Mn, Mo and V on the prec,j.pitation kinetics 
..------ 1 

of Nb (CN). In arder to do' so, a_.seri;ês~f isothermall' constant 
~- " 

----~-
~-

true strain rate ~S----Was carried out. The range, of 'strain 

rates that .~~ b~ ~btained with the present equipment and 

specimen si~es was 3.2xlO-S to 0.74 s-~. The maximum true 

strain that could be applied without risk of damaging the 

experimental apparatus was O. 8~ Where higher strains or strain 
1 

rates were required, torsion testing was carried out (see below) • 

,. 

/ 

--~--~ 
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3.4.1 Specimen Preparation 

Compression samples were machined from the as-received 

plates with the compression .axis along the r011ing direction 

(Fig. 3.1). The sample sizes used were based on the load 

capacity of the Instron machine and load oeIl, as well as on 

the sirain, rate used. The sample height-to-diame,ter ratio was 

kept constant at 1.5. The sample heights us~d were_l3.1 mm, 

11.4 mm and 8.4 mm. 

The end surfaoes of the specimens were grooved to' ~ 
, " 

retain the glass lübrioànts used to minimize the friction 

between the ends of the s,ample and the test equipment. Thus, 

after testing, the samples weré'approximately oylindrioal, 

~ with no apparent b\arrelling. The, groove geometry ,was !;laseef 

on the work of Luton, (58). and allows for the maximum retention 

of 1ubricànts. The grooves were flat-bottomed, and wider at 
1 • 

the base than are the r~dqes between them. They were made 

with a modified 2 teeth/mm thread chaser. 

3.4.2 ggmpression Testinq Equipment 

Hiqh tempe rature compression 'tests were carried out 

~n an Instron machine modified fo~ constant'true strain rate 

'operation. The details of this apparat-us are described in 

datail elsewhere '(21,29,30). The èompressioJ toolinq, 

i11ustrated in Fig. 3.2, was comprised of an upper anvi1 

" assembly conneoted to the moving orossh~ad, and a stationary . , 
• 

lower anvil attached to the load cell. An Inconel muffle 

surrounded the specimen and tools,. which allowed for,testing 

in, a vacuum of about 10-3 torr, or in an argon at.ÙlOsphere. 

.. . 

1 . 
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" Specimen. Dimensions (mm) 

size Length CL) piameter (D ) 

1 11.4 1.6 
'2 8.4 

. 
5.6 ., 

Groove Dimensions {mm) 

size A S'" C E 
.~. 

1 0.18 0.15 0.36 0.10 
2 Q.15 Oj2 a30 0.10 

/, Tolerance , 0.02 

/ , 
FiÇJure 3.1 Compression test samp1e geometry and ~roove 

design. 
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SiN inserts were placed at the ends of the anvils and were 

held in positiod l?x superalloy nuts. The smoothly ground 

SiN inserts formed a good"minimally deforndng compression 

surface for the samples. , 

The tests were performed with the aid of a Honeywell 

4020 process control computer. The load measurements were 
" ~ 

taken from the load cell and the displacement measurements 

from' 'a Linear Variabl~ Displacement Transducer"" (LVDT) ., The 

'" LVDT rod was\,'·attached to the moving crosshead and the coil 
\, 

to the Instr~:m frame. Theae data were stored-by the computer 

on a scratch file. True stress/true strain plots were obtained 
, , 

-

i.mulediatelY liter \ach t~t, after which the data were transferred l' 

l , ' 

on tllp~ for permane~ s~~,rage, so that they cou1d be recalled 

at will at a later date ~ 0 , 
t <J 

The high temperatures requi+ed for the austenitizing 

tr,eatment were obtained, by means o,f a Satec spli t th~ee-zone 

platinum resistance f~nace with a capacity.of 14.5 amperes 
( , . 

pe.r zone." This furnace was connectèd to a Leeds & Northrup , 

E~ectro~x-III, series 6435 cont~oller . . 
J 

3.5 ~orsion Testing 

The range of strain'rates'and strains attaïnable 

wlth the compression testing equipment ia: ,limited to maxima 
~ - , . 

of 0.74 s-1 and 0.8~" respectively. Particularly at the lowest 

temperature, (S7SoC), dynaîtiic recrystallization does not start 

below Il strain of 0.75-0 .. 8 at the higher strain rates: Tbus 

ft ls impossible to e.tablish the onse~ of dynamio recrystal-

,.» 

,( 

) 
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lization by means of compression testing under these experi­

mental condi.tions. With the purpose of overcoming these dif­

ficulties, some torsion tests were performed. The maximum 

equivalent strain rate that could be reached was 3 ~ -1. There 
1 

was no practical Iimit (except for fracture) to the strain 

that could be at~ined, 'so that th l peak strain '~uld always 
~,' ,I,,'~~ t ~ 

be determined ini11:his way. • 1 

3.5.1 ~pecimen Preparation 
\ 

The torsion specimens were machined from the as-
, l, 

receivSd plates with their axes Along the rolling direction 
• 1 

, '1 
(Fig. 3. 3) • The samples were cylindrical, with a gauge length 

of 25.4 mm and a diameter of 6.35 mm. One end of the sample 

was threaded for insertion in the grip at the torque ceU 

(fixed) end of the apparatus. The end of the sample inserted 

in the rotating grip was kept flat to allow for thermal expan­

sion and contraction during austenitization and cooling, as 

weIl as for length changes due to anisotropy ol::' elastic inter­

action effects during testing. 

3.5.2 Torsion Testing Equipmertt 

The torsion tests were perfo~ed, on a closed loop 

hydraulic torsion InI:chine of the .MTS type. ' The 'details of the 
/ 

apparatus, shawn schematically in Fig. 3.4, have been described 

elsewhere (59). This machi1'!-e was interfa~.~~ with a PDP 11/0.4 _, 

minicomputar' for the purpose of running the test and to enable 

data acquisition, as dascribed by Canova .!S!l. (62). '!'he computer 

• 1 

". 
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generated the de.sired input signal to the servo controller by 

means of real-time pro~amming (see Appendix A). The digital 

input signal from the hardware segment generator was converted 

into. ana log forro before being fed to the two l controllers. 

The displacement, Le.· the angle o~ twist of the 
, 

sample, was measured through a transducer on the :rotating grip. 

IThese measurements were converted to equivalent strains using 

the relations gi ven in Section 4. 3. The torques were moni tored 

from the ~orque cell at the end of the fixed grip. The equi­

valent stress, cr eq' was determ!ned from the torque as described 

in Section 4. 3. 

The 'torque vs. t~, torque vs. equivalent strain 

and log (torque) vs. log (equivalent strain) plots were dis­

played immediately aftJr each test on a Tektronix 4010-1 video 

terminal interfaced witl;l. the computer. A copy of éach plot 

was obtained from the Tektro.nix 4631 hard copy u~i t, also 

connected to the t-erminal. 

The samples were heated in il Resear~h Inc •. dual 

elliptical radiant heater. The furnace was water cooled. A 
/ . 
Thermac 6000 series c'ontroller was used to 'Control this fur-

nace. To reduce oxidati~n, a positive pressure of argon was 
, J • 

maintained inside the furnace throughout each experl.mènt . .,.. 

,..-.-
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CHAPTER 4 

EXPER.IMENTA4 RESULTS 

J 

" 

The aima of this research were - the following: 

l} To determine the PTT curves for the precipitation 

of Nb (CN) and VN under dynamic conditions. . 1 

2) To determine the effect~ of Mn, Mo and V addition 

on the dynamic precipitation Kinetics of Nb(CN). 

3) To determine the contributions of these ele~nts 

to the hiqh temperature yield stress. 

4) To prepare a dynamic recrystallization-time­

temperaturé (RTT) 'çurve for a selected strain 
iJ • 

-rate condit,,"on for comparison with static RTT 

curves. 

4.l~~Experimental Conditions, , 

Six steels were tested; a reference plain carbon 
,\ 

and five BSLA steels containing V, Nb, high Mn-Nb, Mo-Nb and 

,Nb-V. To obtain 4ata for objectives l to 3 ab,9ve, compression 

tests were conducted !âothermaÜ.y at 875, 900 and 92SoC. These 

tests were carried out in the strafrl rate range 3.2xl0-S, to 
," -:r 0.74 iii '. 

I1\ order to pr'oduce the RTT curves, a. series of tests 

was perfomed at a strain rate of 3.7xlO-2s-1 at '975~ 1'025 and 

l07SoC in addition to'the above three tempera.tùres. These 

tests also p;ovided yield stress information at these tempera-

turee. 
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TOo,attain high peak strains, torsion "tests were 

carried out at strain rates from 2xlO-2 to 3 s -Jo on the Nb-
{ 

bearing steels only. 

at S7SoC. " Howèver, a 

M9st of these ~xperimerrts werè conducted 

few'were' a1so ~erformed at 925°C. 
-<il 

, . 
4.2 Flow Curves in COmpression 

Typical sets of compression f~ow 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. 

Thesej curves are given as plotted by the computer. The shape , ... 

of these curves is typical of materiJals that recrystal.lize 

1 dynamica11.y. After the macX?scopic yield ia attained, the 

material work hardens. As -t;he rate of recovèry .,increases with 
/ . . 

strain (stress), the rate of work hardening decreases with 

strâin. Finally, dynamio> recrystaJ.lizati?n is initiate4 just 

before the peak strain is attained, and the subsequent drop 

in peak stressis'-due to ~~p~ress o~ dynamic recrystal­

lization. This softening process involves nucleation and' 

grow th , and therefore requires time. The higher the s train 

rate, the shoner is the time required to rea~ a gi ven straini 

thus higher peak strairis are necessary to initiate" recrystal.-
. \ 

lization at higher su.~in ~ates. (N0t:~ that the time, t, to " 

reach a ael.ected 8t~a.i.n"~E:,:,,~ '~' given constant strain rate, 
• c' 

E, 1s t· ~/E.) , , 
.,,-' 

Zn Fig. 4.1 (a)' ar~ depicted the flow cunes Observed' 
" 

As, ,the .train rate la increa8~d ". ~ ~ 
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\\ 
by ~eé order~ og magnitude from 1.4xlO-4 to 1.2xlO-l s-l , 

t 

the p~ak s'train increases by a factor of mc;>re than two (2.-551':­
~:..~~ 

In the case of the V-steel, Fig. 4.1(0), ,the same cihange in 

strain rate leads to an increase in the peak strain by a 
c • 

faèto'r of 91)ly' 1.4. The consideral?ly sma1ler" effect of increasing . . 
the strainlr~te in the V-steel is due to the dyn~c precipi­

tation.of VN during work hardening at the lower strain rate~. 
-

Onder these conditions, recrystallization i~ delayed because 

the fine precipitates that form on dislocations during defor--
, , 

mation hinder their motion. Thus the hi,qh1y recovered sub-
Q 

structure_ r~quired for the'nucleation of recrystall~zatf0n 

'cannot forme The influencé of dynamic precipitation duriNlg 

testing 'is particularly'evident ~hen the two sets ~f flow 

, çurves in Fiqs. 4.
0
1 (a) and 4.1 Cb) determined at, strain rates 

of 1.2xlO-4 .~d 1.2xlO-3 s-l are compared. 
, 

The Nb steel, as show~ in Fig, ~.i(c), shows'broade-r' 
r 

pe~s than_~e plain carbon steel, even at low strain rates 
-4., », "'~ , \' 

such as 1.4/1.9xlO '.' This broadeninq of the peak is associated , 

w!tb.' both precip~tate and ~olute effects (to be dlscuss~d in 

more detail below), and ia seen in all ~f the Nb bearinq 
• 

steel~ (Figs. 4.1(c) ta (f». It i8 also evident, ta,! lesser . . 

, .. 

. ' 

. ' 
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for the Nb-bearing steels are qualitatively siDdlar, the . 
' / re1at~ve diff~rences in their,peak strains and stresses wi~~ 

be di~c~sed in Sections 4.5 and 4.6, respective1y. 
\ 

4.3 Flow Curves infTorsion 
-

, The experimenta1ly determined torque VS'. equiva1ent 
" 

' strain curpes are shown in Figs. 4.4 and 4.5. The~~ tests 
" 

we're carried oùt on1y on the Nb-bearing steels' 'because, in 
~ ~ ~ , these materials, the peak st~al.n could not be attpined in 

compre~ sion. The equ1valent, strains are,proportional to the 
measured angle of twist e, as g~ven by -

e: • e: - ~L (4.1) -eq 
J 
1 
1 

1 

where R and L are the 
1 

radiUs and 1ength of 1;he 1 sample, , . 
respeÔfiVelY. 

, 1 

1 

'1 'l'he increase in the peak strai'n and ma~lnum torque 
W~th' ikcreaSing st~ain r~~e is illustrated in F:i'g. 4.4 (a) 
for th~,Nb-~teel~ Due to the flatness of the torque vs. \' • • r " 

strain \curves, ~e str~ins-at peak torque ,'arê'not easily 
\ 0' . d.terœlned at.875 C (Fig. 4.4(a».' At the next hiqhe~ te~ ,\ , 

, ' 

perature', (Fig. 4.5~a», Where .. >r~c~very ~ates, &X'f:l fast~r ,and 
" . recrystalliza tion statte seoner, this problem is 'considerably , ../ ... ' .. ~ .:s ~ 1. ~ T , " ~ -, J, red~ceà.. '.rhe adcii:ti~~ of ,high, levels of Mn 1 ter a'~ steel ~.s 1,. 

1 -, _" i _ ... If'~ ~ ...--- - ~ 1· ,\ , , 

" not a.am ,to .tfect the' ,peak 'torque (c~mP~u:e.# for' eXl:DlPle, th~ " r ' ' • ,'" " " ," 

~---- .... 

• 

, ". l?,:' ',:-, ~~,'>~9~',c1_~~tt~:'~~ f~irain ,~~~.~~~i,',~ -.-i in l!'~g8,~" .' 0,' , ,'" ~":,":, ',' >4 ... "ta-)·,~ I~t)·, ai'l;hou.l:tti.,-»!~::"~h~~ '~~ ~.,~âi,~igtt.r~ \ ' :;':~:/',"':~' '",:"'-',.:'~:';',,".' ".':': .. :o"'·1'f.~<,~~< .!:,~;,,~~.,., '," "~' ,-~' ~-, ;~:.,~ ",:;~,',!,:,':I:-:- ,j ~>:,' <~~ :,' ' ; ; ~ ',". .: ;', ~,;:~.~:?::, <-'{, ;'.:: . ,~'. '~';';;i-'-\ ' , ';,,}.. ," . , " , ~. ' 
. \tFt~{~ ·:J3;"·' .,;. Jo: ~'" >,:~::: !~f;"oZ1~~§~~~~~~~~J ;,~b~~;, ,./: 0 < 
~ ~ • _~~" "t ,. ... 'k .3 _" ~ rlJ.~ -::'lï: 
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The peak to-rque values for the Nb-V steel (J'1gs. 4. 4t") 'and i' 
1 

4.5 (c)} are consiatently lower than in the Nb-steel (J'ig&. 

4.4(a) and 4.5(a); t:especti.vely),. The, peak strain. ,ra 
, ~~ 

slightly lower in' tlle Nb-V steels. Of t}le othèt' hÀnd, ~ 
, , 1 Q 

~ a Nb. st,el (Fig. 4.4(c», lad 1:0 higher peak torquèa than 

obeened in the Nb'7steel and al80 to higher peak .trà~. , 0 

, , 

4. 4 Sorrelation between, tlie. 'ÇC?mPre8lion an", TorsiQn FloW Data 

o T~ stress-true 'strain curve. are readl1y calc~ated 
~_ t • 

, ' 

~om the lo~d/dislllac~nt data of compra.sion tests-. .. In' 
,1 

. , , 
torsion, however, where torques and i:ota~ion. are' 'measured', . . , 

the convenion tQ ItraBe and stràin", 1s, not as .• Uilit,~l,bbecl •. 
œhe equi valent equo et the surface"i. determined w th'~-o· . 

, Il !,' 
diffio)Jl.ty fram Eq'. 4.1 above. The ,equival-ènt sue .. 'et e'j' 

, ~ , - . . : , 
\.. l '-_ '... • / • • 

lJurf~e i.. usually evaluated from the experimental to.rque, T, 
c ~ 

via the rttlation proposed by Fields and Bàckofen (60),1 name1y: 

"eq 

, 
'. 

= a = ~(3 + m + ,n) 
2 il, • 1 

.-

A , 

, . 
Bare, m 1a the .tr~n rate aenai1;ivity of the .torque ~d n' .' 

ia the i wo* 'ha~œnin,9' . coeffi.~ieri~ deri ved iroJll ~e,.~o1:qué. ; 

Thelle'wo,f coefficients are defin,d as ~follow8: - . . 
~ -

m· a (a i '1') (.t.3) 
.~ -, , a 'ln Ë--r 

" • , 
, . " , . 

and JO 

.. 

