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ABSTRACT 

Three mi.croalloyed steels of a series of six were txJt. oompressed 

at a:::>nstapt true straln rates in the temperature range 875 to 9250 to 

detennine their high temperature flow behaviour. Of these 0.07 % C + 1.25! 

Mn basal steels, those containing additions of Ci) 0.20 % Mo and (li) 0.20' 

Mo + 0.08 % Al were t:.est.Erl as a part. of this sttrly. The resu1ts of a fourth 

S:.eel. a:::mtaining 0.08 % Al were intrcrluced for p..1I1XlS€S of oompa.rig:>n. 

The influence of aluminum and malyb:lenum in s:ili.d s::ù.ution 00 the 

'j1eld strength of the steels was measured c:Ner the experimental 

temperature and Srain rate range I=rior to the occurrence of trecipit.ation. 

On an equaI. atom fraction basis, the malytrlenum addition appeared te have 

a greater rlute Srengthening effect than aluminum. RE5Ult:.s show that the 

adclition of 0.08 % .' Al (total) retards the ooset of recryst.allization in the 

plain C and 0.20 % Mo st.eels. This further e.ffect is œlieved ta resuh:. from 

dynamic ITeci.pi.tation. The PTT curves aetermined far the· Al and Al-Mo 

steels suggest. that the addition of rnalytrlenum accelerates the on.set of 

dyna~ 'p;ecipitation. Comparison w:ii:h a siJnj]ai- steel containing 0.30 % Mo 
and 0.065 % Al indicated that the sul:::sti.tution of aluminum far oome of the 

malytrlenum does net impLOve the hot. defannation behaviour of the steel to 
-

s.llt contralled rolling applications. This may, in part, he due te diffi.culties 

in oontrolling the Steel.making ITacti.ces. (the level of aluminum' in s::il.ution 

as. c:pp::sed te total amount .is difficult:. to o:>ntral, as was ol:served ta ~ 

the case here). 
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RESUME 

Des tests de romprE!$Î.On à haute température variant entre 875 et 

925 0 C et à y.itésse de déformation vraie oonstante rot été effectués sur 

trois d'une série de six aciers microalliés. De ces six aciers à base de 0.07 % 

C et 1.25 % Mn, ceux oontenant des additions de (i) 0.20 % Mo et (j,i) 0.20 % 

Mo + 0.08 % Al cnt fait l'obj:!t de cette étude. Les do~ées p:ovenant d'un 

quatrième acier contenant 0.08 %. Al cnt été introduites [X)ur fins de r . 
oom'Paraison. 

L'influence de l'aluminium et du malyl:rlène en rlution s::ilide sur 

la limite él.asti.que des aciers a été measuree pour chaque température et 

v:it:esse de déformation utilisée avant l'apparition de p:-écipitation ':p=-ovoquee 

par ]a déformation. Pour une même fraction atomique, ]a p:-ésence de 

malytrlène sous forme de EOl.~ a paru apporter un plus grand effet de 

renforcem~t que celle de l'aluminium. Le:; résultats indiquent que l'add.it:iDn 

de 0.09% Al (total) retarde le début de la recryst;allization dans l'acier au - - . 
carbone ainsi que celui oontenant 0.20% Mo. Cet effet additionnel semble 

p:-ovenir d'une {X'écipü:ation dynamique. Les rourbes précipitation­

tempM:empérature (PTT) déterminées pour les deux aciers oontenéll)t de 

l'aluminium suggèrent que l'addition de malytrlène acée1èrent le début de ]a 

r,récipitation dynamique. Une comparaison avec un acier similaire contenant 

0.30 % Mo et 0.065 % Al a incliqué que le remplacement partiel du malylxiène 

par de l'aluminium n'améliore pas le oompartemènt à cham de l'acier pour 

satisfaire à des applications en laminage controllé. Ceci peut, en p3Itie, 

être dÛ aux diffi.cult.éS rencontfer lors de la p:-oduction d'acier 

(oonj:rairement à la quantité totale d'aluminium p:-ésente dans l'acier, le 

niveau el s::llution est diffidJe à oontraller, tel qu'ol:serv~ dans ce cas-ci.>. 
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CHAPTER l 

rnTRODUC~~ 

One of the mcst important developments in ferrous metallurgy m 

~ century may weil be the large scale pnxluction of high-strength 

low-alloy (HSLA) stee1s. These stee1s constitute a c1ass of engmeering 

materials which feature simultaneously a high strength~weight ratiO, 

superior teughness and reasonable we1.dabihty <1, 2). Production of st.ee1s 

with these properties depends strongly on the control of roftening 

mechanisms Slch as recovery and ',recrysta.lli.zation which occur during s::>me 

stages of rolling. Many of the advances associated with the development of 

HSLA steels result from the application of controlled roDing. In th.is process, 

microalloymg additions as weil as thermomechanical processi.ng are utilize:3 

in ceder te achieve a desired combination of mechanical properties through 

microstructural controL The contro1l<:d rolling of HSLA stee1s is a relativel.y 

inexpmsive prcrluction technalogy (3). The total microalloy content of t'1ese 

stee1s se.l..dom exceeds 0.1 % by weight. MéSt impartantly, the assooated 

thermomeèhanical processing p:-ecl.u:Jes the need for further heat treatment 

(fig .1.1). 

Microalloying clements such as Mo, Nb, Ti and V· are added te HSL~ 

stee1s as rolutes rut a1so as carbonitride forming agents which pr:-ecipi.tate in 

the austenite phase inside the finishing stages of rolling. By contralling th.is 

rredpitation, :it is [X)SSÏ ble te retard or arrest recovery and recrystallizaq.o.n, 

enabling the production of a "pancaked" austenite grain structure. Upen 

transformation, Slch a structure provides a maximum number of ferrite 

nucleation sites, resuJting in a fine ferrite grain si..ze. The fine ferrite grain 

size iS responsible fc5r- the high strength and superior toughness of 

microalloyed stee1s at application tem~atures. Yle1d strengths in the range 

350 tç> 700 MPa may he achieved in the as-roll.ed condition, thereby doubling 

the strength 1eve1s of mil.d st:ee1s (4). The sirnultaneous attainment of high 

1. 
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strength, Slperior toughness and reasonab1e weldability has ~ b the 

increasing d~and for these economical materials for use in natural gas 

transmission pipelines, ship plates, off~e drilling platforms and 

automotive applications (5). 

The mi.croalloying e1ements addecj"to HSLA steels are known to 

retard allo/"...enite rec:rys+"....alli.zation and whether they fu1fill their purposesiO-.a5 

s::llLrt:.es cr as precipi.tate formers is fairly we1l understocd today. Malyl:rlenum 

is generally adderl to microalloyed st.eels CXJntaining niobium and/cr vanadium 
1 

to enab1e higher strength 1evels to be attaineà. Alummum is recognizerl as a 

widely used deoxidating agent and reacts y.~t:h nitrogen te ferm AIN. Despite 

their widespread uses, the effect of molyl:rlenum added j:rintly with aluminum 

00 the microstructural Jr0cesse5 taking place during rontralled rolling, Le. 

the recrystalli..zation of austenite and the strain-induceà lYecipitation of Al.N 

in this case, :is not weil known. The primary obj:ct:i.ve of the present study is 

te determine the e:(ect of AlN precipitation 00 the ooset of dynamic 
(, ) 'Q 

recrystalli..zation during the high temperature deformation of microalloyed 

aUS-..erUte. A SJhsidiary ai.m is to investigate the influence of moly1:rlenum 

addition 00 the kinetics of AIN trecipitation. Comparison betwe~ the results 

-of this work with the cnes obtained in a prevlollS study will. reveal jf the 

partial SJbst:i.t.ution of Al far the more expensi.ve Mo can make the steel 
• 

suitab1e to satisfy contrall.ed rolling applications. Finally, by measuring t~e 

influence of the Al and MQ ad:iitions en the yield strength, ie. CI1 the ease 

of dynamic recovery, p:ior te the occur~ce of strain-.induced {X'ecipitation, 

the experi.ments will perm:it. the determination of the relative influence 

of the microalloying elements in solution. _ 

Although the investiga~n is concemed with the irùtiation of 

dynamic recrystallization and dynamic {X'ecipitation, the œlative influence of 

the microalloying additions on the static ~ocesses, of greater interest under 

industrial rolling conclitions, can he est:ablished from these experi.ments. 

) 
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CHAPTER 2' 

LITERATURE REVIEloL-

2.1 DEVELOPMENT OF CONTROLLED ROLLING 

2.1.1. Hist.orical Settings 

Half a century ago, t.'le design of high strength Structural stee.ls 

was based around the tensile str'éngth of the material. Steel. members were 

being shaped in hot rolling rnills where the temperature was kept as high as 

~b]e (6) and the requirErl tensile strength was achieved by increasi.ng the 

levels of clements Slch as carbon, manganese (7, 8), silicon, phosphorus and 

by s:>metimes adding chromium, n.iëkci-cr copper (9). Tœ process gave the 

steels a ooarse ferrite grain structure and, together with t::he high 1evels of 

alloy additions present, resuJt.ed in p::>ar toughnes5, wel.dabllity, formability 

and increased cost. 

By the earl.y 1950's, :it was demonstrated that a fine ferrite grain 

sri.ze leads te a sirnultaneous increase in yiel.d strength and a decrease in the 

Impact Transition Tempo-rature (LT.T.) <10-12). This finding accelerated the 

wide !rale introduction of narmalized steels featuring finer grain sizes (13). 

It was not yet appreciated that the influence of manganese en grain 

refinem'ent was through decreasing the austenit.e te ferrite transformation 

temperature. Ncrmalizerl steels were p:-oduçed with small amounts of grain 

refining agents Slch as aluminum and Jater 00, molybdenum, niobium, ti.tanium 

and vanadium Cl4). Ât that time, the so-called High Strength Lo' Alloy 

(HSLA) and plain carbon s:eeJs were fX"oduced m si.nUJ.a.r ways. 