\é~. l~ l]L)t. 
.' 

n = a ln'E' c 

~ . 
{4. ~l. \ ' 
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( - The ~torqUe-baSedll work hardening coefficient c~ be ç!eter­

• . mined fr~m a log ~ - log € plot, as shawn in Pige 4.6. The 

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

calculated from two tests carried out at different strain 

1 
! 

• • L 
rates; e.g. from the 'relation ,log(T2/Tl)€ /log(t2/€I) e:. 1 Beca~e 

of the dependence of m on (1, the difficulty with this method 
, 

is that the numerical value of m -depends on the strain' rates 

used. 

This difficulty is illustiëited in Table 4.1, where 
c 

it can be seen that the value of m at a given strairi approxi-. . 
mately doubles in going from e: 2/€1 ratios of 2 te 6, or 2'l::o 

~ . . -, 
3. By contrast, there is little change in m in the e:2/~l 

range from 3 to 6. How".!,~~r, as the overall range ,of m i9 
- " 

restricted to the interval ~.l to 0.2, this variation is of 
\ ' 

little consequence in the J3 r m/+ n) term of Eq. (4.2). 

The instantaneous ~al ues of n vary from 'ù 0.5 in 
, , 

the init:ial work hardenin~rl:'e9ion to ,- O. 7 b~yond the maximum 

torque. Using the instantaneous values for n and an average 

value for m, the equivalent stress can always be cal..culated 

to produce a stress/strain curve, althOU9h( it can-sometimes 

be a lengthy and tedious process. The peak strain dete~ned 
• 

in this way should be comparab.le with that obtained from 

compression data. Unfortunately this has not been '~und to 

be the case {32, 6l}, and the 

higher than those determined 

1 
'./ 

~/. 
• 1 

torsion a values are consistently -' p 

from compression testing. 
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Strain Rate Sehsitivity' Cm) of the Tor!He .in 
" the 1.2% Mn, 0.035% Nb Steel at 87 C-

a 

& el /&2 E-l 

. 0.2 2 0.6 

. 0.5 2 0.6 

1.0 2 0.6 

1.5 2 0.6 

2.0 2 0.6 

0.2 3 0.3 

0.5 3 
1 0.3 

1.0 3 0.3 

1.5 3 0.3 

2.0 3 0.3 

"-
0.2 , 6 0.6 

0.5 6 0.6 

'1·°1 6 0.6 

2.0 6 0.6 
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, 
This point ~s illustrated in F~. 4.7, wh~re the 

test result~ are compared at 92SoC and.an ,equivalent E, of 

5xlO-2s-1 • It is evident that the tarsien peak stress is 

lower than the compression e p' and the same- r'elative positions 

were observed at other temperatures and strain rates. Canova 

, 1 

" J 
,et d. (62) have recently propos~ eXPl~nation for' thi~-~--~--
difference~ in torsion there are two planes of maximum shear 

1 

'stress whereas in 'axisymmetric compression there are an infi­

nite number of them. Also, only one of. these two planes i8 
1 

particularly active in torsion. Thus, in torsion, with 

essentially a single slip ~ystem operative, the work hardening 

rates are lower than in compression, where there are numerous 
1 slip systems, so that the work hardening rates are also higher. 

This explanation may be extended to account for the 

considerably higher peak strains observed, in torsion than in' 

compression. The nucleation of recrystallization is dependent 

on achieving a critical dislocation density as weIl as ori the 

deveJ:op~nt o~a substructure containing certain minimum mis­

orientations. The cUJferences in the two work hardening rates 

an"Cl--in ,the number and geomet,ry of the operative slip systemsL-­

as described very briefly above, could mean that larger 

(equivalent) strains are required in torsion than in compres-
.-/' 

s;on (or tension) to'aœcumulate either the critical dislocation 

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 initia~e 

recrystallization in torsion titan in-axisy1Ïimetric testing. 

~ 

1 
i 
1 , 

1 
l 

1 
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Although the above qualitative'explanation can 

account for the differences between torsion and compression 

flow curves,',it does not lead te quantitative ponversion 

. factors for passing back and forth between the twe typ,es 

of data. For the present purpose, it was therefore decided 

te use a simple ' cal.;i.bration ' procedure inst'ead. Additional 

torsion tests-were carried out at strain rates and témpera-
. ~ 

tures s1milar to those of the compression tests. From these 

data, the mean value of the ratio Wl - &p comp lep tor was 

determined. This was used to calculate the compression 

equivalent peak strain values frem the &ptor data over the 

entire experimental range. A similar ratio R2 = ~p/'l'p 

was employed ,for conversion of the peak torques to peak 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 te 

equivalent (torsion) stress before mak~ng the conversion te 
r (~ -

1 

equivalent (compression) stress. 
\): 

4.5 Strain Rate Dependence of the Peak Strain 

The dependence of the peak strain on alloy composi­

tion and! o train rate is shawn in Fig. 4.8 for the plain 

carbon,"~ - Cl Nb steels. 'The Ep values inèrease sll'Dothly 

with stra rate for the plain carbon steel. Dy way of 

contrast, there are two "thl:ngs to note about the microalloyed 

s teels : (i) the shi ft, in the overal]'" cu:ntè to higher peak 

strains over ~e whole rangè of strain rates1 i.e. the general 

" , 

1. \ 

1 
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retardat~on of the oriset of dynamic recrystallizationi and 

(i~) ene localized numps in these curves over a particular 
j 

strain rate range. 

The overall shift ~n tne eurves, ((~} above) is 

due, as w~ll be discussed in more detail below, to the 

retard~t~on of recrystallization by the influencejof Nb and 

V m solut~on. At the high strain rate end c;>f these ..... diagrams, 

the whole test-is eompleted within 10 seconds or less, and 

as will be shown in Section S-\'~J this tim~ is ~nsufficient 
1 

for any s~gnificant dynamc preeip~tation to oceur.; 

The location of the humps, in the ~ntermediate 

strain ~até-range, is associated with the, dynamic precipita-
" 

tion of Nb (CN) andVN in the course Qf the test (21;,29,30). 
t 

At these strain rates, there is sufficient\ time ~or dynamio 

precipitation to take place before the onse,t of recrystal­

Iization. This precipitation leads to a oomponent of retarda-
\ 

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

tation of Nb (CN) and VN during deformation hinders thê­

rearrangement and recovery of, dislocations. I? this -1r1ay, the 
1 

1 substruct~al rearr~ngements required for the nuoleation of 

.1' new grains" cannot take place or they, occur more slowly. Th.ts 
1 _ \ _ _ 

effect reaches a maximumwhen precipitation starts at rela-
\ 

tively small strains and contil\,ues until the peak 'strain i8. __ 

reached. At even lower~ strain rates, to the left of .the hump, 

precipitation st arts very-early during"straining and ends a 

little l,ter, but sti11 early in the work hardening region, 

and weIl before the peak strain ia reached.. ~n thi8 region, 

. ; 

, 
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there is deformation ennanced precipitate coarsening (21,29, 

30). 
.J 

The lower the strain rate, the g-reater Is its extent. 
1 

The retarding effectof these coarse precipitates on dynamdcl 

recrystallization i8 limited, however, so that the retardation 

observed in the low strain rate range .;i.s lar,gely' dûe- ta the 
j 

'1 

solutes thft. have not yet precipitated. 

It i8 of interest that the overa1l.shapes of .thé 

Nb and V steel curves are simi1ar in that poth materials 
1 

exhibit ~ hump. The size of the humps, however, decreases 

with tempe rature (compare Figs. 4.8 (a), (b) and (c». By 

contrast, the solut7 retarding effect of V, as judged by the 
/ 

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

The reasons for this difference will be considered more closely--

in the Discussion chapter. 
('~ 

The strain rate dependence q,f- the peak strain for 
/ 

the four Nb-b~ari~steelS, taken as a group, ia shown :Ln 
J 

Fig. 4.9. The relative Klagnitude of the solute effect in 

each steel is indicated bl' the value of the peak strain out-
\ 

side the hump region. 'l'he largest peak strains (and therefore 
l , \ _____ 

the greatest retardations of' recrystallization) are observed 

' •• in the Mo-Nb steel, theïi.;Ln the Nb-steel. Slightly lower 

peak strains are noted in'th~ Nb-y_steeljat 8JSoC (Fig. 4.9(~), 
~ -". ~ , 

and dep~~ding on the strain rate range, at:, 9000
C (F;ig. 4.9 Cb) . 

. -~- . 
.J C§'At 92S9C, however, this steel -exb.ibits peak strains -larger 

th~ tho8e of the Nb-steel. The onset of recrystallization 

is earl1eat in the Mn-Nb steel, whieh 18 a possible exeeption 

to the expected ordér l.n terma of the solute retarding effects .... 

j' 
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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 
1 

grain size may be responsible for the lower than expected 

peak strains. -If this interpretation ls correct, the smaller 

peak strains 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 prohably did 

not affect the precipitation kinetics, however, for reasons 

that will also be discussed in the next c1?apter. 

4.6 Strain Rate Sensiti.vity of the Peak Stress 

The peak stresses attained in high temperature flow 

can be affected'by alloy additions in one of several ways. 

With substitutional a1.lo$ additions -such as Mn,- Mo, Nb and 

V, there can he' a direct increase in the yield stress, as 

weIl as li change in the won: hardening behavior. For inter-.. 
stitial additions, e.g. N (32), the yield strength can he 

decreased, and the wo,rk hardening behavior can also be affected 

of course. Precipi.tates 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 
<:." 

stresses. This is due, prin.cipa}.ly, to the associated decrease 
1 

in the rate of dynamic recovery. The other efte,ct· is linked 

to the' fir~t: in that the nucleation of dynamic recrystallization 

can be delayed or even prevented completely hy the precipi~~tes, 

again leading ta hi.gher peak stresses. 
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The strai.n "rate dependence of the peak stress is 

shown in Fig. 4.1Q ~or the plain carbon, V and Nb-bearinq 

stee1s. The peak stresses for the plain carbon steel, as 

expected, are the lowest, fo11owed by those for the V st>ee3:;-
1,:, 

There is a sma11 contribution of the precipitates when present" 

to these val.ues"; for example in the V steel, in the strain 
) 

rate range SxlO-4 to 10-2s -1, at 87SoC (Fig. 4.10(a». This 

effect i8 much 1ess noticeab1e in the Nb bearing s~ee1s and 
1 

is almos,t lost in the e~erimenta1 scatter. A comparison of 
" 1 

Figs. 4.10(a) ,(b),(c) does not regrettably revea1 a consistent 

pattern reqardinq the extent to which Mn or Mo a1tera the 

peak stress of the Nb bearing stee1s. 

4.7 Hiqh Temperature Yield Stresses 

The strain rate dependence ,of the yie1d stress for 

the six stee1s is shown in Fig. 4.11. At the low strains . 
1 

associated with macros copie yi_eldinq, i.e. within the first 

1-3%, there is insufficient time for precipitation to oocur. 

The difference in the strength levels of the'various steels 
.J 

oan then be attributed to the all~y additions which are present 
, 

in 'the form of solutes. (The torsipn data are not included 

in Fig. 4,11 due to the !iiff.iculties encountered in "data 

(acquisi3lon at low strains,and hiqh strain rates.) 
.J 

The strengtheninq per 0.1 at '1- of al10yinq addition ' 
/ 

relative to a plain carbon steel was eva1uated from the fol-
, 1 

lowing relation: 

~ _" J,.". .... 

.{ 
1 

. , 
_·_~~'----"-"'--~"~~"'11001~", 
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-- a YS - a YSP 1. C x 0 .1 
a, Pl.C at.%s 

YS 

•• 1 In a s~lar manner, the strengthening per 0.1 wt% of alloy' 
~ 

addition was calculated from: 

ayS - °YSPl.C 0.1 
Pl C x w-tCLs <J. 'a 

YS ' 

s is -the a1loy addition ~ssumed to be in solution. To esti-
1 

mate the incremental strengthening due to Mn, Mo or V addition . 
/ Nt) 

over that due to Nb addition alone, 0YS was used in place 

of oys:l.C in the expre~sions qiven above. For purposes of 

comparison, a yS
V was 'also substituted in these expressions 

and the strengtheninq due to the addition of Nb to a V steel 

was calculated in this way; 

Tne resuits obtained using this method are p~esented 

in Tables 4.2(a) and (h). TapIe 4.2(a) is fpr 875, 900 and 

92SoC/GVer the whole range of strain rates, and Table 4.2(b) 

is-for a strain raté of 3.2/3.7XIO-2s-l over the temperature 

range 975-107SoC. (The flow curves for this 1ast set of tests 

are shown in Appendix A.) 

It iB evident from the tables that Nb has the greatest, 

effect, and leads to a strength increase of a90ut 70% per 0.1 
\ . 

at % of addition •• This influence i8 followed in magni~ud& 
l " 

by Mo and V; Whick have somewhat similar strengthening effects, 

9' and 7% r~spectively par 0.1 at %. MIl has a very smal1 

effect., 1.3' for the same' amount. "l'hé relative positions of 
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B~nt ral Bu. 

V Plain.C 
lib P la1tt Ç:;-

MD+Hb 
'(in MD-lib ateel) PlaJ.a C 

lin "-
(in JIn-Hb steel' lib .teel 

lib + V 
(iD .... VetaU 

.Jo 
• (iD Bb-V steel) 

Rb 
, (in lib-V eteel) 

, Ho 
'(in Mo-Rb .teel' 

Ho+1Ib 
(in 'Mo-Rb eteel) . , 

Plain C 

lib Staël 

V Steel 

1Ib Steel 

Plain C 

\) 

\ 

T 

TABLE 4.2 (a) •• 
Strenqtheninq Due to Microalloy Additions At 875, 900 and 925°C 

1 Ô 
AGY/GY (base) , At T C· Arithmetic 

875 900. \ 925 Average 
AGYlày (base) , per 
0.1 at.' Sol~te (a) 

6.0 i 3.p 15.0 t 3.5 4.5 t 5.3 &.5 ---- ~ 7 

13.3 ~ 10.~ 22.6 t 3.2 13.8 t 5.8 
i \ 

25.7 t 7.6 32.6 t 3.-2 ! 20.8 t 4.8 
1 , 
1 

12.2 t 13 1 

1 

13.2 t 27 1 

11.2 t 13 ; 

21.0' 1: 13 

15.4 t 6.3 

29.7 t 9.4 

8.4 t 3.8 5.6 t 7.5 
. 

38.$ t 4.9 22.9 t 8.0 

1 
12.0- t 3.1 6.8 t 4.3 

20.q t 3.0 16.3 t 4.9 
... 

14.5 t 3.3 20.0 t 3.7 

40.8' t 3.8 37.4 t 7.3 

17.0 70-

26.5 S 

~ 8.7 -1 .. 3 

24.9 17 

10 8 

19 80 

16.6 lO-

36 18 

*Liaits abown are 1 standard deviatian. 

" \ 
\ 

\ 
\ 

1 
\ 

,-

Aay/ay (base) , per 
0.1 wt.' Solute (a) 

7 
49 ,- '" 

17\ 

9 

56 

S -'l. 

10 
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~ 

"-

a, 

\ 

1 

{ 



~ 
1 ~-------' 

,------ ........ ~....-_, -~ ...... ~-: ... -"' ... • 

ir 

. j 

; 

~ 

"-- • 1 

Solute 
Elément (s)' 

V 

Nb 

Mn '+ Nb 

1 

l' 

(il) Mn-Nb- steel) 
·Mn 

(in Mn-Nb steel) 
Nb + V 

(in Nb-V steel) 

V 
(in Nb-V steel) 

Nb 
(in Nb"!"V steel) 

, Mo 
Un Ik:>-Nb steel) 

Mo + Nb 
(in Mo-lib stee,l.) 

Comparison 
Base 

Plain C 
Plain C 

Plain C 

Nb Steel 

Plain C 

Nb Steel 

V Steel 

Nb Steel 

Plain C 

.". 

TABLE 4. 2 (b) 

âay/ay (base) , . 
Per 0.1 at.% Per 0.1 wt.% 
Solute (s) Solute (s) 

3.3 3.3 
~ 78 55 

5 5 

0.6 0.6 

18 18 

5 6 

80 56 

8 4 

17 "lo 

*Includes data fram Table 4.2 (a). ~. 

"~, 

'-. 

./ 

./ 

.. 

at a Strain Rate 
erature' Ranqe 

Overall Average* 

Per 0.1 at.' Per 0.1 w:t.% 
Solute (s) Solute (s) 

7 6-

70 50 

5 5 -

1.3 1.3 

19 19 

8 8 

80 56 

9 5 

18 10 
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, 
each of these e ements and the similar effects of .Mo and V 

are unlikely to cOiné,idental, and some of the possible 

reasons wil.l bè --a cussed ln the next chapter. 