Fcrming operations may or may not have been fallowed by heat 

treatrnents te p:-cx1uce the required troperties. Such p:ocedures led te a 

cœrse as-roll.ed austenite grain size and the resulting strength and impact 

!;X'Qperties were not very good. Tœ solution te the {Xoblem came when il:. 

was realized that hot ralling oould net aùy be a shaping methcx1 rut ala:> a 

therrnomechanical p:ocess capable of imp:ovmg the J.X'operties of b;Jt~ 

, , 
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stee1s. One of the pioneer works was done by tomnarfvet:s Jernverk in 

Sweden around 1940 in whi.ch the finish rolling temperature was s.1bstantially 

lower than that ernployed in oonventional rractice (15), Such il technique 

[X'oduced a fine austenite and oonsequently a fine ferrite grain size while 

[X'eserving the benefi.ts of precipitation strengthening. This [X'ocess, which 

eliminated the neerl of further heat treatment, was called "contralled roll,ing" 

:in 1958 by Vanderbeck (15). Several years passed before contralled rolling 

was universally accepted, mainly becaœe of the insufficient knowledge of 

the rnechanisrns involved (16). 

8ince the mid 1960's, controlled rolling has been increasing1y 

utilizerl to p:-oduce HSLA steels. Severa! factors are responsible for its large 

s:ale applications. These incltxle increasing the understanding of the role of 

micro~y ad::lit.ions (e.g. Nb, Ti and V) te HSLA. steels dupng contralled 

rolling, the energy crisis of the 1970's as well as the increasi.ng demands by 

the ail and gas industry for stee1s with high yield strengths, superior 

fracture toughnes:; and irnproved weldability. Tcrlay, contral-ro1led HSLA 

steels are used in a wide range of applications Slch as pi.pe1inttS, bridges, 

sh.ips and transportation vehicles (7, 13). Sorne of the major metallurgical 

phenomena invalved in contralled rolling are reviewed .jn the fallowing 

sections. 

2.1.2. Conceot of Contrall.ed Rolling 

Tœ ooncept of contralled rolling oo~ of monitoring the ra1ling 

p:'ocess parameters Sllch that the requjred p:-oduct p:opert;ies are obtained 

without any further heat 1J:eatments. Properties Slch as high strength and 

good toughnes3 are achieved simultaneously by refining the ferritic grain 

structure. Hence, by oontrolling the int:e.rpa.g; tirnes, the temperature, the 

rate and the amount of deformation per pass, stee1s are now fi.rUsh roIled at 

temperatures lower than in conventional rolling in crder te refi.ne the 

l'IÙ.CIœtrUCture • 

This therrnomechanical t;rocess is aften ronsi.dered te have three 

(17) cr four stages (18). These stag~ are œheating (cr s:>a)dng), roughing, 

finishing anq if the ~uct js sufficiently thin, c:ciling (17, 19-23). The basic 
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metallurgical p:inciples of the first three .. stages are illustrated in Fig. 2.1 

am are dis...~ indivldua1ly jr. the fallowing sections. 

2.1.2.1. Reheating . ~ 

Also calL~ s:>aking, this primary S:.age consists of reheating the 

material. at tempo-ratures in the range 1100 n; 1300 Oc before m.itiating the ... 
ralling p:-ocess. The puqx:se of this ~...rat:iDn is to obtain a uniforrn initial 

grpin si.ze throughout the materla1 and to dissolve the required microalloy 

carbonitrides p:-~t in the ~ The latter is often ~e criterion to be 

satisfied in determining the minimum reheating temperature, particulady in 

convention al contralled roUing. 

The choice of any reheating temperature should he carefully 
a . 
determined since it concems both economic and metallurgical aspects of the 

pr-ocess. Hence, high reheating temperatures, whlch are aften necessary, 

should be avoided- when possible because of their greater energy , 
'requ.i!"ements a.'1d also, b?t:ause of the lon~ tcld.ing times needed to cool 

the mata'"'ial. te the desired rolling tempo...ratures. High reheating tempo...ratures 

yieJ.d relatively large grains. Although their refinement requin:ls large 

amounts of r~uction, lighter rolling loads are needed due te the rnaterial 

being rofter. On the d:her hand, the use of low reheating temperatures 

yields re1atively small austenite grains and consequently, allows for "easy" 

grain œfinement.- This is Partly because the amount of defarrnatiory required 

for the ooset of recrystallization decreases .with smaller Wt:ial. grain Bizes. 

Reheating tem~tures below.the carborù!ri.de solution temperature can also 

he used. In this case, s.-naller austenite grains can be [X'oduced due te the 
, 

control of grain coarsening lrqught about by undissalved microalloy 

precipitates (25). However, these undissolved [X'ecipitates lower a) the 

amount of s:::>lutes <.in rupersaturation) and b) the overall oont::ribltion of 

precipitation upon retarding recrystallization during the later ~ges of 

ralling. They a1so reduce the amount of [X'ecipitation availab1e, for 

strengthening .in the ferrite phase (25). 

-
u 
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2.1.2.2. Roughina 

Once the reheating stage :is completed, the material is coc:ùe::} down 

to t~e temperature at which the rollin~ p:-ocess :is irùtiated. Tœ series of 

reductions carried out in the high temperature range <roughly 1150 te aoout 

950°C) constitutes the roughing ~ge, where 9:veral cycles of 

recrystallization are generated in arder to refme the austenite grains. Two 

regiol}S" can be distinguished in this temperature range. The primary one, 

ranging from ~1?O te 10500 C, :is a region where static recrystallization takes 

place very rapidJy <within ~conds or :'Iess) a'1d :is followed by sorne grain 

growth. This range js shown ln Fig. 2.2 as Region I. Be10w l0500 C, the 

static recrystallization kinetics are somewhat slower. In the cases where the 

time required for the comp1etion of static recrystallization becomes 

c:omparable te the interpass times, incomplete cr partial recrys"'...alli.zation 

may result, leading te an undesirable grain structure. This is shown in Fig. 

2.2 as Region IL p3th A. However, a pmper selection of the .strain and ~ain 

rate permits the occurence of complete static recrystallization (Re:Jion lL 

path B) and continuation of'roughing down te approximately 950°C. The final 

state of the grain structure after roughing ideally consists of refined rut 
. . --

relatively large austenite grains. 

2.1.2.3 Finis~g 

As the rolling temperature decreases further, a point :is' reached 

where complete static recrystallization :is no longer p:ssi.ble within the 

.interpass times. A transition must therefore take place ,from tfie roughing te 

the finishing stage. 

"ln. the Jatter ooe, an elongated and heavily derarmed austenite grain 

structure :is ideally rroduce:l wlthout the occurence of any recrystallization 

(Fig. 2.2, Re:Jion nD. Fa this purpose, ~e ternperature at which finishing 

st:arts must be be10w tftat at which strain induced rrecipitation œ.n [Zoduce 

a sllffident volume fraction of small particles te rrevent, cr at least delay, 

the beginning of recrystalli.zation. The success of the finishing stage aIs::> 

depends CI1 the amoimt of deformation peI' passe Halee, as finishing p:oceeds 

am i!he etrains of several passes are accumulated, recrystalli.zation times get 

, 
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shortened. However, the accumulation of strains in a large number of series 

of small ~ at decreasing temperatures p:-oduces a more effectJ.ve 

retardation than a small number of series of large reductions (26). This 

tresumably arises because a~nal nuc1eation of p:-ec.ipi.tates takes place 

after each p:lss às a result of the decreasing s:ù.ubility. 0 n the ct.her hand, 

small reductions per pass (i.e. < 10 - 14 %) fullowed by OOlding times at high 

temperatures can generate a phenomenon known as ablormal grain growth 

resuJting in the formation of non-uniform coarse grains (27-29). It becomes 
11 

important to carefully establish the reductions per pass if an extremely fine 

grained cc heavïl.y flattened austerùte structure jg to be obtained. ThiS type 

of structure {!xhibits a very high ratio- of grain b:mndary area/volume which,_ 

upon transformation,~wvours the nucleation of fine pilygonal ferrite. ~ 

Finally, a fourth region in the contra1led rolling p:-ocess appears 

when finishing jg carri.ed out below .the transformation temperature from .. 
austerùte te ferrite Ar

3 
(F.ig. 2.2, R93'ion rJ). The resulting refinement of 

ferrite structures accompanied by the effect of rubstructure formation and 

separation can l::xJth improve the strength and lower the FATT <Fracture 

Açpearance Transi.tion Temperature) (6, 2B)~ 
• During normal controll.ed rolling, aU of the microalloying clements 

, 
do net precipitate in austenite. This leads to precipit.ation in ferrite during 

cooling wfrh resuJt:ing treci.pi.tation hardening. The dispersion of fine 

p:-ecipitates may, under certain circu ms:::ances, increase the ferrite 

nucleation rate and also he1p te restri.ct the growth of the ferrite grains 

after transformation (6, 28). In this way, grain ~~e; of about 5 p..m may be 

obtained in thin plates of commercially control1ed ro1led HSLA stee.ls (6, 30). 

\ 

2.1.3. Coaling 

C ooling constitutes a natural and integral p:trt of eontrolled rolling. 

:n:s rontral can yi.eld exœllent resuJts .in terms of e:onomy, ~oducti.v:ity and __ 

material. {X'operti.es. Rapid axiling rates tend te lower the traI'lStormation 

temperature, {X'event aust:en.ite recrystallization p:ior ta transformation and 

reduce the extent Of carbooitride {X'edpitation in aœt:enite, (7). LThe resu1ting 

enhanced {X'ecipita~ in ferrite is bd:h a !:Duree d. ferrite grain refinement 

--

v . 
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and llnJ;X'Oved prècipitation strengthening due te the formation of finer 

IXecipitates at Jow temperatures. AJs:>, the decrease ID the transfort.lllation .. 
temperature help; reduce ferrite grain ooarsening. 

In tzIDciple, this leads to an exœl1ent combination of strength and 

toughness. Nevertheless, when the coaling rates are toc hlgh, teughness may 

be reduced as a resuJt of bainite furmation. The cptimum coaling rates must 

therefore be determined ID connection with the hardenability of steeL , 

2.2 SOFTENlNG MECHANISMS lNVOL\1'ED llJ CONTROLLED Ro.LLING 
i 

The whole concept of controlled rolling rests CI1 the ability te 

control. the relevant g)ftening p:-ocesses. The latter have a si..gnificant effect 

00 the 00t strength of aU5tenite arrl are of vital importance in determining 

thé final p:-operties of a rot roll.ed steel. Tœse p:-ocesses can act during 

deform~tion, Le. inside the roU gap, cr during the interpass 'time, which is 

the time between two successive rolling p:i$eS. \ Softerung takes place inside 

the roll gap by dynamic œcovery and œcasionally by dynamic 

œcrystallization. Tœ rest:.aration {rocesses that cccur during the interpass 

times are static recovery, static œcrystallization and occasionally 

metadynamic ~~tion (31). The p.-edominant s:>ftening mechanism 

depends on the interaction between processing parameters such as the , 
tem~ature, strain and strain rate. lt :is a1s::> affected by material 

.............. 
parameters such as grain si..ze, stack.ing fault energy and trecipi.tation 

characteristics <32, 33}. Each of these g)ftening mechanisms is examined in 

more detail. be1ow. 

2.2.1. Softening m the Roll Gap • .. 

2.2.1.1. QYnamic Recovery 

The mecharùsm of reCOver:y invalves the motion and annihilation of 

Point defects arii of p:lint defect agglomerates. This s:>ftening p:-0cesc3 leads 

to a œduction in the d:is1ocation density and therefare decreases the yie1d 
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In the ear1.y stages of hot deformation; the flow stress tises as the 

dislocation densi.ty :increases/in the ~aterial. The init.ially equjaxe::l grruns 
become e1on~ated an1, fallowing sorne rearrangement and annihilation of 

dislocations, equ:iaxe:l Slbstructures begm to ferm :inside these grains. The 

extent of s.l.bgrain formation increases with increasing temperature and 

decreasmg strain rate 04, 35). 

Beyond the formation of Slœtructures, further strairung can lead to 

eit.her a stabilization of the structure or an accumulation of dis.locabons 

depending on the stacking fault energy of the material and the formation 

conditions. In hic}b.. stack.ing fault. energy materials, such as Al and bec 

metals, tiie rate of work hardening gradua1ly decreases with ,strain until the 

flow stress reaches a steady state. The resuJting grains are more e10ngated 

rut the rubgrains maintain a constant size and shape. This condition of 
• essentially constant dislocation densi..ty is due te a balance between the rates 

of dislocation creation and annihilation (6). J. 

" ~ In rnooerate cr low stacking fault enerqy materials, Slch as steel in 

the ausk .. ::ite phase, smaller SlbgrainS deve1Dp with very tangJed boundaries. 

In this case, dynamic recovery alone .is not able to reduce the dislocation 

density te stable Jevels during qeformation (36). The rate of dislocatiorl 

accumulation becomes rel.ativp~y high and suffi.cient strain energy can he 

store:l within the subgra..i.i1s te initiate dynarnic recrystallization. 

2.2.1.2. Dynamic Recrystallization 

Once a critical dis.1i5êation densi.ty has been excee::led during 

deformation, dynamic recrys-...allization takes place and produces a drop in 

bath dislocation densit:y as weil as fl.ow stress. The exact location on the 

flow curve where this process t::egins is not exact1y known. ExtP.nsive 

meta1lographic ol:servations have inclicated that dynantil:; recrysta1lization is 

:init:iateQ at a critical strain whicb is about five-Sxt.hs the strain 

carresponcling te the peak :in flow stress (37). The latter" œferre::l te as peak 

Strain, is slightly higher th.an the critical strain because, while the first 

nuclei are s:>ftening the materiallocally, the œmainiflg part continues te get 

stronger (17, 38, 39). However, for most p:actical PJ.IlXSeS, this difference 

lM 
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can be neglected and the ~a.k -stram can be ·regarded as the critical strain 

for the mib..atlDn of recrysta])j zation (40, 41). 

Tœ p:-edominant nuc1eation si.tes for dynamic recrystallization are 

at the grain bOlmdaries where clislocatJ.on den.si.ties are high (42) however, 

deformatlon bands .... i.thin the gl'"ains and Slb3rains can also act as nuc1eation 

Sl.tes (43). The Sl.Z e of the dyna rrucall y rec:rys-...aJJiz e::'l. grains 15 not. influenced 

by the ini.t:l.al gralll Sl..Ze before straining but 15 p:imarily contro1led by a 

combmation of the temperature and !:trarn rate known as the Zener-Halloman 

"z" p3rameter: 

. (Q) z - € exp 
RI 

w here € : Stram Rate (s -1) 

Q: Activatlon Energy (cal/g mole) 

R: Universal Gas Constant 1.987 cal/(o)(mo1e) 

T: Testing Temperature oK: 

F~~ rec:rystallize::'l. grams are p:-oduced from conditions giving 

higher values of Z such as high stram rates and low temperatures (43, 44). 

The ~a.k strain fur a glven compcs.ition increases with increasing strain rate 

anà decreasi.ng temperature '(45, 46). It also increases with increasing initial 

grain si.ze even though the latter has no influence on the dynanucaJly 

recrystall j Ze::l grain size (43, 44). 

Comparison of the reductions perfarmed in a rolling p3$ with the 

critical strain for dynamic recryst.allization in aust:.enit.e ind.icates that 

dynamic recrystallization is mœt likely te occur during the early rolling 

passes, when the temperatures are high and the strain rates re1atively ]ow, 

and that it is more [robable .in plain carbon than .in microalloyed st:.eels. 

However, under these conditions, ,static l-ecryst.aru.zation E also extremely 

rapid and is likely to occur between p3sses, S':) that it. may he difficult te 

accumulate the dislocation densities required ta initiate dynamic -recryst:.allization • 

The rol.e played by dynamic recryst:alli.zation during industrial. 

rolling 15 not yet, know n and requires mare research. Nevertheless, ~any 
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authors (47-49) discount the p:-ssjbiJjty of dynarn.i= recrystallization takmg 

place during plate rolling, although in strip rolling, where the reduction per 
\.-

pass 15 higher, this mechanism may play a 5lgnificant rple (41). 
( 

2.2.2. Softerùnq Outing the Interpass 

2.2.2.1. Statl.c Recovery 

In this pnmary restoration process, the subbdundanes become 

s.~arper and the dislocation denslty wit.'1i.n the SJbgrains lS reduced with little 

change in the shape cr S1.ze of these. 

Stat1.c recovery cx::curs when the matenal is unloaded an1 it does 

not involve an ll1cubabon ame (39). The mam factors a....Ffec1:.lng the recovery 

rate are the temperature, strain, stral.I1 rate and the addition of alloyi:1g 

clements. The rate of recove...--y IDcreases as the ~mperature, strëUJlF and 

strain rate are increased (39). Static recove...j is particularly lffi~nt ID 

the no-œcrystallization stage of exmtrolled rolling because it 15 tJ1e 

predomi'1ant 9Jftening mechanism. 

1 
2 i. ..........-.+-..,11;...· 2.2 •. 2. St;atic Re~ation 

This type of recrystalli.zation appears after the matpJial is 

unloaded. It resu1ts in the replacemen~ of the strëlll1ed microstructure by new' 
~ 

strain-free- grains, wiili a large number of clislocations be.ing al:sorbe:l by the 

migrating grain boundaries <50). ;-C 

The critical strain required for the onset of static recrystallization 

is usuaUy small (of tf)e crder of 10,%) (39). Once it is exceeded, an mcubation 

time must e1.ap;e before recrystaD.ization p:-oceeds. Beth the incubation lime 

and the rate of static recryst.a1lization are infl.uenced by the strain, strain 

rate, temperature and initial grain size. Finer.i.rrltial grains and higher dain 
rates decrease the incubation time and increase the rate of recryst.allization 

(24). The recrystallize::l grain size depends 01 the initial grain slze and more 

part:.icuJarly on the specifie grain boundary area sin')e grain boundaries are 

the favoured sites for the nucleation of new grains U7; 38, 51). 

Finer recrystall.ized grains are produced by deformation at hlgher 
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strain rates and lower temperaturesi Slch combinations correspond te higher 

values of Z, the temperatur'e corrected strain rate. This ;:arameter, toge'"...her 

with the amount of deformation, control the knving force for 

recrystallization. 

Due to the small amounts of cri.tical strain required, static 

récrystalli..zation .is the mœt irn portant recrystalli.zation process te occur in 

controll.ed rolling. By contralling its p:-ogress during the mterpass times" the 

desirabJe aœtenlt.e rn.ic!-ostructure can be obtained during the roughing stage 

of the rolling process. 

2.2.2.3. Metadynamic Recrystallization 

The third type of recrysta1lization observed jg ca11ed metadynamie 

and it alBo occurS after the ma~ jg unloaded. However,:il:. differs from 

the static type by the fact that ~yna..mic recrystallization must have been 

initiated before the interruption of straining (52). This also implies that 

nuclei are a1ready present when the load is removed and therefore, - no 

incubation time .is ll1volved (53). 

M etadynamie recrystallization proceeds very rapidly upon 

termination of deformation but, nucleation for static recrystalli.zation can 

still take place in regions where dynamically farmed nuc1ei are hot present. 
• t 

The conditions favouring metadynamic recrystalli.zation are the same as thœe 

described for the dynamic type. 

2.2.3. Formation of Mixed Grain StrucbJre 

The SlCCE!$ of conventipnal controlled rolling rest:s in the abili.ty te 

achieve a fine a.'id, unifarm grain structure. Unfortunately, control ro1led 

stee1s :;ometimes exhi.bit. a mixed grain structure consisting of fine and 

coarse ferrite grains which seriously deteriorates the low temperature 

mechanical p:operties. The formation of mixerl (or dupleX> ferrite-pearlite 

microstructures depenPs directly on the state of austenite prior te 

transformation. Th:re are several. reasons on OOW the austenit.e structure 

results- .in -a -mixerl grain size. In 1968, Jcnes and Rd:hwell reported that 

~here partial recrystallization occurs, mixErl grain &ructures were prcx1uced , 

i' 

-
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by pr-eferential recryst:.aJ1ization at austenite gram boundari.es, grain interiors 

being ]eft unrecrystall1.zerl (23). This SLtuab.on is encountered ln ralling when 

recrystallization tirnes are comparable te the interpass times. Another ca~ 

of mixerl grain ttructure resides in t."e OCCllrence of al:normal grain growth. 