The temperature dependence of the yiel.d stress at 

a strain rate of 3.2/3.7xlO-2s-:1 is shown in Fig; 4.i2. It ... 
Uo is inter~sting tp not~ that the rel.ative 'positions of the six 

<~ 0 

curves are not stronq;Ly affeèt.ed 'by the temperature, i.e. 

that the relative! ,strengthening ,does not decrease Ma:rkedly 
~ .' 'J 

as the' tempe rature i8 increased. The lower than expected 
" .... \ 

yield stresses of the plain carbon a~d V-stee1s at l07SoC 1s 

.. most likely due to some grain growtn that toc5k place in /these 

while the temperature was raised from 1030 and 1.04SoC respect­
\ 

ively to the test tempe rature '. 
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CHAPTER 5 

DISCUSSION 

5.1 Dynamic Precip~tation in Austenite 

• = 

. -

-,.. . ..J' There :rs considerable inter,~st in being ablé to' 
l> ", 

l ,', 

distinguish: between the "s~lute',and precipitate retardation 

of recrystallization in austenite. O~e way of doing so-would 
1 

be to single out each effect, i.e.' to de termine the "precipi-

ta~ion kinetics on the one hand, and to evaluate the relative 
-

solute effects of the different additions on the other. This 

is whatjhas been attempted in the present study. In what 

follow~, a description will first be given of the mànner in 

which dynamic precipitation kinetics were determined. The 

results for Nb (CN) and VN will then be cômpared with those 
. the c~ .t' 

reported l.n/liteJ:'ature~ The effects will then be considered 

of Mn, Mo and V addition 00: the kinetics of Nb ÜO precipitaYJ?n. 
\ (j-

Finally, in a separate section, the relative solute effects1ef\)~, __ 

Mn, Mo, Nb and li will be des-cribêd and compared. A possible 

ratiomllization of the magnitudes of these effects will be .. 
presented and discussed. 

5.1.1 Determi-ning the Kinetic§ of Dynamic Precipitation 

The preèipitation start (Ps ) and ,finish (Pf) timès 
, () (. 4 ~l~ 

were determlned from the & p vs. log t da ta of the previous 

Chapter. The method used in 1 this study is. basically that 1 ~ , 

of x. Weiss (2l,29,301 ana invblves' the location of the hUmp' . 
in the Ep va log ,t cUrve. Thua, a mechanical test method waà 

Qj 
/ 

! 
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emp10yed to de termine i? sand P f. The method of Weiss as 

originally developed, howeve+, depends on a comparison of 
. 

the slopes of the Ep vs. log E curves for the microalloyed 

/ 

steels (in which prècipitation occurs) with those for a reference 

<i plain carbon steel (in which precipitation is absent). T~e 

present rnodified method, on the other hand, dees not require 
1 

a knoJLledge of the Ep vs. log E dependence for, the plain 

carbon steel and is therefore somewhat simpler to use. For 

the sake of completeness r ~ the method i5 described below. 
-' 

In Fig. 5.1 a schema tic E p vs. log e: curve is sho~n. 

Theo~dashed line B ia for the solute case, i.e. the expected 

beh~ior if there were only non-precipitatin'g alloy additions. 1 

1 -

The point at which the two c;urves A and B {diverge at the high 

strain rate end of the plot defines the at~ain rate at which 

precipitation starts, just prior to the peak strain 

ia in turn determined from (2i;29,30). 

P = E S If 
s P 5 

E • 
p 

(5.1) 

- ( - ( 
The -curve,~arked C is parallel ~o B but shifted 

a1.eng the vez:tical axis until it is tangent te curve A. The, 
dl r. 

precipitafion finish'time Pf is determdned fram the point of 
J 

maximum divergenc~ (point of tangency) ~s 

(5.2) 

1 

1 

, 
l 

, 1 

1 
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1'his represents the condition where precipitation starts 

ear1y in the test and co.ntinues until the peak strain i8 

lattained. 

'5.1.2 Precipitation Kinetics ,of Nb(CN) in Austenite 
i 

The' dynamic PTT curves of Nb (CN) in th~ four Nb 

bearing steels ~re shown ,in Fig. 5.2. Precipitation st~rts 
, 

ear1iest in the base Nb~steel containing 1.Z5%, Mn. Precipi-, , , 

tation is delal"ed hl" the additipn of 0.65% Mn (Mn-Nb steel), 

o. ~O% Mo (Mo-Nb steel) or' 0.115% V· (Nb-V Jteel). In what , 

follows, some of the reasons' why the addition of these elements 

may retard the precipitation of Nb (CN) will be pre~ented and 

the present resul ts will be compared wi th those reported in the 

literature. 

5.1.2.1 Effect of Mn on Precipitation of Nb(CN) 

The dynaIpic PTT curves for the 1.25 and 1~90% Mn­

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

in lfig. 5.3. AlI of these steels had a sirnilar ba~e chemistry 

and contained'O.05L6% C, and 0.035% Nb!· It is apparent that 

increasing the Mn concentratjLon from 0.42 to 1.90% mayes the 
.. ' " 

j PTT 'curve sharply ta the right bl" more than an order of magni-
,. 

*The 0.42%. Mn steel,included 0.057% Al and 0.05% Si, whereas 
thE!' higher Mn steel.s contained 0.Q2S% Al and 0.24% Si. These 
dif ferences, in Al and Si ,concentration {+ O. 0 32 and - O. 19 , 
respective1y} are not considered to be significan~ with 
regard to thé present discussion. This is because Al and 
Si are not transition elements and-, therefore, have a rela­
tive1y small electronic effect in y -Fe (63) as will be 
discussed in more detail in Sectfon'S.2 
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tude in time. That is 1 Mn decreases the rate of Nb (CN) 

precipitation. The reason for tais delay is, in part, due 

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

austenite. ~e r~tardation observed in the present investi-
t 

1 

gation is consistent with the observation of V.R. Golik !! al. 

(64) that raisinq the Mn coneentration from 0.75 to 1.20% 

increases the ,solubility of carbides in'steels of 0.16% C 
1 

with Nb concentrations of 0.08 to 0.29%. Similar observations 

have been reported by J. Woodhead (65) regarding the increased 
• 

solubility of VN in austenite fOllowing the addition of Mn. 

A systelnatic study car,ried out by Koyama et al. (66) demon­

s~7ated that Mn- in~reases the activity coefficient of Nb in 
1 

austenite, but that it decreases the activity coefficient of 

C by a greater magni,tude. This effect of Mn on the activity 
1 

coefficient of Chas a1so been reported by W~da et al. (67) • 

The results of these two investigations are shown in 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 lesa of that particular element present. Thus, 

lowering the ac~ivity coefficient of carbon in austenite by 

the addition of Mn makes the carbide more soluble because it 

ia equivalent ta having a lower concentration, of C present. 

The net result ls a decrease in the NbC solubility temperature. 

Koyama et al. (66) reported ttiat the éffect'can be described 

by the following relation: 
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( log (%Nb) ('C) = 

1- - -

( --
J 

'f 

7;70 + 3.31 + Al~7l - 0.900) (t Mn)" 

(75 _ 0~0594) (%Mn) 2 •• (5.3) 
T, 

This rel1ationship leads 'to solution tempe ratures of 
1 

1027, 996 at 9900 C for the 0.42, 1.25 and 1.90% Mn steels, as 
.Ji 

~, 

indicated o~ Fig. 5.4. The effect of temperature Qh,~~he soluQility 

of Nb(CN) in\these steels i8 shawn in Fig. 5.5. It is'evident 

l that, at a gi~en temperature, there is a greater amount of 

supersaturati~n (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)j if accurately 

determined, rnày also accelerate the precipitation proce8s due 
) , 

tp the greater supersaturation of C. 

, The effect of Mn on some of the solubility equations 

for NbC reviewed \ by Nor~erg & Aronsson (69) 'has been analyzed 

by the present author. A least squares fit through these data 
, 

(Table 5.1) led to the following dependence of carbide solubi}i ty 
1 

on the Mn concentration: 

-

- log(C) (Nb) = _!ill + 3.275, + (983 - 0.59 ) I(wt% Mn) T T 

••••• (5.:4) 

According to thiJ equation, the calculated sol,ution temperatures 

for the 0.42, 1.25 and 1.'90% Mn steels aJ:e ];0.86,: 1059 and l055~C 

respectively. (It should be rioted that when the composition 

of the 1.90% Mn steel is adjusted to 0.05\ C, this temperature 
-, 0 

ia decreased to 1034. C) • The solution temperatures given by 

. -..- - ~- --.,., ._-....... _. ----._~ . ~- .--~ 
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TABLE 5.1 
.. " 

iSui1ibrium SoluSi1ity Relationships for 
C in Austenltes of Different Mn Levels· 

) 

'Mn P -Q 'roC Range ~ Range Matho,," 

Equilibration 
0 3.7 9100 1000-1300 0 ... 0.8 ~ . with methane 

Chemical 
0 2.26 6770 900-1300 0-0.08 techniques** 

Bardness 
1.0 2.9' '7500 900-1200 0.036 measurelllf!nt 

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 

1. 
ISOlation' of 

2.2 2.28 6815 8~0-95{) 0.019 precipitate 

1 

*Based on resu1ta reported by Nordberg & Aronsson (69) • 

**See a1so reference 116. 

p 

-Q 
log (% Nb) (,. C) 

= 3.28 - 0.5981(% Mn) 

= 8266 ~ 983(' Mn) 

~ - ~ + 3.28 + (9:3 - 0.598) ,% Mn) 
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Eq. (5".4) ara higher than those calculated from the Koyama 

et 'aL (66) relation. This suggests that the differences in 

the levels of the othér alloying elementa, e.g. Si, also 

affect the s~lution temperature. 

The shapes of the PTT curves in' Fig. 5.3 are a~so 

changed slightly by tha increased Mn concentration. That ls, 
;-

_the nose of each curve remains at approlCimately ,900oC even 
, 

though the location of the nucleation controlled branches of 

the C-curve ia retarded by the decrease in the solution tempera­

ture. 'The observatio~·that the temperature>coor~inate\ of the 

nose doea not change indicates that: Mn affects, not. only the 

solubility of the carbo-nitride, but a1so the difrus!on of 

the rate controlling species of the precipitation reaction. 

(The foregoing discussion i8 in !:erms of NbC precipitation 
, . 

alone. ·It is, neve~theless, likely tqat Mn has a similar 

effect on Nb (eN) solUbility and similar results have been 

reported for the effect of Mn addition on the N activity 

coefficient (l6,68). As the N cOJ'lcentration is, much lower , 

th~n the C concentration in ehese steels, no correction will 

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

As already indicated, above the nose of the PTT 

burva, nucleation is the rate controlling process (Fig. 5.6 (a) ) • 

The increased solu.bility of Nb (CN) i8 e~ected to result in 

a shift of the upper part of tha -PTT curve to the right; as 

illustrated in Fig. 5.6(b). If-this were the only effaç~, it 
, 1 

would ~ift the nose of the curve to a lowe.r temperature. In, 

) 

• 

1 
} . -' ! 
1 
; 

) 
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Figure 5.6 (a) Illustration of the contributions of the 
nucleation and diffusion controlled branches 
of precipitat'ion on the shape of the PTT 
curves and on the location of the.hose time 
and temperature c~ordinates. 

J, ' 
Figure 5.6 (b) Effect of decreased solubility tempe rature 

Figure 5:6 (c) 

'I 

on the shape of the P'l"l' curve and on the 
decreas~ in the nose temperature. 

Effect of both de.creased solubility tempera­
ture and decreased diffusivity on shifting 
the nOse of the PTT curve to longer tintes 
wi thout ch~nging the nose temperature. 
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"the present case, l1owever, the lower part of the PTT curve, 

i.e. the portion below the nose, is also shifted to longer 

times. In this region, precipitation is growth or diffusion 
, ( 

controlled. When both nucieation and growth eontrolled 

branches of·the PTT curves are shifted to ~he- right by 
-

approximately the sarne amount (Fig. 5.6(c)}, the nose of the 
. ,;;.~ ( 

. ( 

curve remains at the same, temperature. It is, therefore, 

possible that Mn addition deereases the diffusion rate of 

Nb while it raises the activity coefficient. The specifie 

reasons for this are not known, but beth effects could b~ 

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

,eo~arison with ,Other,Results Reported in Literature 
, _ ) r \ 

The ps,times for the two~current Nb steels 'are 

presented together with the results from five other investi-

gations in Fig. 5.7. At 900oe, precipitation starts in the 
, '" 

range 0.6 (curve fi~ to approximately 45 seconds (curve 15). 
, 

This disparity (in time) can be attributed to two major 

factors: (i) differences in the prier heat treatment and 
1 

state of defermatlon of each steel; and '(iî) different alloy , \ 
, ,,-,~ 

chemistries.' The effect of-Mn addition on the rate of dynamic 

Iprecipitat:lon under the SaIne processing conaitions (curves j 

.'1,6,7) has already been, discu$sed above. This i9 also 

evident in'curves 4 and 5 below 900oC., where an increase in 
:~ 

~, ,\ 

Mn level from 0.99 to 1.35% retards precipitation. That these 

two curves ,cross 'over' At about 915°C fa probab1y'àue to 'the 

.: ... 

---,._-- --._--.;..---,~----- .. - ~ " " 
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Figure 5.7 Comparison of the precipitation start time 
for Nb(CN) determined in the present study 
wi th some of the res ul. ts reported in the 
literature. 
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at 900·C 

, 
3 0.06 1.71 0.006 0.084 0.3 t at 9BO·C 1113 Watan&M et al,t 43 ) 
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somewhat different deformation histories. In the Hansen 

et al. (1~) work (curve 15), the steel wâs given 50% pre­

strain at 9500C a~ an average strain rate ef 2:6-s-1
1 then 

the tempe rature was decreased to make the precipitatio~ measurements 

By contrast, in the Hoogendorn and Spanraft (57) ·work (curve 

14) the material was pre-strained (the strain rate was not , 
reported) at the temperature at which the precipitation kinetics 

measùiements were made. It ls, therefore, likely that at the 

higher temperatures, dynamic, poat-dynamic, or classical 
..--/ 

recrystallization occurred, thus slowing down the precipitation 
, 

process. At the lo~er temperatures, on the _other hand, pre­

cipitation occ~in a defqrmed (or deforming) matrix and is, 

therefore, strain-induced or 'strain~nhanced·. 

Curves f4 and 'S.are in good agreement with those 

determined in this investigation. The higher C concentr~ions 

in the steels in curves t4 and.5 (0.10 and O.ll%respectively) 

are consistent with the noses of these curves being situated 

at higher temperatures. 
... 
(Davenport et al. _ (44) reportea that 

they expected the nose of the PTT 1 curve for a siÏnilar S'teel" 

to be at '" 9S0oC. As thei] results did not pe1rmit a full PTT 
.,. 

curve to be defined, they were not included 'in Fig. 5. 7) • At 
( -
the lower temperatures, on the o'ther hand, precipitation ,occur~ 

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

) ind~ced or 1 strain-enhanced 1 • 

/1 
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The precipitation kinetics reported in curve 12 (Watanabe 

et al. (43» are faster than the present work, despite the 

higher Mn and lower C levels. This ia probably due to the 
1 

considerably higher Nb concentration used by thèse workers 

(0.08 vs. 0.035%). In a similar vein, the Le Bon et al. data 
"' 

-'. ;' \ 
depicted as curve 12 are for a larger pre-strain (1.3') at a 

higher strain rate (3.6 s-l). The comparatively shor~ Ps 

tintes in their steel are probably due to (i) the higher dis-
/ 

location density assoclated with the larger pre-strain, (ii) 

the higher C concentration in their material (0.17 vs. 0.1% 

in curves 14 and 15 and 0.06% in curve #3; and (iii) the 

lower deformation te~era~ure that €bey used (900°C for all ' 

the samples). 

In summary, Mn addition retards the 'Prec:iJ>itation 

of Nb (CN) • This effect is attributed principally to the . 
decrease in the activity coefficients of C and N associated 

wi th. the increased Mn level:s. The kinetic s res ul ts ohtained 

in this investigation are in broad agreement with those 

reported in literatur~, the differences being largely consis­

tent with the different processing methods and starting 

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

The addition ff Mo results in a retarda~ion 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 Ps 
times for the present Nb-Mo steel are compared wien those 

for the b~se steel, a slight delay ls ~pparentl and the nose 
i 

seems to drop, to a somewhat lower temperature. The changes 
.J 

produced by the addition of Mo are more evident in the Pf 

times, where the delay i5 considerably longer. il 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 amounti however, by ,the time precipitation is 

as% complete, the retarding effect of Mo addition becomes pre-
, . 

dominant over a wide temperature, range. The:s ti~s they 

observ.ed are shorter than th'e present ones, once again; this 
, , 

is probably due to their higher Nb conëe~tration (0.b84~ vs. 
\, 

0.035%). The 1ater-completion Qf precipitation in their stee1s 
1 

is probably due to the different de~6rmation histories. -The 

PTT curves from this investigation are for dynamic precipita­

tion; while theirs are for a pre-strain of 30% impose~ at 9800 C 
1 

(and ~erefore for static precipitation). In agreement with 
, 1 

the findings of Jonas and Weiss (21) l ,dynamc preci}?H:ation 

not-only sta~ts ear1ier than precipitation in a pre-strained 

material, ~t i8 also completed in a shQrter time1frame. This 
,... , . 