This p.?enomenon is obsP..rved when very light. reductlons per pass, whlch are 

toc weak to pr-omote overall recrystallization, are applled (54). Once a mlXerl 

grain s:ructure is forrnro, it. usually cannat be e1l.minated un1ess there are 

many further rolling passes (55). By b:=>..ing further ro1led, the recry~....allizErl 

regions in the viciruty of the t;l.1or ~ain bolIDdaries tend to preferentlally 

recryst.aJfze Sll1ce they have a smaller grain size than the unrecrystallizErl 

regions mslde the grams. The resulting microstructure ~usly detenorates 

t.1e toughness of the matenal. It is therefore llTIportant te design the rolirng 

scheduJe such as to avoiè. the formatlDn of a rruxed gram structure. It:is 

p::ssib1e to prevent par-J.al recrystallization by applying reductions pe.r pass 

smaller than the criti~al strain for recrystalhzation. This critical reduction 

depends CX1 t."e temperature and the initial grain size of the matenal. As 

described later, the coset of recrys+-...alli.zation can be delayed by the addition 

of microalloying elements. 

Limiting the strains can lead te ab:1ormal grain growt.h. The 

lIevention of al:norrtlal grain growth requires the reduction per pass te œ 
greater than 10 to 14 %, particuJar1y when de.1ay ~ are mcluded in the 

scheduJes (29). Th:! above suggest that, whenever the ti.Wes required to 

obtain romp1et.e recrystallization œcome comparable to, cr longer than, the 

interpass times, a compromise in rolling reductions per pass should be 

e:t..ablished te p:-event the cx::eurence of l:xJth al:normal grain growth and 

partial re~...allizati.on . 

. 2.3 ROLE OF MICROALLOYING ADDITIONS lN CONTROLLED ROLLING 
\ 

Tre im~rtance of microalloying additions tD steel oomes from their 

contrib..ltion te strength and tDughness in the control rolled troduct. Specifie 
, f 

eiernents Slch a9 ~ Mo, Nb, Ti and V help retard recovery, recrystallization 
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and rometi.mes Slppress grain growth. Their beneficia1 action, when present 

as either solutes and/or carbonitride IXeci.p:i.tates, is briefly Slmmarizerl .in 

the following. 

"2.3.1. Effects Qf MicroaIloylng Additions as Sa1JJtes 

The presence of microalloying e1ements Slch as Al, Mo, Nb, V and 

Ti In s::>lution retard recovery in deformed austenite and consequently delay 

the cnset of recrystal1 ization. However, they have 1ess influence 00 the 

IXogress of œcrystallization ooce .it is in.iti.ated. The retarding effect. of the 

elements in s:>lution has been attrituted to the followIDg factors: 

- The IXesence of solute atoms on slow moving grain boundaries 

can generate a "s::llute drag force" which 'then impedes their 

motion and œtards recrystallization (56). 

- Direct segregation of oolute atom's al dislocations can il.....~ect the 

rate of recovery (57). 

- Substitutional solute atems can interact with the intersti.tial C 

and N te create dipqles w hich then interfere w.ü:.h the motion of 

dislocations. Thls_ makes the dislocation rearrangement and_ 

subgrain fprmation more difficu]t and :it. delays 00th 

nucleation and recrystallization (5). 

- Solute additionS Can change the alloy's stacking fault energy. A 

decrease in the stacking fau1t. energy reduces the J.:ŒSÏ bjljty of 

c::ross-slip, which makes recovery more diffi.cult (39). 

Tcgether with their retardating influence on recrystallization, the 

elements in s:>l.ution als:> .increase the strength of a materiaJ This solid 

s::ùution strengthening jg &.rong1y dependent 00 the mobility of the foreign 

atoms, which makes ft. Jess effective at e1evated temperatures. While ID the 

case of substitutional atoms the high temperature strength of austenite 

.increases with increasing alloy CX)ntent (58, 59), the effect l:rought about by 

.interstitial atoms can he neglected (58-60) •. 

.. 
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2.3.2. Effects of Microalloying Additions as Precipitates Fermers 

Below the relevant rolution temperatures, microalloying e1.ements 

Slleh as Al, Mo, Nb, V and Ti have a strong tendency te ferm stable carbide 

and/cr nitride {recipitates. Tœ resulting p:-ecipitation is contralled by two 

factors: su.persaturation and cliffusiv:ity of the pr-ecipi.tate forming e1.ements. 

Supersaturation I,Yovides the dri ving force for p:-ecipitation and in this case, 

determines the free energy of the system. Diffusivity strongly depends on 

temperature and whether cr not the material is recrystallizerl. Two of the 

mest important factors that influence the properties of materials are the 

size and the dlstnb.ltion of p:ecipitates. W hen particles are large and widely 

spaeed, they generate local ]attiee distorsions during deformation whieh 

create nue1eation sites for recrystallization. Th: resuJting increase in local 

dislocation density then ~omotes the recrystallization I,Yocess. When the 

rrecipitates are fine and dispersed, they can retard recrys""..allization by 

different mecharusms: 

- They a;eate a. dragging force en' the moving grain boundaries and 

thus inhibit grain boundary migration during grain growth (7, 61, 

62). 

- They pin the dislocations and hipder thèir rearrangement inm 

subg:tains cr mobile high angle boundaries (63). 

- They i'1crease the h:>m09eneity of the dislocation distribution and 

thus preven the local nucleation of new grains <39, 63). 

Precipitation an take place during (dynamic> , cr after defcirmation 

<static and strain induc precipitation). In steels, p:-ecipitation can œcur in 

aust.ehlte, ferrite cr d . 9 the austenite te ;ferrite transformatipn. 

1 
2.3.2.1. Precipitation in Austenite 

In austen.ite, the chaice of the reheating temperature has an 

, im p6l!tant effect Binee it àetermines whether the p:-ecipitates are dissol ved 

cr not. Complete dissolution of trecipitat.es jg desirable. In this way, the fun 

IXJI:ential of p:ecipitation thermornechanical {X'ocess:ing becomes available. 

However, this is s::>mewhat offset by the fact that high reheating 

tern~atures can :1ead to cœrse initial aœterute' grain sizes. On the d::her 
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hand, undissalved lZecipitates, resu.lting from low soaking temperatures, can 

inhiblt the grain growth of the .in:itial austenite grains (7, 19) rut, th,ey can 

al.s:> promote recrystallization if suffidently large. Precipitation in 

undeformed austenite is relative1y slow and is mast likely te occur at grain 

boundar:ies. However, a maj:Jr acceleration of precipitation js caused by 

deformation and the result:i.ng strain induced p:-ecipitates, w hich appear 

p:-eferentially on subgraih boundaries developed dûring straining (64, 65), 

retard bath the onset and p:-ogress of recrystallization (20). The extent of 

the de.lay depends on the degree of supersaturatIoi1 of the precipfr.ating 

species, and en temperature, strain and,strain rate (21). 

In addjtjon te the effect of deformaPoil, the influence due te the 

p:-esence of "quatemary" e1ements en p:-ecipitatiDn is of importance. Fer 

examp1e, Mn, Mo cr V can slow dowri the ooset and p:-ogress of precipitation 

of Nb in aust.eni.te. This js due te the decrease in the activ:ity coefficients of 

the p:-ecipitating e1ements assodat:e:1 wit.h the p:-esence of Mn, Mo and V 

(66-69). 

'1 

2.3.2.2. Interphase Precipitation 

The mi.croal.loying e1ements in s:ili.d 9il.utiort which do nct 

trecipitate in austenite can ~ecipitate while the austerùte to ferrite 

transformation .is taking place. In this casè, the trecipU:ates form along the 

advancing aœt:en:ite-ferrit.e phase boundary (22, 70). Wh::n the boundary 

moves to a new location, the precipitat.es are 1eft behind in a sheet-like 

array. This type of li'Cecipi.tation is enhanced by high solute rol.nb ility and 

high Ar3" The final microsttucture consists of numerous sheets of 

~ecipitates, where each sheet denotes the location of' the interphase 

boundary during the oourse of traÏ1Sformation. The spacing corre1ates w:ith 

the coaling rate through the transform~t;ion. As the coo.ling rate js increased, 

the rows become lJlare closely ~ced and the };redpitates mare effective as 

dispersion strengtheners (71). 

--.. 
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2.3.2 .. 3. Preci.pi.?ation in Ferrite 

Precipitation alro occurs in ferrite, p:-eferentially 00 dislocations 

and subgrain boundaries (72). Compared with the partic1es precipitated in 

austen:ite, the cnes formed in ferrite contribJte more strongly te the 

strengthenmg due te their finer size. Trey a1s:> prevent the migration of 

ferrite bouridaries during cooling, œsuJting in further grain refinement (71). 

Precipitation in austenite Versus t:recipitation during or after 

transformation are two competing processes since the particles f:xmed in 

austenite reduce the amount of m.i.croalloying clements available for 

J;Cedpitation in ferrite. A coaling s::hedule which p:-omotes grain refinement, 

uses a large p:-oportion of mi.croalloying elements for the control of austenite 

grain size. As a [P_sult, ferrite precipitation hardening 15 minirnizep (73). The 

ideal controlled ralling s::heduJe would ~erefore take into consideration the 

requjred amount of grain refi.nement and precipitation hardening, and would 

œntrol precipitaticn in order to obtain the desired product prope.rt.iP...s. 