, is because, wh~n precipitation occurs concurrently wi th deforma-

.. . . 
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tion, new dislocations and vaeancies are constant~y being 

produced, makinq the rate of diffusion fastér, and the 
; 

progress of precipitation easier. Furth~rmore, in the pre-

strained material, when the critical strain for statie or 

met adynamie recrystallization is exceeded and recrystall;za-' 

tion occurs, elimination of the dislocations can lead to a 

considerable delay in the proqress o~ precipitation, as the 

latter, proeess.is ~uch more difficult in a recrystallized 

matrix. ' 

The deerease in the nose P f tempera ture is mo~e 

visible in ~e Watanabe et "al. (43) data. This may be a 

consequence of Mo altering the solubility 9f Nb (CN) 1 as does ' 

Mn. Note, however, that it does not seem ta affect the dif-

fusion rate of the ~ or, at least, it does sa ta a more . 
limited extent (cf~ Fig. S.6(b». Watanabe et al. argued 

, \ that "sin~e no significant amount of Mo appeared i~ the Nb (CN) 

phase, ••• the precipitation kinetics must be influeneed 

indirectly by' Mo. "They also sugqest the possibility that Mo ' , 

slows down'the nucleation rate.' Thé results of Kanazawa et al. 

(70,711) , 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 
j,. , in the precipitates. The above authors (71) also found that 

Md addition accelerates the dissolution' of the Nb carbonitride 

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

Mn addition. 
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The present author ·considers that the retardation 

of Nb(CN) precipitation by Mo,addition is due to the increased 

sO+ubility of the carbonitride-,;and that this in turn is a 

consequence. of the net effect that Mo has on the activity / , ( 
coefficients ofjNb, C and N. The latter conclusion is, con-

1 
si,stent with the results of Wada et al. _-,:12,73), and of Nishizawa 

, (7~), who showed that Mo lowers the activity coefficient of 

C, as weIl as with those of Nislilzawa ,(-'N').' To" èfl:rÎI:e, 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'Austeni,te 

The,PTT curve for the V steel 'is presented in Fig. 

5.9, ,together with the cuive of Fig. 5.3 for the Nb steel, at 

the same level of Mn concentration. It çan be seen that the 

nose of the curve is at a somewha~ lower temperature (885 vs. 
) 

905) ~in keeping with the lower estimated solubility tempera-

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

detail below. Of greater' importance are the time coordinates 

of the noses of the curves,' si tua ted at 16 and 26 s·" for ;the 

Nb and V steels, respectively. _ The present C?bservations 

indicate that the rate of précipitation of VN during deforma­

tion is only slightly slower than the corresponding rate of 
l " 

precipitation of Nb(CN). It is, in fact, about equal to the 
- ) 1 

precipitation rate of Nb(CN) in pre-~trained austenite as 

r' 

( ) determined, for example, by the method of Wei'ss and -Jonas 

'! (2l,29,30). 
) 
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,p 
The' work of Roberts (34) ~_ ,in wh:i.ch he compared the 

, 
hot deformation behavior of a V and'~' microalloyed steel, 

is also of interest in this respect. 

position of the PTT curve for 20% precipitation of V (NC)"" .. . 

after 30% pre-strai~ at a stra~n.rate Df 1 s-l (~g. 5.10). 

He based this curve on the time to 50% recrystallization 

(after the above-mentioned pre-deformati9ri) in.the two steels, 

with a foreknowledge of the N6(CN) precipitation kine~ics. 

At 900oC, ais estimated ·time for 20% precipitation is 60 

_ se-.9on~ .. {E'.ig • 5.l0} and can ~e éxpecte~ to he somewha t less 

for (say) 5% precipitation. The Robe.rts P ~ time for strain· 

induced precipitation is thus lon9~~ than the dynamic P s ;ime 

for the present V steel. 'This is consistent with the higher 

Mn concentratipn of the Roberts1material (compare~Figs. 5.9 

and 5. 10). 1 j 

The SOlubility tempe rature of VN (9BSoC) shown in 

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

log (V) (N) = 7~33 + 2;99 (5.S) 

The Mn levela Qtthe steels on which this relation is based 

are not known, but ~-;\' believed to be in the proximity of 1.2% 
~ ...... 

, 
as will become more evident from the relationships descr:lbed 

below. Irvine ft al. (16) repo~~ed the sOlubility equation 

for a 1.5\ Mn stee~ as 

log (V) (N) = 8;30 + -3.46 (5.6) 

, 
) 

j , 
i 
! 

\ 
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They fOWld that the solÛbility of VN depended on the Mn con-
1 

centration, and expressed this as: 

log(V) (N) = - 8i30 ,+ 3,.40 +' 0.12(% Mn) (5."7) 

, 
,They auggested that this effect is due to the decrease in the 

activity coefficient of N caused by Mil additi6n. (We hav. >",_ 
.. : ...... 

adopted1here an ~ologous view regard1ng the effect of Mn 

add~ion on C activity.) T~e solubility tempe rature of VN 1 

in the present 1.2% Mn, 0.115% V and O~006% N s'tee1 ca'n be 
, . 

estimated as 985, 1025 'or '970oC, depending on whether Eq. (5.5),. 

(5.6) or' (5.7) is émployed, respective1y·. The sOlubility, 

temperature'of-VN can also be estimated fram the relationship 

determined by Frohberg and Graf (75): 

log(V) (N) = - 7~70 + 2.2'9 (5.8) 

This 1ast equation ia for a steel with no Mn; it can therefore 

be expected to lead to .a high solubility temperature •. For the 

present materia1, this is 102SoC, as 1a a1so obtained from Eq. 

(5.6). These relati~ns <5.5 to s.it, indicate that the dis-

'solution of VN in the present austenite oeeurs in the 970-l02SoC 

temperature range, with the lower temperature perhaps being 
1 

tne mere likely one. These temperàtures are close to the lower 
<' end of the Nb (eN) IfQlubility tempe rature range in steels of .. 

similar ,Mn concentrations. 

" 
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It should be added that the presence of vanadium 

carbide precipitates is not expeôted above 8500 C (2) because 

of their solubility above this temperature, as calculated J 

from (2) 

10800 + 
'1' 7.06 (5.9) 

5.1-.4 Precipi tation in the Nb-V Austeni te 

The experimentally determdned dynamic 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 

note in this fi~e: 

{il 0>' The precipi'2fjti6n kinetics are slower in the 

Nb-V steel than in the Nb steel. (V addition 0 

retards the precipitation'of Nb(CN).) 

(ii) Above 900°C, precipitation starts earlier in 

the Nb-V steel than in -the V steel. Below 

this tempe rature , the J;'everse i~ oJ:)served, 
, 

thouqh to a lesser deqree. (~is suggests 

-Nb additio~ retards the precipitation of VN.) 

(iii) PrecipÜ:ation ends later in t4.P.. Nb-V steel <0 

than in the Nb and V steels '1 

in tim8 being smaller at the 

J 

~ difference 

l~wer temperatures. 

r 

1 
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Il 

(iv) 

() 

The nosé o~ ~e Nb-r.V steel PTT curve drops' 

to/' lowe.r tempe~ures in' going from P s ;t;.o ~ f' 
in a. rnanner similar to the drop, caus~ by 

/-

the additi.on of Mo té) a Nb -Keel. , 
~' \ !/,.)~o 

The êxplanation for the fitsi item above lies largely' 
<1 " , 

in t!lë ~ctèd increas;)n Nb (CN') jolubility due to V addition; 

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

,activity ooefficient of C (72) and also ofiN (75), as'shown 
U t, • { " 

,in Fig.' $.12. In a similar manner, the addition of Nb·to a 

~ steel dan be considered to '-increase the solubility of VN 
o , 

and, therefore, to retard the rate of precipitation of VN 'in , , , 

~e Nb-V steel below 900°C ........ AlthoUgh this approac~s, a~ over­

simplificàti6n, it can. account to some ex~~nt for conclusion 
, , 

(ii) above, as' descr:lbed in Imre detail in the next paragraph.· 
" 1 

, , Above 900°C, the Nb-rich prec~I'Pitat~s form'ear1ier 
j ,.. . 

than~he v-~ièh ones, largely due to the reater .supersataration 

of the fo~r in this temperature range. "1 At apprÇ)ximately 
1 

900oC" the nucleation and diffusiOn controlled branches of 
1 
1 -
, z.'.) 

the Nb(CN) PTT curves intersect and are equ~lly ~ate controlling; 
1 

cf. Fig. 5.6(a). Below thÏ;s temperature, 'the process.becomes' 
Qi" -

diffusion controlled for the Nb rich phas~. For 'the V-rich 
, ... "', 

phase, on the other hand {see Eig. 5.9}, there is a heavy 
, 

degree of supersa'turation below 900°C, without the process 
"'o;::. 

baini largely diffus~n controlled. Renee, it ean be antici-
J 

1 • 

pated that" the V-rich phase precipitates sooner than the m, 

one .. 
," 

" 
" , 
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We turn now toJa consideration of items (iii) and 
# 

(iv) above, which irtvolves some knowledge of' the composition 

of the precipitate in the NlJ-V steel. The nature of this 
) 

phase was not investigated, and was not within the scope o'f 

tnis study~ It is, however, believed to be a complex (Nb,V) (CN) , 

being very lean in V at the higher ·temperatures and at earlier 
, 0 

times. Near the end of precipitation, dlle td the longer time 
, 

and greater density of available nucleation sites, e.g. the 

existing Nb(CN) particles, a V-N rich phase ia expected to 

precipita te. Behavior similar to ~this in nature has been 

observe~ in Ti-Nb steels where the Ti~rich phase precipitates 

aLmost instantly' and the Nb-rich ones precipitate at l~wer 
1 

temperatures and longer times onto,the previously formed phase 

(76) • 

It was suggested- above that, bas~d on the shapes of 

the PTT curves in Fig. 5.3, it was po~sible that Mn addij;.ion , 
decreased the diffusion lia te of Nb in y -Fe. It will now be 

hypothesized that both Mo and '" addition decrease the rate of 

dilffusion Df ,Nb in y-Fe. Furthermore, the possibility that 

Nb addition decreases the rate o\.f diffusion of V in austenite 

w.:L1l ail.so be examined. These ,ef.fects, if they occUr" will 

modify the sh,.pes of the PTT /curves along t~e 1ines ~lready 

discussed above for Mn addition. First of élt1r, they will 
. -

prevent the nose of the curve from dropping to the extent 
r " 

eXJi,ected when the diffusion rate of the controlling species 
/ . 

ls !!21 modified by an alloyinc; sddi. tion • This has to do wi th 

the direc..t link. between diffusion rate and the lower branch , { 

j 

- -- .. ------ ~ 
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of tha PTT curva. However, it is possible th~t the decrease 

in diffusi.on rate also affects the upp~r branch of the curve'( 

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

( ' the th th i 1..e./ grow ra er than the nucleat on process). Thus, the 

present results are consistent with the proposition that pre-

1 cipi ta tion in the Nb-V steels takes longer than in ei ther the 
, 

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

/ / , 

V stael retards the rate of diffusion of V, and vice versa. " 

S.2 Dynamic ReCrystallization-Time-TeffiPerature (RTT) Curves 
1 

5.2.1 Recrystallization Start Time 

The time to the onset 'Of dynamic recrystallization 

Rs can be determined from: 

= t' lE: 
P 

(5.10) 

in a manner analogous to the determination of the P sand P f 

times previously described. Here" ep is ~~peak', strain. at . ---~-~ 
the associated strain rate t. The---âCtual recrystallization 

Istart time~ are ~atima"f~à--~-: app~oximately 5/6 of Rs' _ b~sed 
on the work of Rossard et a~. (77). For the strain rates used 

in -this investigation, as wi.ll become evident below, this dif­

ference is of no practical significance. 

To construct RTT curves for the current materials, 

compression teS"ts we;-e performed at a sinqle strain rate of 

3.1xlO-2s-1 • This strain rate was selected because it was the 

"lowest that coul.d be used under the condition that little or 

{j .' 

, . "~----"- ....... ~ , 

. ' 



" , 

() 

.. 

132. 

no precipitation takes place prior to the attainment of the 

peak strain. (The latter was_ limited to 0.8 with the ~quip­

ment -avai~able.) For a~l the six steels, this stipu~ation 

was ~ikèly to be respected, even at the lowest testing tempera-
. 

ture (see Figs. 4.8 and 4.9). This is because, a~ the selected 

strain rate, the time of the test to a. strain of 0'.8 is 2{) -

seconds, which is jllst long enough for some limited precipi­

tation to start, if Any at aIl., 
\ 

The tests were conducted in the temperature range 

87S-107SoC. The flow purves are. presented in Appendix B, an~ 

have aIl been reproduced in case they are of utility for the 

caleulation of rolling loads. The Rstimes were determined 

from the peak strains in these flow curves, and the RTT curves 

that resulted are presented in Fig. 5.13. The Rs times are: 

shortest for ~e plain C steel, followed by the V steel, in 

good agreement with observations in the literature. The Nb 

bearing steels 21.11 have longer Rs times.*' The delay produced 

, by V addition (compare the curves for the plain C and the V 
r 
[ 

steels) is approximately the same-over the whole range of 

*Nota that the plain C and V steSls for the 92S and 87SoC 
tésts were austenitized at 1075 C (the highest sesting 
tempsrature) for lS minutes rather than at 1030 C and at 
1045 C respectively for the usual 30 minutes. These ,higher 
tempe ratures were used -to compensate for the somewhat sma11er 
graLn sizes in 'these two steels in comparison to ~e Nb- / 
bearing ones, wh:t.ch had been heat treated at 1100 C for half 
an hour. 

-..----_.- -
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temperatures investigated and ia due to the solute retardation 

effect of V on dynamic recrystallization. The addition of Nb 

at similar Mn l.ev:els (compare -tl'le é1Îrves for the plain C and 

the 1.25% Mn, 0.035% Nb steels)j however, leads to greater 

delays in recrystallization below 9250 C than ~t the higher 

tempèratures. This can be attributed to the interaction between 

precipitation ~nd recrystallization in the Nb steel, which is 

elabora~ed on in the next section.- At 900oC, where the nose 

of the PTT curve for Nb(CN) precipitation ls located, some 

precipitation starts just before the peak strain ia reàched' 

(see Fig. S.~3). This probably causes the delay in the re-

crystallization start tima beyond that due to the solute 

rètarding effect of Nb. 

It is clear from Fig. 5.13 tPat Nb alone has a 

greater solute re~arding effect than V. Somewhat unexpectedly, 

the addition of V ta the Nb steel (Ioes not le~d to 'an increase 

in retardation. Instead, the Rs' time ,follows the behaviour 

of the simple Nb steel and the Rif>' times for these two steels 

are almost indistinguishable. 'l'he RTT curve for the Mn-Nb 

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

steel. Although more 'complex eltplanations are possible, this 

lack of difference hetween the Nb-V and the Nb st,eels may he 

due to the somewllat smaller grain size in the former, as in ..-/ 
, 

the case of the Mn,..Nb s.teel (see "Table 3 .1) • 
1 

.As shown by' 
\ 

,Sah. et al. (18),· smalle~' gra+n size~ lead to S~ller. cpe~ 
1 -- --~-, 

For -the sa,me 
... '~ t -,-

the Mn-Nb It:eel 

strains, and ther~fore toshorter Rs timea. 
. . 

grain size as· the Nb steel, the Ra curve for 
/ ' 

! .-

" 

" 
\~, 

, 
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lis expected to 1ie at about the same location, or possibly 
/ 

ali'ghtly to the righ.t of the curve for the Nb steel. 
1 

When Mo is added to the Nb steel, the greatest po~t­

ponement in reerystallization is produced aIOOng the fi ve HSLA 

steels ~nv,stfgated. The probable reason why ~e RTT curve 
o - -

for this steel is not .deflected rightward and upward below " 
j -

-,925°C will be eonsidered in more detail-in t~ next' section. 