2.3.3. Effects of Individual Microalloying Elements 

AR rnicroalloy:ing clements ad:1ed te HSLA stee1s are not equally 

effective ID controlled rolling., Alurninum is found te retard the 

recrystalli.zation of austenü:e, in part by the p:ecipitation of AIN (74). 
~ ~ 

Depending dn where they form, the AIN precipi.tates can have different 

consequences 01 the beha viour of the steel. W hen deposi.t~ on the austenlte 

grain boundari.es, the partic1es can 1ead to eml::rittlement <75-78) or te a 

decrease in hot workability (79-81). By contrast., when formed as fine 

partic1es 00 d:islocations, they can retard bath the nuc1eation of new grains, 

as well as their sul::sequent growth in a manner romewhat anaJogous tD the 

effect of NbCCN) or VN. Similar te titanium, aluminum has a favorable 

mfluence en 00t ductility (82)..... Molybdenum is known te strengthen the 

ferrite matrix by s:ilid s::il.ution hardening (83, 84) and te de1ay austenite . 
recrystalli.zation through a strong s::llute effect (85, 86). Th:! s:iliIte retarcling 

influence of molyl:rlenum.is intermediate between that of niobium, which has 
" 

-the greatest, and of vanadium, which bas the smallest effect 00 an equal 

atom fraction basis (57). Tœ p:-esence of malylxlenum in aust:enite 
\",- " 
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contribJtes te a decrease .in the carboo and nitrogen activity coefficients 

which .in turn reduces the drivlng farce for carbcnitride preci.pit:at:ion :in 

austenite. When [resent âl.one .in aust:en.ite, rnalytrlenum does not [recipitate 
-----~--rut with vanadium, titaniurn and niobium, È farms c:o-p:-ecipitates (85, 87, 

88). Niobium is oonsidered as highly effective .in contralled rolling sinee È 

strong1y retards the recrystAJJjzation of austen.ite (40, 66, 89). Trn.s is due in 

part te jts s::ùute effect and also, te its strong tendency to ferm carbonitride 

rredpitates .in austenite as well as .in ferrite (48, 66, 90).- TtE addition of 

titanium (up te 0.02 %) allows the rrecipitation of very stable TiN during 

9:)lidifieation (91). Tl'Ese p:-event aœtenite grain coarsen.ing during reheating 

up to 1200-1300oC. At higher concentrations, e.g., 0.1 te 0.2%, the 

rrecipitation of TiC takes place at lower temperatures .in aust:.en:ite and 

delays recryst:allization (92). Precipitation harden:ing œn ~ he obtained by 
J': r::., 

the rrecipfration of TiC :in ferrite. The retarcling :influence of vanadium on 

recrystallization is much weaker than that of niobium (66). F:irst, its . 
influence ID s::ùution is much smaller when cx>rnpared to niobium rut als::>, the 

greater s:ù.ub.ility of VN .in austenlte m~es this nitride oomplete1y gjluble at 

oommon reheating temperatures (48, 93, 94). Fer these reasons, vanadium 

cannot contri.bJte much to the aœt:enite grain refinement at usual N leve1s. 

Neverthe1ess" vanadium cont:r:i.butes in a suŒtantial. way to ferrite 

strengthen:ing and .is often added together w:it.h niobium. 

2.4 METHODS OF FOLLOWmG PRECIPITATION IN-AUSTENITE 

A majcr diffi.cu1ty in fallowing the behav:iour of aust:enite ID HSLA 

'SteeJS is due te the instability of that phase at room temperature for many 

steel chernistri.es. Djfferent methods of following the J.Xogress of 

p:-eci.pi.tat;ion in austenite exist today. These are cJaesified as direct cr 

.indirect depending 01 whether they 1;ake place at high cr roorn temperatures. 

;,' 
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2.4.1. Direct M ethods 

A mechanical. method was concei.ved by Weisc; (40, 89, 95) to . , 

determine the PTT curves of two rùobium HSLA st.ee1s in the tmdeformed 

(s:atic), J;1"edefarmed and deforming (dynamic) states of the materia.l. Tre 

method invalves :isother m al, constant true strain rate, t.m.iaxial oornp:-ession 

testing. Tœ peak st:rain (E ) determined from the œsulting flow curves is 
p 

the pararneter used ID establish the rrecipitatiDn start (P s) and finish (P f> 

tirnes. After a s:::>ak at the rolution temperature, the sample jg a::>aled to the 

test temperature and cne of three ty'ocedures is appli.ed: 

1> It can be held for Var10US times and then tested at a given 

strain rate. This p:ovides data about '~tic ty'ecipit.ation. 

2> Tœ S3.mples rnay be predeformed at a EBlect.ed strain rate to a 

FX"e-det.ermined strain, h<=>..ld far various times and the 

deformation resumed, p:ssi.bly at another strain rate. This 

method is used ID follow p:ecipitation in the {Xedeformed stati.c 

case, i.e. strain induced ty'ecipitation. 

3) Finally, sam p1es can be tested without any interruption over a 

range of strain rates ID &.udy dynamic FX"ecipitation. 

Tœse p:-ocedures are describa:l iÎ\ full. detail in the papers of Wei.9s 

and Jcnas (40, 89, 95, 96>' Fer the purpose of the present IDvestigation, 

wlùch is focused 0'1 dynarnic recryst:.al.lization and precipitation, the t:l'lIrd 
method appears as the mœt appropriate. In this case, the P s and P f times 

are calculated from the peak strain € P vs. log strain rate Ê curves ac; 

œpresented in Fig. 2.3. Tœ IXecipitation-time-temperature (PTT) curves 

-oètained by this methcrl are in good agreement wit:h the ales determined by 

ether, methods (47). Tte clifferences ol:served are due rncstly te variances ID 

chemical oomp::sitjon <r heat treatment (ie. ~ austenit.e grain sLZes)._ 

Other mechanical t.esti.ng methods invol \le use of constant crosshead ~ed 

instead of ,constant true strain rate (94). 

.. 
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2.4.2. Indirect Methods 
" Sorne of the indlrect methods are summarizerl be1ow: 

- The physical p:operty measurement ~ methods invalve the 

measurement of electrical resistiv:it.y, which is sensitive te the structure of 

the mate.ria1 and th us, te the [Xesence of p:edpitates (97); Imeasurement of 

the volume fraction and si.ze d:ist:rib.ltion of precipitates by >M:'ay diffraction 

(73); measurement of thermoel.ectric p::ltentia1. and of martensite 

transformation temperature M (98). 
s 

- The mechanical p:operty measurement methods invalve 

microhardness measureme.'1ts (41, 99). (Precipitation in the aust.eruterange 

reduces the amount of carbcnitride availabJe for p:ecipitation in the ferrite, 

resu,ll:ing in a loss of recondary hardening.) 

- Quantitative metall.ography and micrœcopy can [Xoduce 

information concem.ing the si.ze, volume fraction and shape of ehe indiviàual 

pr-ecipitates (94, 100). 

Quantitative chemical methods, for examp1e chemical extraction, 

can be useful "te calculate the pmount of precipitates present at the 

clifferent stages of aging (101). Fer instance, Watanabe et al. attempted to--­

determine the corn pcsition and crystalline etructure of Nb (C N) with Sllch a 

method - (84). They had the Slbsidiary aim of checking for the p:-esence of 

malyl:denum in the carbonitrides in a series of Mo-Nb rnicroalloyed steels. 

Each of the indlrect methods has the ~dvantage, oowever, that it 

is net carried out at the temperature at which the .information .is wanted. By 

contrast, the mechanical direct method has two advantages. One is that 

testing is in the phase of interest (i.e. the austenite phase) and the ether 

cne is that bulk, rather than Jocal, troperti.es are measured, s::> that sampling 

errors are reduced. W ben followed by electron 'm:icrœcq;:>y, this technique 

can {X'ovide the mœt detailed and teli.able information en a bling the 

determination of the PTT cw:ves. It is the approach which has been sel.ected 

for the p:esent stooy. 
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CHAPTER 3 

EXPERIMENTAL MATERIALS AND PROCEDURE 

3.1 EXPERIMENTAL MATERIALS 

"W.ith the purpœe of investigating the effects of the additjon of 
.:q 

malyl::rlenum alone and with alunUnum on the kineti.cs of dyné:l~":'" 

recrystalli.zation and p:-ecipitation, three microalloyed st.eels were tested. 

These were of a series of nine 0.07 % C, ~.25 % Mn stee1s p:epared by the 

Physi.cal Metallurgy Re;earch Labaratories of the Department of Energy, 

Mines and RE50urCes, Canada. \ 

The chemical compositions of the reference plain C, Mo, Al (102) 

and Al-Mo s:.eels are listed ln Table 3.1. Tœ first two st.ee.1s wke issued 

from the same base material while the 1ast. cnes came from a different stock. 

The other materials (A!-Nb steels) were studi.ed concurrently as a part of 

another M. Eng. research Cl02). 

3.1.1. Specimen Preparation 

The sam ples were rnachined from 13 mm thick plates with the 

com{Ze93ion axis aligned along the ralling direction as shown in Fig. 3,.l. 

The ~ens had a diameter and height of 7.9 and 11.8 mm 

respecti.ve1y. These dimensions were based 00 the 10ad capa city and the 

cross-œaà speed range of the testing gear and en J;revious exper.ience with 

the equipment (98, 103-105>. '1'0 prevent ~elling and enhance uniform 

deforrnation, the end faces of the sarnples were concentrically grooved te 

retain the glass )llbricants œed during high temperature compression n03, 

104>. 

The glass lubricants he1p ta minimize friction between the end 
faces of the sample and the SiN rompression p1atens. Tœ groove design was 

based 00 trev.ious investigations which showed th,at best results are obtained 

with fiat bot:torned groove.s (96, 103) As shown in Fig. 3.2 the grooves are 

wider at their bages than at. the ridges between thern. This oonfiguration 

allows for the gradual release of the stared lubricant as the ~en/p1aten 

interface area increases dw::ing the defarmatÏOI'l. 
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Table 3.1 Chernical Compg;ition (wL %) of the Stee1s Test:.ed 

steel C Mn Mo Al N Si 

~ 
li 

PLC 0.072 1.22 0.010 0.015 0.010 0.165 N 

'" Mo 0.070 1.25 0.215 0.015 0.010 0.155 

Al 0.072 1.25 0.080 0.006 0.210 * 

Al-Mo 0.070 1.32 0.205 0.075 0.006 0.2JO 

1\LL P: 0.01 S: 0701 Cr: 0.035 

* 1\fter Wang (102) 

'~ 
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Groove Dimensions (mm) 

size A B C E 
1 0.18 0.15 036 0.10 

2 Cl.15 Ol2 Q.30 0.10 

Tolerance 
, a.02 

.. 

/ 
" 

Details of the groove design CIl the end faces of a 
cornp:-ession S2mp1e (after Weiss (96». 

1 
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3.2 EXPERIMENTAL PROC,EDURE 

3.2.1.'~ Heat Treatment 

All the specimens were heat treateà for two roUIS at lOOOoC under 

a vacuum atmœphere and then water quenched. The p.rrpœe of this heat 

treatment was ID eli.minate any rolling texture present in the as-received 

materials which could ]ead~ non-romogeneous deformation. Fallowing this 

normalizing treatment, each samp1e was austenitized for thirty minutes in 

the-test chamber immed.iately before the deformation. 