\J 

5.2.2 Reerysta~lization Finish Times 
Il .. 

1), 

The Rs and Rf (recrystallization start and finish) 
} l' <IF , ,-

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

Fig. 5.14. The 
l " 

~~' t~s were'calculated from 
\\ ' 

. '~; 
" -2 

Ef/3.7xlO " 

Here Ef is the sttrain ât wh'ic~ th'e first leycle of reerystal",,: 
1 

lization is terminateq. (78). The \\~f times are incompleté at 
" . 

the lower telQperatures in the Nb bearing stéels. This i~ 
,. , 

béeause the strain vas' limi ted to Q. 8 in tlie 'test method 
) l ,1. C) 

adopted, so that the test could not be contlnued, to the end 

of the firet cycle of recrystallj.zation. 
. \ 

. Thé Rf val uea were 
" 

not included in pct-g. __ s.13 ~o malte the figure clearer. 
~ l ' 

5.2.3 Solute and Precipitate Retardation,Qf Rep!ystallization 
t 

,{\'" 

Dyn~C'Ra·ttmes'wère also caleulated (as described 

,&bove) ~rom the data of Weiss (79) -At a strl!Li~ rate of 3.7xlO-2 
1 Q 

.-1., The resu~ts ohtained fôr a pJ.ain C and a Nb steel are . . , 

'presented'in Fig- 5.15 with ~'plain C and Nb steel data from 

' .. 

" ' 

• 
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, . 
this"investigation. The differences between the overall time 

coordinates for the two plain C steels are probably due to 

the cansiderably different chemistries of these steels. The 
) 

steel studied by Weiss eontained 0.007% Si, 0.33% Mn, 0.09%' 

Al andO.02l% Sand can be compared with the present composi­

tion of 0.24% Si, 1.43% Mn, 0.025% Al and 0.012% S. The g{eater 

concentration of Mn and Si in the current resèarch accounts 
1 

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

at 97So
C, Rs is all'ound 5 s in the l'\eiss plain C' steel compared 

with more than 7 s in the present one. The pronaunced change 

in the slope of the curve for the Weiss plaIn C steel below 

950°C is possibly due ta Al~ ~recipitation, which 1s expected 

to oceur dynamdcally at these strain rates and temperatures, 
1 ~ 

as shown by MiChel ~d Jonas (32). In the absence of preci-

pitation, this· curve would be expècted to be parallel) to ~e 

other pla~n C steel curve, as indicatel by t~e ~~~h~d line. 

In a like fashion, the dashed line for the~Weiss 

steel in Fig. 5.15 indicates the expeeted solute retardation 

due to Nb addition. These points were calculated from the 

hypothetiqal peak strains expected in the absence of precipi­

tation; i.e. they correspond to the)peak strains 'rep~esented 

by the dashed line B in Fig. 5 .1. The pain ts on the solid 
/ 

line were calculated from the experimentally observed peak 

strains. The as times for-solute and precipitate retardation 
. \, , 

Shown in Fig. 5.15 vere readily calculated for the Weiss Nb 

'steèi, beCAuse the faster preôipi tati.on kinetics in this steel .. 

. 
~---------___ ._ •• ________ ... nr"' __ n ...... :_;~-
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(see Section '5.1. 2 and Fig ~ 5. 3) permit ted the two effects 
, 

to be more easily distinguish~d at tbLs strain rate • 
• , c 

1 . 

5.2.4 COmparison between Static and Dynamic-RecrySûaIlization_ 
KInetics 

Classical Cstatic) ançt pOl?t dyn~' recrystallization . 
/ 

kinetics lare considerably different; in terms of t'ime; than-the 
tjrne~ 

dynamic ones discussed above. ll'or example, the s-t;ati'c Rs fLor the 

'plain C grades are generally about an order of magnitude 
~ /' J 

shorter than. suggested by Fig. 5.13 to Fig:' 5.15.' Furthermore, 
, , // 

the static t:ime~ for the microalloyeér-grades can actually be 
, , 

longer than the dynamic ttines indicatec; 'in the above figures. . / 

, .. 
Thus, the dynamic times for the fuJ:.l range of, steels appear . -
t.o be more 'compressed' than are the s ta tic times usuaIly. 

reportèd for the same ste~ls.- The data of Le Bon et a!. (28) 
. ~/ 

for a 0 •. 17%'- C, 1. 35~ .Mil ~np a 0.17% C, 1. 35% Mn, 0.040% Nb 

" steel indicate, 1;hat above 950°C recrystallization st~rts 
in Iees ·than ohe second for both steels (Fig. 5.16). In fact, 

, . 
reèxystallization atart~ in Iess than a second at temperatures 

, -

as low as SOOOC in the'-'plain C steel. In the Nb steel, the 

proc~ss is delayed by mère than an order o,f magnitude at 9000 e 
,1 1 ~ 

~p. .. t4~ Rs times are of the order of 10-50 seconds at asooe. 
(The so-called "reverse-knee" at 900°C is due to the 'inter­

~ctiont between reerystalliza~on 'and precipitation, which 

will be considered in more detai! below.) The at~tic Ra tilDeS 

change in the Nb steel by more than two orders .of magnitude ' 
~ l ' 

~ t~ o~r a 200°C tempe rature range. By contrast, in the 
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-~--,~-....." 

140. 

c, 
• 

J 
f 

1 

1 



( 

• • 

•• 
141. 

ca$e of dynamic recrys'ta~lization over the' Sallie temperature 
(? 0 

range~ the Rs tim~s inc~e~se ~y only h!ll an oJ;der of magni­

tude in time, or perhaps even 1ess (see Fig'. 5.13) for the 

stra.f.:n rate selected here., (A different strain rate shifts 

the RT-T eurve.s along the log (time) axis.) 
i 

It should }:;te noted' 

that the shape of the plain C curve of the pres9nt study does 

not change when shiftinq from the statie to dynamic case. In 

tlie Nb or V steel, on the other "'hand, whether or not a shift 
ô 

occurs depends on the particular strain rate selected. At. 
-2 -1 strain rates greater than 3.7x10 s (i~e. further to the 

r}.ght of the 'humps' in Figs. 4.8 and 4.9). the slight "lfeverse­

knee" evident below 925°C in Fig. 5.; 13 will generally disapp.~ar 

almost comp1etely, as the whole curve shifts to shorter times. 

At lower strain rates (i.e. witllin the ,'hump'J, the Itreverse-. . 
knee" 'is expectèd ta become more noticeable. Under thes4! 

condi tions, the curve moves ta generally longer times. 
. .. ,~. " 

J;t is apparen~ from the above discussion that the' 

relati.on between the static and dynaDdc tilDes ie not a simple 

one. ~evertheless, many fewer tests. ~re required to' de termine 
i 

the dynamic than the static RTT curves. It is; therefore, of 
" . 

, . 
consi.derable interest te find a "calibrati.on factor" relating 

, ------
the two types' of recrystallization 'processes. .(l:t i9 unfor-

tunately, unlikely to be a constant.) The relati.onship coùld 

be, determined by runninq both t~elt of test ·on·a ~iVel'1' material, 

f,?r exampla, on a non-precipitat~g, ,plain C ateel, and for a 

selected Nb .tee~. If this vere done t and if a "parall.l-
,"~-

bahAvior w.zoe to be f6un.d for the mater.1a.la of each type, then 

.. ' 
• b 

l, 

, 1 
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it is.possible th~t ~imple extrapolations could De perfor.med 
" 

to éstimate the static RTT curves from the more easi1y 

es~ablished dynamic ones.' '. • ,-

( 

5.3 Interaction between-Recrystallization and Precipitation 
J 

In the' preceding: section, the RTT curves for the six 

steels investigated were discu~sed. The ·réverse-kn~e" seen 
" 0 

in the Nb steel curves was ascribed to the initiati'bn of pre-

cipitatio; prior to fecrYstallization. This-explanation witl 

now ~e,éonsidared much mor, close1y. For this purpose, the 

." 

! 

~ curves for the Nb and the V stee1s are reproduced together . .' 'i 

with the Nb(ÇN) and the VN P~T curve~ in Fig. 5.17. It can be 

seen that the RTT curve of the m( steel is intersected by the . 

5% Nb (CN) PTT curve in the ,vicinity of 9000 C. The rtghtward _ 
, / 

devia tion of the R';1'T curve can be explained on the following . 
( 

basis. First, an e~r~polation is made of th~ ~no-pr.ecipitation' 
\ 

(solute ,~~fied, only) RTTo curve for the Nb' steel. (Th'is is :"", J 

dep1cted aa a broken lin~ Than ~ estiinate was made of the 

0\ Nb (eN) \~PTT c~e a; Is~~n Cbroken linè). 'It is the inter-

section of- i:Àe Ot PTT line (P s) wi th the solute modified RTT 
_ '/ 

curve that leada'to the defl~ction of the observed RTT curve. 

, This argument has, been advanced .iJ1 more detail by Weiss? and ~ 
" 1 , \ 

, . 
[ 

Jonas (21,29), Xreye and Hornbogen (80), Hansen et al-. (13) 

and:Akben et al. (63), amon~st others. 

'J!urning 'DOw 'ta the case of the V 

, "1 
steel, i t la appar.çj;J 

that th.re 1a no hint of a -reverse-kne.- in the V RT'l' data • 
• 

! ' 
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In terms of the present model, this' is because neither the 5% 

nor the tlstimated 0\, VN PTT curve intercepts the R'l''l' curve. 

These two sets of curves are typical of.the kinds of inter­

actions between recrystallization and precipitation that are 

found in microalloyed s;t:eels. In this way, they le ad 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 ~.l, are Iess so. 

5.3.2 'l'he Strain Induced' CIndustrial) Condition 

The above example is for the interaction between 

dynamic recrystal~ization and dynamic precipitation. In the 

controlled rolling process dynamic precipitation can occur 
. . 

during a particular rolling pass, but it is unlikely to be 

as important as static precipitation~ This ia because the 

elapsed time durinq rollinq (i.e. during passage through the 

deformation zone) ranges from about 0.1 ms in the finishing 

stages of strip rolling to ab~üt 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. 'l'hat i8; the' 

time availab1e for static precipit~tion is general1y about 

two orders of magnitude greater than for dynamic precip~at10n. 

A given ro11ing pass may, or may net, be fellowed 
/.,-

by static recrystallization during the interpass time.* 
" 

*s.e follaving page u 
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Generally speaking, the statically and dynamically'formed 

prec~pitates (if they 'can nucleate on disloqat~ons) prevent 

or delay both recovery and recrysta1lization after each pasSe 

When this operation is carried out successfully, as was 

described Ln Chapter 2, the resulting austenite gra;n struc­

ture is pancaked. When these austen~te grains transform, the 

\ ferrite grai1fs are fine and uniform. 

f' 

.. 

5.3.3 Solute and Precipitate Contributions 
r 

TW9 static cases analogous to the dynamic cases of 

Fig. 5.17 are illustrated in Figs. 5.l8(a) and (b). 'In Fig. 

5.lâCa), the re~rding effect of Nb in ~olution on recrysta1-, 

lization is indicated~by the shift to the right of the RTT 
... - .. ~ , 

diagram with respect, to the one ,for the plain C steel. By 

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

sects the PTT diagram for the deformed material. When recrystal­

lization precedes precipitation, e.g. at~lOOOoC, the prestrain 

dislocations are removed, and the onaet of precipitation is 

delayed, as given by the st~t~~ PTT curve (13,63,?9), which 

~ not shown on the diagram. Alternatively, wh en precipitation 
, , ,. 

_ *The possibili ty of lIIétadynamic recryst~lliz,ation is almost -
- completely excluded because very large~prestrains are l required 

to initiate it at rolling mil! strain rates and finishing 
temperatures tal}. Even when recryst~llization is absent 
and the strain is effectively 'accumulated' ·over a number 
of paasea, the total strain ~s unlikel~ to rêac~ the high 
levela required to provoke dynamic recryatallization, largely 
becaU8'e the critical stra1n when thetemperat,pre i8 continuously 
decreuing i8 mol/e than double that observed under isothermal/ 
conditions {81r~ \ 

• 
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~ Plain Corbon vs," Nb Stee't 
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--- / begins earlier ~an the re~rystallization stait time indicated 

by the solute modified RTT cûrve, as it does at 90,COC, the .. 
recrystalli~ation ia delayed significantly (21,29,30), and 

l , 

produces the desired pancaked grain structure during finish 

rolling. 

In Fig. 5.l8(b), the expected behaviour of a V steel 

containing no Nb is depicted. T~e solute~modified RTT curve 
~ 

is only slightly displaced to the right of 'the plain C c~ve. 

This small dis placement is insufficient to cause this curve 

to intersect the~TT c~ve,for VN. Once the steel starts 

recrystallizinq and the dislocations are removed, it becomes ~ 

increasingl~"difficult for strain-induced precipitation to ., 
occur. In this way VN precipitation is considerably delayed, 

J, 
<~ and may not talce place at all. Thus, tpe' V concentration' 
\YI 

':';;r 

, , 

selected cannot' prevent recry$tallization, even at 9000 C, not. 

because the precipitation of VN is too slow (see Fig. 5.9), 

but because the'solute retarding effect of V iê too small. 

In fact, the solute retarding effect of V appears to be so 

d ." low that, whexv'1f.~m6ination with Nb, it cannot be dis,tinguished ,:" 

from the affect of Nb alone (see Fig. 5.13)., 

The retarding effect of Mo in solution if! much mort. 

noticeabla, ,?en in the presence ?f Nb. This is suggested by 

the dynamic RTT curves of Fi9. 5.13, although it is the static 

_curve which is of indus.trial interest. Even thouqh the RTT 

curve for the. Nb-Mo stee' is shifted to longer time~, in ' 
• • 1 

comparison Wl.1:h. the Nb s-teel, due to the solute ef~ect, the 
, " 

"revarse-knee- wi:ch could he expect.ed t'o he more pronounced, 

, --- • , op --.,.-- ... -- -

\ 
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iscbarely detectable. This can be rationalized as follows: 
1 • 

(a) cne PTT curve is also ,shifted t~ longer times in this 
Il 

steel (Fig. 5.2) due to the effect of Mo addition on the C 

activity; (h) the nos'e temperature of this curve is dec-reased 

by the addition of Mo; and (c) as a result of (a), the PTT 
i> 

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

intersect. This explana tion could he chècked out by conduc.?ting" 

experiments at lower strain rates, and possibly At lower 

temperatures, under which conditions the 'knee would probably 

become more ~ronounced. 
\ 

'è 

5.4 Rationalization of Relative Effects of Different 
Elements on Higlî !t'emperature Flow Bëhavlour of Austeni te 

J 

The roles of the microallGying elements in austenite 

are not well understood. This is partly because, at low con­

centr~tion~ '(e.g. 0.02, '0.1 and 0.25 at.' of Nb, V and C 

respecti~ely) detectable effepts are' not generally expected. 
" ' 

However~ there ~re rea~ons (both experimental' and theoretical) 

for cons~dering that the transition elements, and eve~ some 

of -the non-transition elements, can 'haye import~t solute 

effects in the austenite range. 'As an example, Ouchi et al. 

(82) 'have recently )shown that increasing the Mn concentration 
,~ ~ , \, , 

from 0.57' to 1.30% ~n a 0.12\ C steel delays static-re~overy 
fi 

and recrystallization times byone half to one-arder of magni-
, ·0 ' 

tude in time At, 1000, 900 and 800 C.' The experiments of Luton 

et al. -(38)., on decarburize,p and denitride~ Nb, steel have, a~ 

shawn that: Nb in solution retards both atatic recovery and.. -- ' . 
• ~ j If ! 

static rec~stallization by about one order of magnitud4.,in ..... 

Q 
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() 
time compa~e~ to an equivalent plain C steel. Si.ini.larly 1 

the work of White and OWen (41) on a V s~~l conducted above 
, ~ 

the sOlubility temperatures of VN and VC has demonstrated 

that V in solution reta~ds the dynamic rec~allization of 

austenite with respect to a reference plain' C steel. With 
<) \} , 

regard to the retardation of dynamic réct"stallizationl in 

addition to the references aIready mentioned, the torsion data 

of Fig,. 4.'9 (a) and (c) determined at 3 s -1 indica17e that the 

peak 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 carried ~utJ 

at 55 s-l (and therefore in about 20 ms) lead-,to a si~lar . 
conclusion (83). Torsion testing on a series of Al-N steels 

by Michel and Jonas (32), e.g. at 0.6 s-1 a~so resUl~ed i~ 
Iarger peak strains in a 0.08\ Ct 0.084\ Al steel tà~ in an 

Al-free steel, even when the precipit~tion of AIN was not 

taking place. 

) A number of possib!lities exists as to why these 

elements can have significant solùte retardation effects on 
, 

recovery and recrysta11ization. The various possibilities 

will now be considered in turn a~d are evaluated oelow. 

5.4.1 

.. 
Atome Size Differences in X .... Fe Solutions, 

œhadiameter differ~nce between g~'i;on and a 
. -

given solute. .tom can be an important' factor with regards to , , ... 
• agregation to both -dislooations and grain bo~daries. The' 

.. 

o 

. _ .. "'. _ ..... ..Ih.,-....-_~, __ 
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ranking order for these size differences is presented i 
; 

Table 5.2. The atomi.c sizes aretaken frotn the reference 

\ 
\ 

\ 

\ 

\ 
by Pearson (84), and are for a coordination number of 12 and 

for metall~c bonding. It ia apparent from this table ~à~, 

at equal atom fractions in solution in y-~e, Nb ànd A1"at 

sizedifferenc~s of 15' and 12\, respectively, are expected 
\) ,r",'r 

to have stronger affects than, say. V at 6\. ln a similar' . , 
way Mo, with a size difference of 10%, is expect.edfLto hav~_ 

an effect intermediate between Nb and v, whereas 'Mn, at 2%, 
" 

. " 

is 1ikely to have only a sma11 effect. -On this oasis, Cr and 
1 

Ni, which have approximately the SaDIe atomie diameter as, __ ~ron, 
">-, 

shou1d ha~e a negligib1e effect. 

\ . 

.Although there is reasonab1.e qualitative a9ieemen~ be- ' - , \ 

tween the atomic size differenèes and the observed ~solute effectsk 
, 1 

there are 
,,';;,.:--, 1 ~ , 

important exceptiolls.'· 'For example, with almost:,equal 
1) 1( 

As i ato~c diamete~s,)Al, an~Nb shOfild have similar eff~cts: 
l , • ~ ç 

, illustrated schematica1ly ±\ Fig. "5.19, the increase in~e 

peak strai~ ,'produce~ by 'Nb ~dd~tion, i~ con~~derabl~ larger 
~. \ ~ ~\ "(,)~, " .. - " 

'(by a factor 'of more ·than three) than that\'dtlë to lu' addition. 
, .. ~. • 1 

,\ 

A possib e rea.on for this inconsistency, which may irivolve 
o 1 J... "1 ~ l h J 

diffe~,ces in th~ electr~~ic structure of'lron and-of each 
, ,~,' ) 

element ( , ,,' will. be consi:ctefed' in'.~ection 5.4.3 below, 

in détail. ,- ' '\ 

l' 
> " 

S.~ .. !--2 ModuIus t1.i:tferences _ 
<) • 

The chang~ in the IlIOdul ua of y-Fe a8 a resul t of 

41.f~eZ'.nt solut.e addi:Uons are hçd tp compare_ with each o.ther 

l' , . /, . 
'/ 
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'Symbol 

y 
oZr 
Hf 
Hg 

o· . 
0 Nb 

Ta 
Ag 
Al 

W 
Mo , 
Se ,. 
Zn 
Pt 
Pd 
Tc 
Ir 

- v>;" , 
Rh ' ~ 

Si 
Mil ci . 
'P 

, 
" ' 

\\ ' 

" '\ 

, - ',\ , l'~, t T''!!. 'tilLE 5 2 
• l', \. ~ - • " \,,n,,g • 

) 

\ '1 ~ 1_ \, \ 

, Elements in Dècrea@ing Order of Atomic 
bifference with Iron* 

.. " 

Size 

\ rx > r Fe rx < r Fe , 

) , ' 
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.. 

1 
1 

Q 
(r~ -rFe,>/rFe (i) -:(rX-rFe)/rFe rx (A)- Syinbol ~x , , 

l' 1 J 
1.801., 0 • ./i1 ,,' / C 0.916 ,0.28 , 
1.602 0."26'" ' B 0.98' 0.23 
1.578 0,.24 " Be 1.128 ! 0.11 
1.573 

" 
q.213/ Ni 1.246 0.02 

'1.56 O.~2· Co, 1.252 0.02 
1.468 'O'r5.! S 1.27 0.003 
1.467 1 Q~ig 1 

1.445 ' 'O~13 , l ' , r 

1.432 ,', ,ô.12 -, 

1.402 ! /"J).10 .. 
1.~00 , ,\' /" ,,0.10 
1.400': Ji, , '0.10 . a 

1. 39"~" > 0.';09 .... 
' . 

1.38 ,1 '" 0.09c ' 
-- • 

lom l 
0~O8 

0 

1.3 ,o· 0.07 -
~ 7 O.Q7 , , 

l~ 46 0./06 \ 

1'.345 O~O6 
1.312 

, 
0'1'03 1 

1.304 0-.:02. 
1.292 " 0.01 

" 1.'28 0.005 . 
1 -

o ,0\ 
r Fe • 1.274 A 

" 
Q -

~B&8ed on a CN of 12 and metallic bonding (84) • 

J 

" , 
.. 1 • .".~"te "'...."r .. j.~'. ~~.i 
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for a number of reasons. One is that such data are scarce. 
U i 

Another reason is that the extrapolation of room temperature 

data (for a-iron) to the high temperat~es of concern here 

may be inaccurate due to the change in lattice structure. A 
r--- "", 

recent survey of the literature relating to modulus effects 

published by Michel and Jonas (32) i~ reproduc'ed in part i.n 

Table 5.3 for Al, C, Mn, N, Nb and V. The data are presented 

as norma~ized differencës and as the modulus mismatch para- . 

meters (l/E) (dE/dc) • 100 and CliP) (d~/dc) • lOO~ where c ie 

the atomic concentration. 

Accor~ing to this table, each of the ~al)ove elements 

produces , decrease in the Yo~qs modulus of Fe with .increasing 

concentration, and all but one a1so lower th:e shear modulus .. 
(the exception in the second case is V, w~ich is' expected to 

lead to a slight inèrease). Data for Nb are lacking. The 

softening due to C and N is anticip~t~d, as these interstitial 

elements strongly dilate the lattice. However, a clear drop 
, 

in the" modulus of y-Fe i8 also px:oduced when Al is added. _ The 

retardation of recovery and recrystall!zation described aboYa, 

and the str~ngthening affects described below, therefore, ~­

~ be ,attributed,,:to the decrease in *>dulus (as long. as ,these 

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

incr~ase in moàulus on the~ additi.on of solute. It therefO~ 
. seems apparent that the obaerved'àifferencea in the rates of .' 

-' 

re.cov~ 

effecta, 

and ra~stallization ar~ probably duel to the electronic 
, 'Ij'-;: 1 

wh!ch. ara described immediately be.l.ow. 

, 1 
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TABLE 5.3 
~ 

__ Influence of Al, Ct Mn, N, Nb, Si and V Addition 
on the klastlc kôaulus of Iron* 

Relative Difference 
in Young's Mod\Ùus 

g-L 
x 'J!'e x 100 

1 '. 

Epe ' 

-65 

-33 

-19 

-47 

Jonas (32). 

\.. 

-ê 

Relative Increase 
in Young' s Modul us 

.with Concentration 

1 dÈ 
Ë • dc x 100 

- 63,at 1000~C 
-102 at 1050 C, 

< 0 and similar 
to C 

-125 

-130 

"'0 

-42 
0 

é" 

" 

Rélative Incr$Ase 
in Shea~ Modulus 

with Conéentration 

1 1 dl1 x 100 jj • de 

-132 

-139 to 
-200 

+12 

-29" 

~, 

, 
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• 

l 
1 -
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1 

5.4.3 Electronic Differences between Solutè and Solvent 

For the present pur,poses, the relev~t electronic 
(­

ifference 1s def1ned as the difference in the -number of 
.... , ç:j 

, , 

electrons contained in the out'érmost shell or shells. For ~ 

1 

2 8, 6 P and ~ d shell electrons in the 

outermost layer. In ~hat follow!', the basic approach o~ 

Abrahamson and co-workers (85-88) has been aàopted. 

Accordingly, the expected effect of solute addition on the 

recrystallization behav1.or of Fe depe~ds primar~ly on the 

number of s, p and d eiectrons in the outer shell of the 

/ - J 
particular elements in their ground state. AbrahaDSon's 

original plot is reproduc'ed here a1l Fig. 5.20, with the 
, 

\, 

addition of several elements, identified by crOBses, whièh (J 

were not included in his investigation of 1960. The rank 

order of the se eiementa i8 listed in Table, 5.4. '\. 
\ 

According ~o Abrahamson, even whert;element8 have 
1 

the o!!!!!. nu!f!ber of s, p and d shell electrons, their rëlati va 

effects can still be distinguished. With regard to their 
a 

influence on the recrystallization tempe rature of ca-Fe, as, 

shawn in Fig. 5. 20, ~ t a 9i ven n \DIIbar of 8, and d elacuons, 
- . . 

the rank order will be based on the atomc size order given' 
. , 

~n 'rable 5.2. It is evide:ijt from Fig. 5 .. 20-that t:hrnumber " 
. . 

of free -electrons hu a aignrficantly stronger infl~nCJ. on 
'" "'J. ~ ~ 

recrystallization ~yi.or than the number of fil'l.ed elecuon 
. -

shella. (It li. the l~t1:er wlUch ia c1o.,ly ... O<;1ated- v1 th ' 

the atomie si.ze of aach elemant. *) r 

, . 

" . 

) 
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:, " F~9ur. :5.2~ , , '. B"ff~c~-' o~ th. a..utt"o~· 'of ~~ranii tiO~ .~n~. 
on 1:he .n.~~.tallizatiqn .teÇerattD:e of! ' -.~ 

--:'œfoarec:l .... i2:0n Caf,tç 'Abr~oll -(87)'ft. . ' 
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TABLE 5.4 

Transition Elements in Decreasing erder of 
Bate ot ebanqe of Rêcrxstallizatlon TeI!lPerature 

U, Y, Sc 
..". 

Th, ,Hf, Ti, Nb 
# 

Zr, , 
" 

Ir, Pd 

Ta, Mo, V, Cr 

( W, TC;; 

Au, Ag,- ,Cu, Pt / 

," 
Re;, Mn, Rh, 'Ru 

Os, Hq, Cd, Zn .... , 
Ni~ Co 

, -

" 

., 
.. ' . 

o ,. 

,,- * 

'c; , ...... 

," *..1 
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1 It is apparent from Fig. 5.20 that Nb has 'a much . - ..... 
more powerfu1 effect on the réc~sta11ization kt ne tics of 

. ( , 

a-Fe than V, and als'o that V and ~iO have similar effects 1 
1 

with Mo having a somewhat larger one. The additisb-of Mn on 

the other hand, only leads to ca small charige~ The elements 

• 

. Al, B, C, N and Si 1 amongst others, are, not represented in 

this figure because they. have 'ho d shell electrons. . It is,:-

\ , 
'..,' 

. 
however, possible to rank these elements according ta the 

number of P shell electrons, and lthis has been done by ~chel 
o /, -

~ . .. - ,\) 

and Jonas (32), fOllowing a pattern original~J proposed by 

Abrahamson and Grant (Se). , 
. ' 

5.4 li 4' . The Role of 'Associated Solutes' 

q . " 

. . 
fi AbrahalllSon 1 s model, useful as it is for' predicti-ve:. 

'and correlative PUrpOSéSi has one !erious flaw: it gives no 
, 

indication WHY the various solutes li ne themselves up as shown 

in Fig: 'S;2d. ~y, fo~exa~le, ~oe~ Nb in solution have an 
-_---;- 1 J 

*Béfore comparing Abrahamsonls model to the·present situation, 
however, ttlo ,a.sumptions {must be made. The firet, iB that the 
rankinq of ~able 5.4 determin~d experimentally for al~ha iron 
appltes ta !amm irone This .has not ·been demonstrate , "but 
ia reasonab;e n that (a) the phase jtransformation does .. not 
affect the electronic structure 1 and (b)' the Abrahamso.n cot­
relation has been'demons<trated to be valid fOr,fcè (85 } and" 
hep (86), as weIl as bec (87) s·tructures. The change 'in: .! ~ 
coor~~tiçn IlUlllbar, on the other hand., imp~ies 'that- the slop. 

# in f19'. '5,~20 dQé' not apply: to g~ irone which, will b~ve 
a àifferent proportionali ty factor. The second aaa~t~on 
concU,JÜI- ,the conversion fram 'iaocmronAl to isother$.l'·,ccmdi- . 
tiOM:t :: '.nd à~~Pul~~ ~;;;, the ratEf9f re5iiy~talli,Z'at\ion, 'At, 
à f~ ·t~.ture 'fQl1owa ,the' rdking. gi ~,' ~n 'l'ahl_, 5.4 
,foFll\ii '{:!'iih1!ure of :r;eé:t1BtalU;lation At a~ fi~ 't'iiDa, 

. Uu~ •• tJiii~ ,~~ k!n.ti.c~1YiJ$,~\talent.: .':': '-' :,-::-' 
, l't- '.1~' ,~ w ... 

l " < " '" ': ".l',f~ Il ", 

)::: j , '" ~ ~ :1 ~ 1 J 1 ~J.,. ,.. h .. 

.., ~, 
~. ' , 

, , 

.' 
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. . 
order of magnitude more influence than V, and two orders of 

'" magni.tude more than Mn? Some ~ight is thrown on thi, matter ., 
< 

by, thé concepts int;rôduced by W.C. Leslie (89,90) ," which will 
\ , • " r 

now,be described.briefly. According to Leslie, a type of . ~ .... 

clust~rin~ can 'occ~ whièh effectively inhibits the recrys~al­

liza tion of worked ferrite. The cl ustering invol ves two or 

more solutes,' which ~isplay a strong attraction for each 
\ 0 ". 

other, so that ~y are associ'ated in solution. The relevan:t 
A--.. . .... 

solutes mal' be an~ combination of inter~titial or substitutional 
\.---

elements. The re~ults are most pronounced when the solutes 

a~e present in. very low c6ncentr~tions. An example he c~tes 

ie i~,~ ferDite qontaining less than 0.1% Mn and 0.02% S, 

where recrys~allizàtion becomes very sluggish compared ëo a 

.:w.higher Mns -feel of the same ~ow C level ~ The effect is saiQ. 
• 1 -

to be '~uei ne~ther to MnS nor ,to;Mn or 5 singly in-solution, , 

but. rather to their association !in' l501ution. For this re'ason, 
1 ~ 

. Leslie bas . used the expression 7ass9ciate~ solutes" for this 
L 1 , 

phenomenon. 
1 ~ • 

. The idea that, clustér! .. ,of, elements, e.g. Nb, C and 

N., can form without necessariIy! creating a compound or pre- , 
1 

j i' 
cipitate i8 ,A rather welcome one~ It belps. ta bridge the. gap 

between tQ~ 'precipitate' ~d • solute , retardat;ion theori;s 
. , . . . ~. - ,'\... - . '" 

ôf recrystal~ization disouased ea~er in this section. The . 
1 - , ~...; ,\_~~"::""",-,,,,,,,-.bo--< ____ " _ ... i.,".,.. .. ~ .. .........,.. ... ""~..,, __ ?~ ___ ... _.........",~, ~""_ ........ ~_,.. .... __ ~ __ ....... ~_, 

,idea o~t Mo or V or ~. 'lni.9~:t: fOtn\ wi tIr·C and N some "~ort of 

ordered raglan or cl~ster, ~d that th!s formation is n'Ot a 
• • , • • i" -. • . 1 