The choice of the austenitization temperature for each steel was 

based on two considerations: 

1) To ensure the complete dissolution of the aluminum nitride (AIN). 

2) To obtain approximately the same .initial aust.enite gTain size in 

all of the steels. 

Details (l1 the above two re<I1;Iirements follow. 

3.2.2. Determination of the Solution Temperatures 

In arder te proouce the maximum precipitation in the steels -containing AL al.l the AIN p:-ecipitates p:-esent at room temperature were 

dissolved during a solution heat treatment. The solution temperature was 
1 

calcu.lated according te the formula given by Darken (106): 

1400 t 1.95 
log (Al) (N) = - ----

T 

Here (Al) and (~) are the concE"ntrations in wei.ght per cent of Al 

and N respective1.y and T is the al:sQlute temperature. 

Using the above eq"Uation, the equiliJ::rium s:ll.uti.on temperature for 

the two stee1s containing Al was estirnatéd to be 1114°C. To ensure 

complete dissolution, the minimum aust.en.itization temperature was raisej by 

at least 40°C a~ve the calculated one. ,The austenitization temperatures 

and the resulting al5t:enite grain sizes for the three rn.icroall.oyed st.ee1s and 
., 

the plain C steel are listed in Table 3.2. 
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Table 3.2 AUStenitization Temperatures and Austenite Gram Sizes for the Steels Tested 
1 1 

,... 

Steel 

PL C 

Mo 

Mo - Al 

Al (102) 

Calculated 
Sci1..ution 
Temperature (OC) 

1114 

1114 

1\ Œl:..enitization 
Tem pE"..rature 
Se1ected (0 C ) 

1060 

1060 

1150 

1180 

C crresponding 
1\ usteriite 
Grain Sue (LLm) , 

90 

95 

95 

100 

" 

o 

w 
o 
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3.2.3. Initial. Grain Size Measurement 

,.,. Fallowing thè vacuum annea1ing heat treatrnent, a s:mes of samples 

from the three steels investi.gated was austenitizal far 30 minutes at ... 
clifferent temperatures after which, each specimen was immedlate1y quenched 

in jce water. Tœ samp1es were then eut m two by a 11-1180 Buehler mmet 

low speed cliamond saw to p:-event overheating of the surfaces. Once 

mounted in bakelite MM 112, the !:peclrnen surfaces were hand ground using 
\ 

&Jcces;ively 120, 240, 400 and 600 grit silicon carbide papers and p:ilished 

with 6 and 1 }Lm diamond oompounds for the final finish. 

Two different etchants were used to reveal the prier aust.en.it.e 

gram ooundaries. The first cne was Vill.ela 's reageant (107): 

5 nù HCI 

1 gr. of picric acid (wet;J 

20 drop; of wett:ing agent (TeepalJ 

for 100 ml of et.hanal (95 %). r 
The œcond reagent was a moetif:ied version of V.iIlela 's s::llution: 

1 gr. of picric aci.d (web 

20 drop; of wetting agent (Teepcill 

for 100 ml of distill.ed water. 'This sliution was heated to a temperature 

between 50 and 70°C. The grain sizes were deterrnined by the intercept 

method (AST M # El12) using a circuJar 200 mm length grid. Measurements 00 , 
live different pi.ctures coverin9 different areas of the same specimen were 

œed. Tœ micrœtructure of the investigated stee1s exclOOing the Al st:ee.4 
quenched from different s::>âking temperatures, are shawn in Fjg. 3.3. 

To a1able a comparison of these resu1ts and thœe from the wark of 

Bacroix (57)~ an init.ial. aœtenfre grain sLze of 100 }J-m was œlected. Tœ 

evalution of the aœt:enite grain size as a function of œheating temperature 

is shawn in Fjg. 3.4. 

3.2.4. Comcressi.on Testing Eguipment 

In a:der te deterrnine the dynamic recrystallization and 

(recipi.tation kinetics of the st:.ee1s, tuqh temperature oomtress:ion tests were 

can:ied out at const:ànt true strain rates ranging from 7.4 x 10-5 te 7.4 x 

10-1 s-1. The basic design of the Instron test fra~e meXI jfi1' for çx:>nstant 

'. 
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Urrleformed micrœtruct.ure of the p1ain C steel at 
10600 C after 1800 s. 
M agnification: 125 x 

Und;ôcrmed micrœt:ructure of the Mo à:.ee1 at 
1075 C after 1800 s. 
Ma:.Jtlificatioo: 63x 

- 1 
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\ '-, 
Uooeformed mi.crœt:ructure of, the Al-Mo steel at 
1150

0 after 1800 s. 
1-1agnifi.cation: 100x 

". 
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true strain rate defarmation, has been descrihed .in detail e1sewhere (40, 89, 

95, 108). The important features of the test. system are the loading members 

consisting of an upper ram assembly which jg connected to the moving 

cross-œad and a stationa..--y IDwer anvil attached ID the Joad œ.1l <Fjg. 3.5). 

The specimen and toals were surrounded by an Inconel muffle which allowed 

for testing in either a vacuum of about 10-3 Terr, cr .in an argqn 
~ 

atmosphere. 

SiN inserts were placed at the oontact surfaces of bath the ram and 

the anvil. They were held .in p:sitio_n by superalloy retaining oollars. The 

smoothly ground SiN inserts p:ovided fIat and hard compression surfaces for 

defor mation. 

The tests were performed with the aid of a Hooeywell 4020 process 

control oomputer. The load meaSurements were taken from the load œ.1l and 

the displacement measurements from a Linear variable Displacement 

Transduœr (LVDT). Tœ LVDT rod was attached to the moving cross-œad 

and the a:ril te the Instron frame. Tb:!se data were stored by the computer 

00 a scratch file. True stressjtrue strain plots were obtained immediately -­

after each test, after which the data were transferred 00 tape for 

permanent starage, 9:) that they could be recalled at will at a later date. 

Tœ high temperatures required were obtained by means of a satec 

split 3-zooe p1àtinum res.istance fumace wft.h a capacity of 14.5 amperes per 

zooe. This furnace was connected to a Leeds and Ncrthrup Electromax m 
Series 6435 contr~. 

A final p:rlnt of .interest jg the specimen ejection mechanism, which 

allows the user tD quench a sample wit.hin 4 seconds of completing a test. 

,,; 
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1 Sheofh support plOIe Sioinleu Ifeel 

2 Sheoth Inconel , 
3 Split furnace Marshall 

4 Rom Udlmet 500 

5 Anvll Udlmet 700 

6 Anvll supporl. Udlmet 500 

7 Ejection lever Sioinlell sloel 

Il E Jector shaft Rlne' 41 

9 Woler coollng corts COOCH'" 

10 Bose support SlolnlelS 11181 

Il Ouench both Wcter 

12 Thermocouple Chrom - Alum 

13 Thermocouple Pt - Pt IO%Rh 

HOT 
COMPRESSION 

TRAIN 

- CIOSS sa.'"1:ion of the hot oom};%'es9ÎOn testing frame 
(after Weiss (96». 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

The aims of this study were the fullowing: 

1) To evaluate the 9':ll.ute strengthening ~uced by the single and 

j::iint ad1ition_ of Al and Moto microalloyed steels. 

2) To establish the PTT (precipitation-Time-Temperature) curves 
if 

far the st.eels tested in crder to investi.gate the effect of Mo Œl 

AIN p:-ec:ipitation kinetics. 

3) To examine the pcs;ibùity of s.ll:stituting Al far SJme of the 

mcre expensive microalloy additions (SJch as Mo) made to stee1s 

p:-oduced by rontrall.ed rolling. / 

, To determine the PTT curves fÔr:" the microalloyed ~, 

-- compression teSts were conduct.ed at oonstant ~e strain ratesr:~9 from 

5.6 x 10-5 to ~.1 5-
1 in ic;othermal oonditions \rt;~~, 900 and 925°C. The 

thermal histary ~eceding oompre::&on tests is describ?d~ 3. 
'. 

4.1 EXPERIMENTAL FLOW CURVES 

A selection of typical flow curves fer the three steels investigated 

at 875, 900 and 925°C, :iS ~esented in Fjgs. 4.1 ID 4.3. The curves œveal 

that the materials yield, wark harden to a maximum stres:; and the flow 

stress then decreases due ID dyJ)amic 'œcrystallization. Sinœ 

recrystalli.zation is a nucl.eatio~ and growth p:-ocess, jts P:OCJIes:; requires 

time. The hi.g11,er the strain rate, the sharter.is the time required to reach a 

given strain. lt fallows' that higher peak strains are neces;ary to initiate 

recryst:a1lization at higher strain rates. At 900o C, a ra.ise in the strain rate 

from 1.4 x 10-4 te 1~4 x 10-1s-1 resu1ts in increasing the peak &rain by a 

factcr cr. 2.3 fer the plain C S:.eel; 1.8 fer the Al steel tested by Wang 

(02): 2.2 fur the Mo EÏ:eel and 1.8 fa:' the Al-Mo &.eel. The rank of these 

fact:Œs in decreasing cmer :is plain C, Mo, Al and Al-Mo stee1.. with the 

latter two beinq ~atel.y the same. The meaning of these fact:cr.; is 

biefly discussed in the next chapter. 
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Figure 4.1a Flow curves for the plain C steel st 8750 
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Figure 4.2b Flow curves for the Mo &eel at 9000 e OVeJ: the range 
of strain rates investigated. 
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The flow curves for the four steels are :p:-esented m F:ig. 4.4 Slch 
• 

that comparison of t.Qe :influence of the microalloying e1ements co the peak 

stresses and strains can be made easily. Here, the curves for the Al st:.ee1. 

ooncurrently studied by Wang (102) are mcluderl. 

Fjg5. 4.4 (a) and (b) regroup:; tests that were conducted at 9000 C at 

strain rates of 1.4 x 10-15-
1 and 5.6 x 10-45-

1 respecti.vel.y. 