.. d1.tin~t prec:iPi:1~,,':~~g.Îl~ ~.ià~ heJ:p ~' ta .w1.~rs.t.~d tha .J, 
- l, < .. f. ( 1_ ;.;;:... ,' .... ~ 

~~~,~~.ae.~bY~ of ~lch ~~e, a~Vl~Y ~ffl:;:t 
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of the latter two elemènts (C and N) are reduced. 
\ 

Observations of this type have already been 'reported 

(90) for the case of Ti, C and N. Given the èommercia1 impor-
" , . 

tance of steel processing, it will clearly be of importance 

to determine the extent of this phenomenon in high tempe rature 

austenite, and to\,subject Les1ie' s idea ,of 1 associ~ted solutes' 

to fyrther investigation. 

5.5 High Temperature Flow Stresses 
;: Il 

The solution strengthening produced DY single or 

multi.ple addition of Mn, '~, ~ and ~, and listed 1.n 'l'able 

4 .2 (b) is reproduced be low' 'as Table 5.5 for convetiience. 
~ , ; 

'l'he magni t\1de of < s,trengthening produced 'by single a;dd'ri tions 
, ' 

• 1 

of these elemen'J:s follows thab expected: from the Abrahamson 
, 1 ,'" "1 

plot of Fig. 5.20 for,reçrystallization. In this table, Nb 
" } ..... ) j 

has a~most 10 times the strengthening effeçt ~f V and about 

50' ·taes that of J.In (i.e. 70 vs. 7,. vs. 1,3%, respec~ive1y). 

..... 

~' , ',' 

A possible' eXplanation fpr the correlation between ~trengthening 
1 

and r~crystalliz.tion effects is the following. Fitst of ~lL, 

re~~staliization ia. generally preceded by·static r~covery, 

a proceils wlÎ.ich is ~eqÙired for nucleus formation. ,The yield, 

or f1~ stresses, on the O,ther hand, are controlied' l(at high . ' 

:~::::;l ;:~~q~~:'::~a~:: 3~:::1!~ ::~tr~ ~~:r~~_ 
~~r~~ l~vel •• ~ which ~Pprec:1.ab~e dynami~ r~o'ovèry ,i ini'tlàted; 

a~ that ,l'the. flow, C:Q'r:tesp~.p~\ ro~«i!hly' to ;:tag~ III dè~ol:nu1ti~n 
, ,: . ... , ."," '~ .. " :'", - \" ", 

,'. ,,' . "':';,,';~ ,'-: i.,' " • 

" " 11,>, 

-;­
~ ..... ~, .. 

.. ~ 1 • "~.i' ( : ~'J " \ 
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So~-u~ 
=--Bl..,nt< {s)' 

V 

"Nb, 
,Mn+Nb 

(in .HD;;"Nb steel)' 
,Mn" • 

," (in' ,Mri~Nb steel) 

COJOparison 
Base 

Plain C 
~Plain C 

Plain C 

Nb Steel 
,,~Hb,+V 
~(j . (in ',Nb-V sieel) Plain C ,. 

v -
(in tft) ... y steel) -

(--><-

Nb 
~ (in Nb-V steel) 

" ,~'.:.o~ steel) 
, Ho '+.Nb ' 

C~n Mo-Nb stee;U 

Nb Steel· 
,\ 

... 
V Steel 

.Nb Steel 

Plain C " 
. --_ .. _. - - --

TABJ .. B 5.5 

"''''; Aay/ay (b~ae) , 

Per 0.1 at.' 
Solute {a) 

,J, 

3.3 

7S 

5 

' 0.6 

'HI 

5 

80 

8 

1" 

17 

--' 

Per 0.1 wt'." . 
Solute (a) 

3,. 3 

55 --

5 

0.6' 

lS 

6 

56 

4 

" 10 

*Xneludes data ·froïn Table- 4.2 (a). 
t· . . 

" . 
~ .. --

o 

'" 

Overall Average* 

Per 0.1 at.' r 
" So;Lute Cs) 1 

1 

7. 

70 

5 

1.3 

19 

S', 

80 

9 

18 
1 

r--, 

, 

• [1 1 1111 fi IF 'pp17?5R = , %litS mm' •• ::: 'W 'fve srrmp '5 , H r • ~ ~. 1 J 13 . " .. . -

, 
1 

\, 
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- 1 • of single crystals. Thus, on the assumption that static and 
, 

dynamic recovery ar~ affected in a similar manner·when solute 
l . 

additions are made,' it does ·not seem unreasonable that'both 
, ~ , >! 

f 

yield strengths and static recovery rates shoulq follow the 

AbrahalllSon pattern. 

We turn now to a related question, and that is the 

effect produced by the combined addition of Nb and V, and to 
(~I 

a lesS'er d~gr~' to that of Mn and Nb. As mentioned above, 
... '~_____ .lI '" 

th~ simple addi.tion of 0.1 at % Nb leads to a 7'0% "increase 
, , 

,in strength. Howeve~, in the presence of ,V, this amount 

-increases' to 80%. ~ «JJ;ejlter effectiveness of Nb in the 

company of V May he related to a change in the activity coef-
1 \,., 

ficient ';f Nb due te) V addition. crhe effeèt of adding. V to . . 
a Nb ~teeL retards the precipitation of Nb(CN), as discussed ' 

, \ ' 

in Section ~13. This was attributed to the decrease in the 

act1-vik coet~icie~ts O,t C (72) and 'N (75), wh"lch leads in 

turn t~i~n inc't-eas~ in tllé solubility of the carbonitride. 
1 

'l'he effect was considered to be paralle'l to that of Mn. Mn 
, ...... ,]' 1 

addition ha.~een~hown "to 1ncrease thé activity coefficient 
.. 'IV ' '" 

. , • j 

of Nb in steel (66)'. ':his ean, in physical terme, be inter-. " 

'preted as aigni,tying that, when .Mn i8 ~dded, tlle steel behaves 
\ 

as though there lIere n,ore,Nb present. . '1rhis' type of phenomenon . 
, is ofte)t, tarmed a ,1 aynergistic' effect, implyinq that tae two 

elaments '~rk' ~ogeth$r. 
J 

Q t 

, 1> 

It, 1a ,usual t~ di_cuss th;e activiti.- of el~ts . -• ~ ~ , • ~ 1 ..; , 0 

in:,sOlution vith ~eap.ct te the formation of 'p;ecipit:a"tes' ana . 
l " ~ ... _' ,t '':. Jo.... ~_ f~, 

') ," .. '" .... , -1 
1 j 

"" 

, 

i 
l 

J 
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• solubilities, as was' done 'above. ~oweve,~, when it comes to 

solute strengthening effects, the term 'activity' 'is not , 

cqnventionally emp10yed to eva1uate or describe the. synergi,tic 
~ 

effects. With respect to the Nb-V system, the 'present ,author 
'- -

" 

is 'not aware of any evidence that V raises the activity c,oef-

fiaient of Nb, as does Mn. However, it can he anticipated 
o 0 , 

tha,t",it doea so qualitative1y, hut perhaps to a different. 

Similar results have been reported in the 1iterature 
1 • 

for the Nb-Mo pair (70,71}. Becauae a reference MO steel 
~? ~ 

was not used in this investigation, the extent of synergism 
l' 

in the la.tter case cou1d not be determined. Returning to the 0 

Nb-V system, it séems possible that if V additïon increases l '" 
, 1 

1 

the activity coefficient of Nb with re~pect to carbon~tride 
.. , 

formation, it may also increase the activity coefficiient of 
1 1 

1 

Nb with respect to solute strengtheninq. 

The s~rengthening resulting from the addition of 

solutes reported in the literature is 'summarized in ~able 5.6. 
, ':0. -

Table 5.6,(a) shows the strengthening produced by 0.1 wt% of 
1 ~ , 

'alloy addition an~~able 5.6~b) thab'for an atomfraction of 
, .~.. 

-O.OOI.!hosedue to Tegut and Glt1:ins (35)' 'are fo~(sotute " 

streng'thening as such, "'as are tho~e reported by Michel and 
1 

Jonas (32), and the ones produced in the present invastigatipn. 
1 • 

Only: part. of th~ ~esUlts ~f Evere.tt' et al. (91), on 'the oth~r 
tIII , , _ 

hand, are> fo~ solute ~trengthening alon_. These, are marked \ 
" . ir ' 

.. j • -- • ~ - "\ ,'\ 

, " , ........ 
by 'an 4steriak. The', other vâlue., ":f1='O", this .ource are for" '..- ... ,~ , . '~, ~~ ~~ ,..~ \ 'i: "'~., ~ . ~ , ~ 

,-

f ,~~ ,è:0l1Îb1n~ :tion o~ wôr~ 1îardé~,g (r,.,~ .. r4ati:Op,-,' c,f" ,reary8!~al'; \. '. 
'" .' ~,.,'" , .' ' ' 

',~ ~~t;at1o~) , ,and pr~çip.tta.t~ ~d, ~o,l~t;.:',~t~~~,n~,' ~a~~. ,.-

.. ", tha~ 'o~rZ.~"l ~~ : ~,n~", 3rd o~' 4,th, '.,id,.i~~·1 ~a.8. ,.~~a~i<ma~:' .,:., 
r , , : \~ • : , 1. , + ~ .' 1't ~., 

.. , l , 4_ _ 
L • ..,. • '..-

! _ r, ," 
.. -. l ,~;f~-.:r ·'-~·_f"';.r~ r' '-l~f"\r 

~ ;:; ~,2~*~~.t~~Ej~,,~, ~,.,," .. ~'_·~~·~.:_~~.~.'~2~_. ~~_,_!,_, '_'-_'~~·_·_·_~_-_r~, .. ~~;;~-~~_: 

\ 

\ 
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TABLE 5.6 (a) 
t::' J r 

COmparison of the Solute Strengthenihs Produced by 
Allgy Additions, per Atom FractIon o! 0.001 

<.; J 

'J 

--_ ..... _'-------- ~~.---- <--
B~~nt:!Nb Mn, V Mo Si Al C - ,TOé . . Reference \. 

--~-~ ---=-C:-7-~--" --~---._~~---~\-.--- ... -----, ~----_.- -------- ------ -' ~·-'--1----·-'- ~-~---.-

- 1 -, 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) 

1.83 ' 10.4 1.6 92'!h ibid. 
1 - - ~.6 Q 0:7 '6.8 < -0.3 875"" <>Everett et al. (91) 
'44.4 --~ '- 1.6 21.8 . 975 ibid. " " 

'c. 11.0: 2 .. 4 ; 0.3 875 (a) ibid. 
• 2.1 15 975 Cb) ibid • "' .......... ... 

-, 12 (a) - 0 875-925 9iche1-and Jonas (32) 
'29.51..3 8 2.9 875-~25 present study 

<'-~--~ . --*----_ .. _--

, 
TABLE 5.6 (~)t .. 

CO!parison of the Solute Strengthening Producèd by 
nioI Additions, per 0.1 wt.% 

i 

, ' 

-... ~'~'-\ 
,~ \ 

\ ,Tegar~ & Gittins (35) 5:3 1.3 , 0.8 ' 1.6 1000 
12 18. S' -.~ 7.5 :.. 2.5 8.8 6.5 1000_ 'Rverett ".et, al.. (92) 

ibid. 11-0 ' - 11.4 3.1 
-; . 1.6 1..4 '1.4.1 1.2 

:~t 26.7 - 3.2 45.2 
66' 2..A '1.2 

4.1 - ,31 
"/ 

'" .. .. , , 

, (a) and {~)'al~o' include~recipitation str~ngthening. 
o ~..;: " 

,. 

,\ , 
e; 

.: 

~~ 

':, 
~ -

~ ~?;\~ 

'" 

-', 
J,' 

925 
875 

'975 
875 
975 

Everett et'a1. (91) 
ibid'::~~ 

(a) ibid. 
(p) ibid. 
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/ 

That Nb causes '\;he greatest s~ution stren§"thening .-
in steel ~s once again eviden~ from this ~~1e, as ~~ already 

1 

, 
/.,l.'T"'" 

-' 

" 

been pointed out àbove. The magnitude of, 'the effect 'is slightly , 

, ' 

: 

, 
smal1er i.p. <these publ.ished resllltts than has been, repo~ted here ~ 

but this may be q,ue to the -different l11ethods wied. The agree-
f 

ment is better for the cases of V ~d Mn. ,l'hi reason for the 
~ f ' 1 

iarge di8cr~cy between the wOi ~ resul'ts in j:'.his· tlÛ)1.4l 18 
", ( " ': ,} 

not knO'fn. The data for Si and Al 'are inc1uded because t;}1ey 

are common'and important'ele~t~ .in steel. 
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-CHAPTER 6 

CONCLUSIONS 

i~ the present investigation, two mechanical testing 

methods Were eIDfloyed to distingu?-sh th" affects of Mn, MQ;' 
Nb and V addition on the high tempe rature flow and rearyst~l-_ 

lization be.havior of six m,.Çroa11oyed steels. 'l'he ~tho~~-5-

1. Weiss (1977) based on the strain rate \dependençe of ~e 
.A. , 

~ 

peak strain,was utilized ~o dete~ine the dyn~~c'~recipitation . . ' 

kinetic.s of the microa1loy carbonitrides in the 875-925Q'c 
t:l 

Q 

temperature range. The dynamic RTT 'curves for these steels 
00 ,. 

were -estab,lished by testing at a strain rate (!)f 3~ 7x10-2s,1 

in the temperature, range 87S-10750 C. , As e:. result of thls s udy, 
.... /''). 

'.. • .c 

the fo~1owing conclusions~werè drawn: 

Precipitation Kinetics. 

1. Increasing the Mn concentration in a Q.05/06% 

0.035% Nb stee~ from 0.42% ~o 1.90~ leads to a­

delay in ~e dyn~c precipitation·kineties of 
. 

Nb (eN) by more than àn order of magnitude in, 
, . 

tilDe. This effact 18 attributed to the great~ 

, 

~ \. 1 1 1 

aolUblitty of Nb'(C~) that resul'ts from the sharp 

decre~e in the ac~i~;ty CO~~f1c:tent ,~f ç p_a~ed 
hy èhe" addition of Mn;' (~he' accompanying inereasè"' . 

~ , , 1 i ~ 

:. 

~ 

, in the actlvity coe~fi~ient of Nb ia' insUff;cient 
• J '\ 

to ~~JDPensate f~~" the d.c.e~8e in 0 the ç aciti vi ~Y • r . 
~, , 

.' 
" " - -"" .. \ -

.. 
1 -, 
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2.. The tempe rature at the nose of the dynamic PTT 

3. 

o 

curve for Nb (CN) is not appreciably changeq by 
, 1 

the addition of Mn. This ~uggestê that.Mn 
\ 

also decreases the diffusivity of,Nb'i? austenite. 

The addi tian of 'Mo ta ab. 035 % Nb steel leads 

ta a decrease ln the rate of,dynamic preci~ita­

tian of Nb (CN) in austenite, the amount diminishing 

near S7SoC: The effe~t is -;ttribu~d (by anal ogy , 
, . 

to the case of Mn addition), to the probable 

increase'in the solubility of the cprbonitride 

'that accompanies Mo addition throug~ the decrease . 

in the activity coefficient of-Co 
\ 

The nose- of. the dynamc, PTT ~urve for Nb(CN) 

precip~tion ia moved to lower temperatures, 
f 0 ". ' 

r?indicatinq that the -affect of MO pn the diffusi-

d vit Y of Nb ià' probably smal!. 

5. The dynami~ precipitation' kinetics in the present 

Nb-V steel are slower than 'in the Nb steel ~d 

- faster than in thé V,ateel each 'having li similar 
1. ' 

", 
. b~se compos! tion • The retardation in comparison 

. with the'~\st~el ia ~aken ta be a result of the 
, 

increased sOlUbility of-the carbonitride attributable 
" \..' ' '. 

ta the pres~nce of V, ~hieh tike Mn -and Mo lowers 
. ' 

thé acti.vi ty eoeffièienfs of C' and--N. 
\ , 

, ."-

~n. ;c~~_à~i!.~~. ~i~ the·.~ ~~tei~l., !~~ :due to ~,e 

,'. 
- - " ~ , 

- . , 
, 

-

1 
1 

~j 
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greater supersaturation of VN than o~ Nb (CN) 
ù 

at the lower temperatures, leading to 'the ~ 

earlier preclpi tation of the tormer particle. 

Recrystallization lineties 

, 1 

.1. Among the m;eroalfoyinq elements investiqated, 

the sol~te retarding effect of Nb by. far W8S 
1 

the strongest. The more marked effectiveness 

of Nb than of V or Mo ia primarily due to the 
, 1 

greater electronic difference between Fe and Nb 

than betweell Fe and V or Fe' and Mo. It is also 

related to the larger difference in atome size' . " 
between Nb and Fe than between ei th,r V or Mo 

and Fe. 

2. The maqni tude of the retard~p<] effect of the 
" 

~ microa}.loy additions on the dynamié 

recrystalJ.~zation rate ''la, in decreasing order: , 
" , ~ 

~. 3% Mo-O .035\ l~, 1.90t Mn-O.OlS' Nb, and 

~.115' V-O.03S' Nb. 
, , 
i . 

Thê r~tardat~on o~ recrystal-

lization of a' plain C: steel '.bY the dual addition 