. At the relativel.y high strain rate of 1.4 x 10-15-
1, the deformation 

• 
time .is too short for precipitation te take place before the ooset of dynamic 

recrysta1lization (F.ig. 4.4 (a». In t.loris case, the oœerved differences in peak 

strain œil aùy he attributed te the p:esence of th(: mi.croalloying elements 

m solution. Tœ resuJts suggest that, when added te the plain C steel., Al 

alone does not retard recrystallization !:ut simply .increases the peak stresc; 

(115 to 122 MN/m 2). The achlition of Mo, however, de:J.ays the ooset of 

recrystall.ization (the peak strain increases from 0.33 to 0.50) and also raises 

the peak stress te 128 M N/m 2• The sam e amount of ret.ard.ation .is found 

.when both Al and Mo are added rut the gain in peak stress :is romewhat' 
2 ' 

lower than- with the Mo steel <121 MN/m ). By contrast, when these tests 

were performed at the much lower strain -rate of 5.6 x 10-45-
1 (Fig. 4.4 (b», 

enou:;h time should have been available far p:-edpitation te precede dynamic 

recrysta1lization. The observed :influences of the microallDying elements on 

recrystallization can he exp1ained by the:ir p:-esence as bath solutes and 

p:-ecipitates. 

The flow curves of Fjg. 4.4 (b) show a different picture than the 

ooes of Fig. 4.4 (a) and suggest that the addition -of Al ta the plain C st.eel. 

brings bot:h an mcrease in peak stress (53 te 62 MN/m2) and m retardation of 

dynam.ic recrystallization (0.17 te 0.24). Tœ addition of Mo presents almost 

the same effect as AL Finally, the j:rlnt p:-esence of Al and Mo seem5 ta 

boœt the çeak strength te 68 MN/m
2 

and rnove the peak strain te 0.32. ", 

4.2 STRArn RATE DEPENDENCE OF PEAK STRAIN 

The strain raCe dependence of the peak strain is shown.in Fjg. 4.5 

far the p1ain C, Mo and Al-Mo steels at the three tem~...ratures of :interest. 

Tœ results for the Al steel tested by Wang (102) are .inclOOed far 

sake of oornpaIi&>n. Tœ peak strain mcreases smoot:hly with strain rate for 



o 

~ 

01 

E 
"-z 
:E ....... 

Cf) 

f3 
0 Q: 

t-
CI) 

I.IJ 
:J 
0: 
t-

, .. 

o 

- 48 -

160 r---~--r----r----'--~-~----

140 

Mo 

120 

AI- Mo 
1 

100 

PI. C 

80 

':.. 

60 

40 

20 1.4 X 10 -, S -1 900°C 

o 0 .10' .20 .30 .40 .50 .60 .10·· .80 

Eiqure 4.4a 

'~ 

TRUE STR.l~IN 
~ 

Influence of Al and/cr Mo addition 00 the flow curve.s 
of a œries of ~.srnoyed ~ t:ested at a strain 
rate of 1.4 x ,10- s- and 900 C. 



.. 

~ 

Ga 

'" E J 
"'-z =e 
---
CI) 
(1) 

0 
ILl 
Il: 
t-
(1) 

ILl 
:::> 
Il: 
1-

\ 

o 

t 

- 49 -

\. 
\ 

160 ........ \------........ ---------------... 

140 900°C 

120 

100 

80 

AI-Mo 
60 

AI 
::: Mo 

-40 --
PI; C 

20 

o~------~--~~~~--~--~--~--~ o .10 .20 .30 .40 .50 .60 .70 ;80 

Figure 4.4b 

TRUE STRAIN 

Influence cf. Al arrl,Icr Mo aà3ition al the flow c.urves 
of a series of ~ed st:ee1s tested at a s:rain 
rate of 5.6 x 10- s - and 900oe. 

} 



o 

Z -
~ .... 
CI) 

~ 
ct 
L&J 
Cl. 

• 

.. 

'~ 

.80 
1 

.70 1-

.60 1-

.50 

.40 

. 30 

. 20 

.10 

0' 
10.5 

o 

PI. C STEEL • 
AI STEEL (102) • 
Mo STEEL • 

'\~ '} .. 
AI-Mo STEEL • - ,/ 

• . /./. 
/.A~ . 

.~:/ y/ 
---.~.~ ,,/ 

• • .- _. ~' .,-Y • ...,.... 

• lit. 
................... ~~~ . 

,,-- ~- 1 .-,,=A- • Y- -.~. 
" -------. ._e- -. -

875 oC 
r-

'-- 1 1 , 

10-4 10-3 10 -2 10 -1 

STRAIN RATE (S-I) 

{;, 

Figure 4.5a Dependence of p:ak .::train 01 strain rate at 8750 C for 
the three microalloyed st.eels am the plain C &.ePJ.. 

J 

o 

U1 
C) 



~"'"" 

o 

-

Z -
~ 
(J) 

~ 
ct 
I.&J 
~ 

\ 

/ 

.80 

.70 

. 60 

. 50 

.40 

.30 

.20 

.10 

Î 
1 

--~----------------------....... ~ 
o 

-\ 
PI. C STEEL· • 

'-AI STEEL (102) • 

Mo STEEL • t" 

AI - Mo STEEL • 
~i-

./0 

.tf ,/ 

.--.~.- _.--.--!~.~ 
-y. y- .. ..--.~ -r -,,"' -y- ~y_ .. y_Y Y. - -y-y .-

, -T Y ---.- ' 

-e-.------- -.--.---:-.--------.~. " ' 

y-' 

900 oC 

C\ 

U1 ..... 

.. 

o · " 
10 -s 10 -4 10-3 10-2 10 -1 

STRAIN RATE (S-I) 

Figure 4.5b Dependence of ~ak S:r'ain (]1 9:rain rate at 900°C for 
the three microalloyed stee1s and the plain C st:&=>..l. 



o 

.80 

. 70 
-

• 
. 60 

2 - .50 <t 
0: 
t-
CI) .40 
~ 
ct . 
IJJ J30 a.. 

.20 ,. 

.10 

0 
10-~ 

4 

PI. C STEEL • 
AI STEEL (102) y 

Mo STEEL 

AI-Mo STEEL 

.. 
• 

o 

./ 

. ~,~ 
•• • ._. _.;::::::::-/11.::---
.. '" -",-fo • _._"'--. ..........4f"" .. .. -! ~;:::;.:;:::::!-~--' 

'1 

.-.----.-
10-4 10-3 

$TRAIN RATE (8-1) 

10 -2 

~ 
FigurE> 45c OE.lJeCldence of ~ak grain 01 s:rain rate ~ 92SoC for 

the three microalloyed S:eels and the plain C 9:eeL 
.J -' 

925 oC 

fO -1 

o .-

V1 
I\J 

1 

----; 

.. 



; 

~, 

", 

o 
J 

o 

D \ 

- 53 -

\ 
the plain C steel and the dependence .is qualitatively si..milar at the three 

temperatures. Tœ rurves, for the microalloye::l st:eels 'disp1ay two im~ 

features: 

First, there is an overall shift of the curves tewards higher values 

of E in comparison with the plain C s:eel. This inclicates that dynamic 
p 

recrystallization is de1aYeJ by the acXIition of the rnic;roalloying e1ements and 
" 

the overall shift is at:t::ril:llterl te the effect of these e1ements a~ as 

s:ll.ute5. (Th:! behaviour of the Al s'"...eel at 925
0 is an exception). 

Second, in the cases of the Al-Mo steel and mare particuJarly the 
- /II' 

Al steel, a dev:iation from the trend (s1ope) of the reference Mo and plain C 

st:.'èets respecti vely is ol::served at low,~st:rain rates «10-3
5 -1). T œ curves of 

the Al and Al-Mo Ste~ ''level off" at s:>rnewhat higher strain rates :te 

cnes of the plain C and Mo st.eels. 

T~ ol:servation Slggests that an addjtjonal !~ntrib.l . in 

retarding dynallUC recrystallization cx>mes from the microalloying e1ements 

[XSSihly acting as dytfamically formed I;X'ecipitates. 

From the curves displayed in Fig. 4.5, the relative effect of 

cornrœition in retarding dynamic recrys:-a11i7.ation is eJqres5ed in increa.sing 

c:rder as Al, Mo and Al-Mo. lt. is mteresting te note the limited s:ùute effect 

of 0.08 wt. % Al 00 dynamic recrystalli.zation. Its weak delaying contril:ution 

is weil demonstrated when added 1:0 the plain C steel (Al steel> 'cr 1:0 the Mo 
1 

steel. (Al-Mo st.ee1J. Ncte l's:"e that 0.08 wt..% Al is the tÇt.a1 Al content. Tœ 

soluble A11evels are under st.u:1y and are ~ te he ~ (80 %) than that • 

arnount. By contrast, the addition of 0.20 wt. % Mo te ~ C steel 

strongly delays the occurence of dynamic ~ation. This effect rnight 

result 9:llely from the' I;X'esence of Mo as rlute since almost exclusi.vely no 

data have been reported .in the literature concerning the trecipi.tation of 

MO<C,N) in high temperature austenite ~7)' However, the resuJts of a recent 

sttrly carr.ied out by L'Eœyer et al.. cn~ Mo steel revealed the p:esenœ of 

Mo rich p:-ecipitates (l09). Electron microscopy was prlormai on unstl"amed 

as well. ac; deformed samples wbich were imme:iiately quenched from the test 

temperature. The IXecipitation of comp1ex Mo carbides (Mo C ) took. place xy j 

8I'OlI'1d exist:ing nuclei.. In this Mo s1:ee.4 these nuclei where found te he TiN 

part:icles result:.ing from the {resence of residual. Ti from the stock œed to 
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make the steel. The above findings Slggest. that Mo might not only act as a 

rolute rut aIro, as a I;X'ecipit.ate former in high temperature austenite. 

The cx:::curence of preC1pi.tation, which ls 9..lggested by the deVlatlon 

œ the curves of bath the Al and Al-Mo, is not very c1ear under p:-esent 

conditions. At the ]ow s:rain rate end of the € vs loc €::urves (Fin. 4.5), no p - -:> 

si.gn of convergence fur bath the Al and the Al-No stee1s lS observed 

towards the slope of the reference p1ain C and Mo steels respectively. 

T€5tlng ~ lower strain rates was not possible due te experimental 

diffi.culties .. Tœ idea of convergence_.is bett.er vjgualizoo in the schematic of 

Fig. 4.6. Such convergence would indicate the end of {Xec.ipitate formation 
l 

and the growing influence of partic1e coarserùng. The occuten~ Of 

p:-ecipitation œ mains te be verified by micrœcopy. 