. 

of O. 3% Mo and 0.0 3S % Nb i8 appr~~xima te.ly twice' . , 

c ; 

that due to the ,single addition of. 0 •. 035%:~ _ * ' \ 

. ahd ia p.."ossib,ly 9rea~er than ,expeètèd ''f,rom bhe 
-. ,;;., " . .,. 

. simple addition of' the effect of eaoh ele~nt . "'ft ,,', ' ,,' .. ' . 
. when 'acldeèl, .lone.. This, ,ynerqism may be ~elateci 

~_ _, • t 

1 ~ ,.. "" ,~. l , 

to' th. l.nc~ •••• in aqtiv~ty~ coef.ficianta pf Nb 
f ~ i ',,;:: Il'''' .. ~ t 1 ~" "".' , t J ~ • 

'..ni!' Jo 'that Ocèœi "~ith ••• él.-n" ~ ,a44eêl 
• - .,' ~ 1 .... ~ ~ • ~, .. 1 r, 

'~';.. 10 r' ,." \, 

, \ 

.' 
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> , 

jointly. 
" 

3. The' Nb-V pa.ir }lehaves m",ch,like Nb alone" in 
... , 1 r~:) il 9 

termS of ret.ard1nq dynamic recrystal.Iiza,-ion. 
, 0 ~) 

4 • The limit1nq factor tbat affects the ra~arda-

tion of austenite récrystaliization in HSU 
ft P J 

steels ia not. thè rlite of precipitation of the, 
• 4 ., 

mibroalloy carbon! tridès '1 but 'rather tJ1e m.i.Ditaum ., .. -\ , ~ \. 

amoun\.t of P solute ~ta.rdation that 18 . raquired'. 
- J, ' 1, 

Unless the sQlute. effect is 8trong: ~~h to 
Of • ""'-... ""-'"~ 

delay racrystallization unt~~ ~ onset of"static 

prec.ipitation, the latter process cannbt prevent , 

, ' , '.recxy.tall~zation. 
/. '. Î 

; .. Il ... s ... ol_u;;;;.;te ____ s_t_r_en ...... 9th~an ...... i.-n .. q 
F • Q 

, , 
l •. 8ingl8' additions of Nb and V produce yiéld 

, , . 
. ,stre~~ increa'll8S of 70' and- 7t reapectively , 

r , , ' 

" 'par O.U at.' adcUtion. The .strengthening due 
'- 'r 

, <f ~ ? ' 

to Nb and V in the pre.ent 0 f 11St,,°'Vi..O ~ 0 35 .. Nb 
• '...." c 

steel are 80' and 8' ~ectively pe~ ,O.l. at.' 
/ 1 ." '. 

addition. ,'l'Ilis grea~~r '~ff,~t in do~a~i.sbn -
Il 0' , 

with the ,s~~e addition 'of. each' el~nt is' 

." 
; 

.. 
attr,ibut.~ ta" j!l synarqism in j:heir strengthel}ing., 

( , 

e:fects. -• , , 
> 

'...,' ). - ~ , " . ' 

2.', The, a~~i:i.on of ~. or o~, Mn increase~ tb,e yi~;Ld 

, . 
" 

.. ~ ~ , 
, .. .. . 

. It:ren9t1\ of a 0.035' Nb steel' Iby 9 and 1.3' per 
, 'J J 4 ï 

, \" 
,'0'.1 ,at,~\ ac1d1tiou. 

. 
~ 

"J . 
\ • 1 
\ . J' 

" 
i , .. 

" ~-' ,', 
.. /1 ' .... • a 
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3. The .rank order of strengtheninq produced Dy the 

alloi additions (per at.%) ia primarily associatea 

4 •. 

wi th the electronic di~ference between "each element 
. ~ " ,. 

and iron and sec~ndarllywith the atomic Bize factor-;.-

The extent of synergism produced 'by dual additions 
, , 

ois probably related to tlie effec.t of each element 

on the activity coefficiént of the other element. 

Over the range of t~mperà.t:ures and strain ,rates 

investig~ted, the addition of Mn, Mo ~,to a 

0.05% C, 1.25% iJn and 0.035% Nb steel does not 
/ 

change tlle peak stress in a systematic: ,manner. 

\ 

/ .. 
.. . 

• • 

• , , 

" 
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STATEMÈNT OF ORI-GINALITY AtI~, 
CONTRIBUTION TO KNOWLEDGE 

-1 

.' 

, . 

The results of tne-~resent ~tudy ha~e led to the 

ori~inal contributions: 
~. . 

1. The investigation showed that an increase in • 
) ) 

the Mn level-of a L'ib steel delays - the dy~c 

precipitation of Nb ~CN) in austenite. In the 

temperatm:-e range wh,ere thè precipitation is 

nucleation con-trolled, the delay is due to the 
1 

increased solubility ot-Nb (eN). This effect 

is considered to be associated with the decrease 

,4' 

~n the activity coefficient "of C, and possibly 

alse, of.N, in the' presence of increased & co~­

centrations.. At' lower temperatures, where the 

precip~tation is diffusion (aid growth) co~trolled; 
lit • l' ~ 

-. the del'ay-is _l_inked to .a possible decrease in - _ .... • 
the diffusivi tlf of Nb associated with the increased 

~ . 
Mn ~evel. 1 This interpreta tion i9 :te-l-e~ant to 

industr:lal ~olJ:in9 practices 'in' that a decreaSe 

in . the solu,Pili~ tenfperature . l'(Ieans that low~r 

. soakirw and roughing tempe~at\1res can be .used, 

j whiah can lead" in turn to enerqy savings. 

• 2. 
" \ 

It lias ·been shown that the addition of Mo, or V 

delays. Nb{CN) precipieation in aus~i~e ~n a 

man~er similar'to Mn, but to·a greater extent 

/ 

-~----~--. fil - --... ,---- ~-~_ .. ~ol.>;,. .... ""' ..... ,.. , 
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( 0 
per atomie percènt I,iof addition. These delays 

-, 

l , 

! 

. C 

.' 

3. 

,\ 

are also linked to the increased solubility of 
• 

the carbonitride, whieh prob~ly results from 
~ 

the way in which these two elements reduce .the 

activity coé1ficients of C and 'N. 
~ 

The dynamic preeipi tation kinetics of VN iU 

austenite werel~et~rmined, and demonstrated t~ 

be slightly sl~wer than those 9f Nb (CN) in a . , 

steel of the sarne Mn concentration containing 
\ 

o. Q 35% Nb. On this basis i t has been .. suggested 
/ 

that the markedly lowe~ paneaking efficiencies 

observed in é.ontrolled rolling practice in V 

steels as compared to eq~ivalent Nb steels is 

----not due to the sluggishness of VN precipitation, 

but rather to, the distinctly reduced solute 

retardation p'roduced by V addition. To the 

present author' s knowledge, the dynamic preci-
. 

'pit~tion kineties of VN in austenite have not 
, ' 

~een previously determined. Nei ther has the 

relative inefficiency of V addition for preventing 

austenite recrystallizâtion during control rolling 

been attributed to its rather limited effect in 

solution in Y-Fe. / 

, . 4; Dynamic Re~ryst~ll~zaticl-Time-Temperatur~ (R'l'T) 

curves have be~n,constructed for the first time 

from mechanical test data, rather than by the 
. "), .. 

usual meeallographic methods.- The relative 

. --

• 

) 
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retardation of dynamic reCrystallizationl~pro­

duced by single or multiple additions of ,Mn', 

Mo, Nb and V has thus been deterrn~ned ;~Jr a 

w.t~e temperaturE ,range (875-10 75°C) for r ~e- . 

s~lected deformation rate. It is sugge~te:d that 
1 
1 

.. 

this technique is capable of predicting I~!- __ ~~~_=~_=_.---=>-_ 
relative retardations under industrial conditions' , 

5. 

l ' 
of static recrystallization. ~ 

The present research corttributes to an ~der-
- 1 

standing of control rOlling by high1ighting the 
1 1 

1 

p~obable importanèe of the electronic d1fference 

betweeh the microalloying element and y-~e. Theae 

differences are likely to play a prirnary role 1 

, in determining the relative Lffecbiveness df 
~ , \ 

individual a110y additions with respect to the 
1 

retarhation of austenite recrystallization. 
~ 

The importance of solùte effects was underlined 

in the present work by the contrast between (a) 

the early recrystallization in the V'steel 

(compared to the Nb steel), and (b) the late . -
recrystallization in the Nb-~ steel (compared '. 
to" the Nb steel) wheredynartd,c recrystallizat~on 

is retarded by t~e addition of ~ as' solute. 

6. A systematic study 

st~enqthening effects ôf Mn 

and combined 

made on a series offitteels of si:milar base j 
, 

, -..... 
, c.omposi tionS-..-.-The .. noxmalized .Jiti'e11gtheninq 

, . r/~,.· 

... 
produceâ (on an atomic,percpn~ hasis) was 
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.demonstrated1to be related to the electronic 

differences b~tween each element and iron. 
1 • 

The synergistic effects observed, for ex~le: 

Nb alone vs. Nb 'wi~ V, have been associated 

with poss~ble changes in the activity coefficients 

of these eiements due to their combined presence. 

--' -

,V, 
) 

J 

1 

1 

\ J 
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'" 

.. 
~ 

Il 

~ 
co .... 

1 
; 
1 
l ' 
1 

t 
1 
i ' 

1 

1 1 
1 • ! 
i 

' \ l ' , , , < 

i \ eUd Ht " 1'*' _8"'d ..... ,,~.. 'jtt.',,* t ".'1'tf:f3SmnÜM»umll7 lUiIU 'bert.; .rv ~'. 1tr1!UVIl Ul;lj'.'", ft ,,"'0'," l'w.*,., 'f • 

. i 



\ , 

., -._.-o ____ "' .. ,...._......,...~,. ..... ."._ .... ~-~ .. ~ .. _, • ___ ~ .... ,.. ........... ~'"' __ ~_..,.. ----r"" .... j..........-....... ~~.-r,-. "'t .... _ .. ~ 
~. 0 

'v 

" . 

,..-.. 
"~l 

\... ... '-J' 
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,- .145,\Vl=P*162, 
146 X(2)=Y1, 
147 G9==Vl 

'? 

\ 
\ -

148 GO TO 153 - . .. 
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'298 IF Vl$=IIVE8" THEN 214 '. . ' 
299 FOR' 1=1'01 TO 110 - , 
'210 01'~U,e*T(.J) 'I.lV 

211'A8=A8+U1-"'leaO ' 
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21'3 HEXT 1 
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" 2~6' REM.·t**************l*:t.l:l:;t::t:* .t.*:t ... ·:t:t .. 
23'i'",'REM" PLOTS TORQUE 'JS. STRAnJ" 

:1 
Î 

238- REW' *****************:t.:t:·t:**:t:~:tt*'*" 239 REM 0 '. 

. -240 C~nR( 3 )· .... CNTR< a)' . 
241' PHYL(1001geOI801700) 
242 SCAL(0/0,E(J)1017S) 
243 AXES(0,,0) 
244 CHTR< 2 )"'...pLOT< al- (1 j 
24S'B9=IHt<ECJ)+.1) 

, . 2.46 LABL( "STRAIW' ,"TORl;tllE" .. 99,··t0 .. 10 .• (1) 
. . . 24" l ..... BL(.. ft Il ,ft 80 .... "::o~ 1 n ,,:. ') 
~ ~ . 11 • 1 • .' ~4 G:..U.' ~} '- • 

~.~ _ " 248 CNTR(2)' ... PLOT(0~eY",.CtnR(·e) 
1. ~.:: 249 FOR J!:t TO H 
!. - {250. FOR, 1=1 T9 100 .' . "'""" 

G 

·251 X=A( 1 1 J )/16.2 ,Q '-." < (~' 
252 V:;.( B( 1 J J )-B( 1 ~ 1 »)/162 .. :c.:.t.Pl t"R,·'L>"St!R< 3.1 , 

253" MARt« " , ft" y" ~<) '~0-'~ 

0. 

254'HEXT l . 
255 IF V1$="YES" THEN 261 
256' -FOR l =UU TO 110 .; 

.' 257 X=A( I .. J) ..... 10. 2 ~ 
. 258, v=( B( 1-, J )-B( 1 , 1 ~ )/ 162*2tP llR,·'L~ SQ.R( 3 ) 
" 2591 HARI« Il • et 1 Y } ~~: ) 

268.HEXT 1 
,261 HEXT J 
262 CNTR< 2 ),rNPIJT G9$' i 

263 REM"*********~************::t:*.t.*t~U%:t:*:t.1I 264 REW' PLOTS TORQUE lJS. 1:0(;( STRA1M)U" . 

265 REM" ********:t:*********:t:**.******,*:*** .• :**" 

! 

~ 

266 CHTR< 3 )'CHTR( 0 )'PWf'U: 1 ~3 .• 909 .. 80." 700) _ . , ~ 

--- . 

267 SCAL< 3 ... 01 .. E( . .:.I)J Hl .. 75·)~··.A~·~ES~ .01.- l(O·' .. CHTR( 2 ) ..... PLOT( .01 .• 10) 
268 LABL("STRAIN" l "TORQUE" .. 1.. L ,1.:> 
269 FOR J=l TO N'FOR 1.::1 TO 1010 ' «~. . .... 
279 X=A(I!.J)/10.2 ~ ) 
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211' 'Ir::.( B< l', J )-B( 1 J 1 »/ 162't.2:tF' l *R/L/SOF.:( 3 ) 
27~r IF, )(<=0 THEN 27-4'-IF '1"''':.=0 THEH 274 
273 MARKf" ~ fi "y J ~<) . 
274 HEXT' 1 
275 HEXT J 
aiS CNTR< 2 )", INPUT G9$"·.CHTR( 3 ) 
217 PRINT "00 VOU l·lAHT TO KEEP THI:3 Egp .'"{"'" It~PIJT ct-
278 IF C$="YES" THEN 283· , . 
279 GO·TO 3e~ . 
2$0' REI1" ********t***t:*.t.:t.:t:t::tt.:t.·t::t::t:***.t:.t:t' ** ** *:t:l.*l:t~ .. 
2èl RE~l" STORES 1 THE DATA ON THE FLOPPY ÔISC: 
282 ,REM"***t*****:t:***:t:*:t:*:t.t:t::t::t:***:r..t*.t:*:t::t:;t~il**);*:t:* n 
283 OPEN "DXl;TOR"tH$ FOR OtfTPUT AS 7ILE tu 
284,FOR J=l TO t-f 
285 ' g=( .j-1 >*4'-R-=Q.+ l' 
286 Ql=R+l~Rl=Q1.1 
287 FOR ·1=1 TO 110 
,288 A1( 1 )=A( 1." J.J· .... Bl( 1 )=E:( J • -',) 
289. HEXT r ~ , 
290 FOR 1=1 TO 100 
291 AOUJ(A1Jl,QJE1) 
292 AOIJ]r<B1..1; R) E2)' 
293, HEXT l , 
294 HEXT J t 

295. CLOSE tU ' 
296 CHTR(3) 

'~ 

297 REM" *******:t:********l*** Il 
298 REMit ENO OF THE TEST" ' 

cr 

'OC 

e ~ Il 
o=--

299 REM" **********Ü**:t***:t::t." 
300 PRIHT "00 'tOlf WAHT TO RI:IU ANOTHER/"·'·,IHPfJT C$ 
3131 IF C$<>"YES" THEH'-309 
302 PRIHT noo VOU l"AHT THE SAf'1E' TEST CONOITIOt'IS?",n~PUT C$. 
303 IF C$="VES" THEH 126 "" 
304 GO TO 106 
395 REM 
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306 REM" *****************:t:t..t:;t: *t*-t: .. :*.t::*::t ... :* 1.*******.i::t.~.:t.********* 1\ 

J07 :REMu THIS PART 15 TO RECF-4LL DATA F~:ON THE FLÔPP\' OIse ll 

308 REM" *********:t:*******:t·:t·:t:*l":~·": ~.1:t*:t:**:t::t:l:t :t: 't:t::t' 1: .• 'f' -t t:***:t::t:.t,:t::t: Il 
309 PRl~tT 1t00 VOU JotAHT TG, REtALL OATA?"',IHPIJT · .. ·6$ ~ 
319 IF'I6,<>'!YES" THE~' 332~ ) . 
'311 PRun UEUlER SAMPLEI .• P.AO 1 O·; . LE:tIGTH .. E;!.P, TU1E" 
3i~ IHPUT t-I$~,INPlJT R~,nIPUT 'L",IHPUT T9 . -
313 PRINT "EHTER H,.ru !· ..... IHPUT tl'·,IHPUT t11" 
31,4 FOR J=l TO U' : 
315 PRINT nEt'J'lIER. INTER, TIME$1:STRAIU·" -,It-4F·UT T( ,.J)".H~PUT E(, ,...1) 
316 PRINT !·SlRAIH-RATE .. · .... IHPIJT D 
317 HEXT J . 
318 OPEN "OXl: TORIIU~.f, FOR IUPIJT'\Q;:; FllE tH 
319 FOR J=l TO H - " 
329 Q=( J-l >*2'>.,R 1 =Q+ 1 
'321 FOR 1=1 TO 100 
322 AUP( Al, 1 .. .0:. El ) ..... AIUP( Bl .. 1 .. F~l,. È2) 
323 l'IEXT 1 
324 FOR 1=1 TO~10a , 
325 A~ 1 .. J )=A 1( 1 )",B( 1.. J ~'=E: 1 ( l 'J 

326 NEXT l ' - 1 
327: ~EXT . ...1 
328 ClOSE tU 
329 GO TO 216 ! . 

\) 

\.. 

330 RE~1uMRKES A~SURO REt1ARK TO THOSE HHO REALL· .... HH',JE NOTHING TO CtO lUTH Il 

-3'31 REM"THIS PQ'l" i ) • 
332 PRIHT "TOURIST! "·-'.STOP 
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APPENDIX B 

FLOW CURVES OF T~l STEELS TESTED AT A STRAIN RATE 
OF 3.7x10-2s AT 975, 1025 AND 107SoC 
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1-50 1 1 1 
TESTED AT 975 ·c 
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TESTED AT .lOZ5·C 
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