4.3 STRAJN RATE DEPENDENCE OF PEAK STRESS 

Tœ dependence of peak s:ress 00 strain rate and composlt.i.on lS 

shown in Fig .. 4.7. Tœ curves indicértle a trend for increasing peak stre5a 

with increasing s:rain rates. Th:!se dependences incorparate bath thcse of ~ 

the yield s:re:SS (descnbed Jater) and thase of the amount of wark hardening 
• 

accumuJated between yielding and the attamment of the peak. 

The yield stress and. the peak stress during hlgh temperature 

straining are influenced by the alloying elements in rolution. However, due to 

the relativel.y long =training times invalved, newly forrned rrecipitates can 

affect the work hardening rate. Ttese p:-ecipll:ates can p1.I1 the dislocations 

and retard recrystallization, 1eading te higher values of peak stress. 

Tœ resuJts obtained at 875 and 925
0

C reveal that the rnagnitooe of 

the peak stress increases with decreasing temperature and follows the 

increasing arder of PLe., ~ Mo and Al-Mo steel. A clear élistinction ls 

difficult at 900
0 e althOll'Jh the microalloyed st:ee1s clearly dJSplay higher 

stresses than the plain C materiaL 

} 
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4.4 HIGH TEMPERATURE STRENGTHENlNG 

4.4.1. Sttain Rate Dependence of Yield Stresc; 

Using a 0.2 % offset technique, the yield stresses of the four stee1s 

were measured over the range of temperatures and strain rates investigated. 

As the plastic strain associated with macrœcopic yiel.d .is small (first l te 3 % 

of total strain) and rapidly at:tamed, the magnfrude of the yield stress is 

Unaffected by strain induced p:-ecipitation (96). Th: difference between the 

y:Le1..d stress 1evels of the various st:ee1s can then be attri..bJted 9:llely te the 

alloy additions which are [resent in the form of s:::ù.utes. Tœ strain rate 

dependence of the yiel.d stress is [resented in F.ig. 4.8. 

S.ince there jg a considerable degree of s::atter .in the dàta of Fig. 

4.8, the crder of inc:reasing yield stress .is diff:i..cult to es'"l.D.blish dlrectly from 

the curves. To enab1e a more precise assessment of the dependence of the 

flow stress 00 comp:si.tion, the average value of strengthening for each 

temperature and strain rate was calcuJated as descril:ed below • 

4.4.2. Strengthening Prcrluced by Al and Mo Additions 

formula: 

Tœ relative s:li.ute strengthenin,g AS was calcuJated using the 
" a 

AS = 
j a 

(j x (j ref 
y - y x 0.1 x 100 
(j yref at .%x 

H ere (J" yref. and (J' yX are the yield stresses for the reference steel. 

and that containing the clement x, respectively. Tœ values of the 

strengtheni:ng parameters Â Sa and àSw (the latter normalized te 0.1 weight 

% aà3jtjon of the e1etnent xl are p:-esented in Table 4.1. Tœ strongest !:Dlute 

strengthening jg p:-oouced by the addition 'of malyl:rlenum <13.1 % per 9;J;:iif± • 
% in the Al-Mo steeU, followed by aluminum, (6.5 % :in the Al-Mo SteelJ, 

.malydbenum (6.0% .in the Mo steel) and aluminum <1.3% in the Al steel). On a 
1 
, weight % basis, aluminum trings more strengthening than molyl:Xlenum (13.4 % 
l 

compared to 7.6%) when a&led te the Al-Mo steeL 1t should he n0te6 here 

that the Al1eve1s used :in the' calculations were based 00 the total. Allev~. 
Tœ s:::ù.uble Al leve1s ,are icwrently being determîned. It,S, expected that 

\ ' 

these leve1s are lower. In that event, the effect of Al as a s:::ù.ute would be 

L 
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Table 4.1 High Temperature Strengthening produced by Al and Mo Additions 

% Strengthening % Strengthening 
Element Per 0.1 at.. % Per 0.1 wt.. % 

* Al <in Al SteeD 1.3 2.6 

Al tin Al-Mo Steel.) 6.5 13.4 

Mo <in Mo Steel) J 6.0 3.5 

* Mo <in Al-Mo Steel) 13.1 7.6 

o * Based on G. L. Wang's data, Ref. 102. 
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greater than indicated in Table 4.1. 

4.5 DYNAMIC PTT CURVES 

4.5.1 ApProach te Determine Dynamic Precipitation 

The rnethod used here te detect dynamic lXecipitation invalves the 

rresence of a deviation cr "hump" on the € vs. log t curves displayed in 
P 

Sectièn 4.2 (40, 66, 89). The schematic € vs. log € curve of Fig. 2.3 is 
p 

reproouced as Fig. 4.9 for convenience. The dashed line A L"epresents the 

s::ù.ute case, Le. ,the ex~ behaviour if there was no p:-ecipit.ation. The 

t:cint at which the two curv~ A ànd B diverge at the high strain rate end of 

the plDt. defines the "start" of p.-ecipitation P. This is thE! strain rate at 
5 

which p:-ecipitation starts before the peak strain is reached. The 

rrecipitation start time p 5 is calculated from the ratio of the strain te 

strain rate as P 5 = € IE / Ès· The curve marked C is parallel te A but shift.ed 

along the vertical axis until it. becomes tangent ID curve-B. The ~ecipitation 

firrish time P f .is determined from the p::ililt of maximum divergence (p:lÎnt of 

tangency) as P f = E~ /Êr As the strain rate is tlecreased below Ei , dynamic 

rrecip:itation is comp1eted at smaller and smaller strains and the am~unt of 

p:-edpitate coarsening taJdng place during deformation te the ~ak' stress 

increases, thœ reducing the peak strain relative ID Er \, ____ ~ 
Due to the considera~ long testing times invqlved, data at the 

very low strain rate end of the deviations oœervEJi in Fig. 4.5 were not. 

obtained. CO'lSequently, cruy the start of rrecipü:ation oould be detected. in 

these st:ee1s. 

4.5.2. Precipitation in Austenite 

~-" The P s curves obtained for the two Al bearing st:eels are shown in 

Fig. 4.10. Tl'e;e curves inclicate that the data p::>ints appear .to he part of 

the Jower tranch of p:-ecip:itation "C" curves. lt js noticeable that the 

p:-esence of Mo trings an ear1ier st:art te dynarnic p:ecipitation at the two 

higher temperatures. The results indicate that, at roU;hly 9l0oe, the st:art 

time of p:ecipitation .is about 15 s for the Al-Mo steel and 36 s for the Al 
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steeL Compared 00 the Al-Mo steel, the wider q;>erUng of the "C" curve for 

the Al steel suggests a lesser dependence;:Jf p:edpit.ation en temperature for 

the range investigated. The crder of P 5 .is reversed from 900 to 875°C, and 

{recipitation appears earHer in the Al steel at 875°C. Fer each steel, what 

js believed to be the nase of the "c" curve is at roughly the S3.me 

temperature <910 to 91SoC). Th: oorresponding times are 15 5 for the Al-Mo 

steel and 35 s fur the Al steel., more than twice as long. 

, 
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.. 

CH_~PTER 5 

DlSCUSSION 

5.1 INFLUENCE OF ALUMINUM AND MOLYBDENUM ON DYNAMIC 
j 

RECOVERY AND RECRYSTALLIZATION 

From the relative peak SIain values of the If p vs . .log Ê' curves 

shown in Section 4.2, it can be seen that the additlOn of 0.2 wt. % Mo ta a 

• plain C steelmcreases the peak. stram more (part1cularly at the higher stram 

rates as seen in Fig. 4.5) than 0.08' wt. % total Al W hen the results dI'e 

narmalizro for egual atorn fract.lons (e.g. 0.1 atomic % l, the stronger 

retarding effect 00 dynarnlC recrystallizatlon cornes from the addltlOn of Mo 

as shown in Table 5.1. The combined addition of Al and Mo mcreases the 

peak. strain re1atively close te the sum of the individ~al contriOOtions l.e. 

€ Al + E Mo _ 2 PL C Al- M ° _ E PL C 
P ? E?:::: If p P 

except at 9000 e. 
". AJt.hough difficu1t. to ol::serve 00 the E p vs log i:curves of Fig. 4.5, 

the increases in peak strain obtained when raising the strain rate from 1.4 x 

10-4 to 1.4 x 10-15-
1 show a slight difference among the steels investigated 

~j 

(Section 4.1). Fer bath the plain e and Mo stee1s, the peak strain increases 

by a factor of 2.2 while far bath stee1s exmtaining Al it tises by a. factor of 

1.8. These results suggest that the addition of Al to the plain e steel might 

somewhat reèluce its strain rate s:msitivfry. 

The delay 00 dynamic recovery obtained from the alloying additions 

is reflected by an ~increase in the yield stress. Th: strengthening effect 

brought about by the investigated alloying additions are Jist:.ej in Table 4.1. 

On an atomic fraction basis, the amOlD1t of retardation 00 dynamic recovery 

extressed from these values shows that the addition of Mo has a stronger 

effect than Al. This crder is similar to that of delâying dynamic 

recryst::a1lization. 

... 
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Table 5.1 R etardation Effect on R ecrystallization produced by 

Al and Mo Additions 

Element 
% Retardation 
Per 0.1 at. % 

% Retardation 
Per 0.1 wt. % 

* Al (in Al Stee1J 13.2 27.4 

Al1jn Al-Mo SteeD 7.1 14.7 

M a (in Mo Stee1J 41.1 24.0 

* Mo (in Al-Mo SteeD 30.0 17.5 

, , 

* Based on G. L. Wang's data, Ref. 102. 

r\l 
Note: Th:! above numbers are based al the total Al Jevel. The soluble Al 

Jevels are under stud y, and are expect.ed te be 80 % of the total 

amount. 

J 
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5.1.1. Effects of Al and Mo ID SolutIon 

The IXesence of microaD.o}ring elements in rolution influences the 

!xlt strength of st::eels and their effects have already been studied by several 

authors (66, 74, 98, 110, 111). The variations in yie1d stress and peak strain \ 

(two of the parameters used to detect aUoying effects) are usually ascri.bed 

te oolute segregation, ei.ther to <lis1ocations in the case of recovery or te 

grain boundanes in the case of recrystallization (62). 

A number of œasons exist:s as te why rome of the microalloyjng 
""-

e1eme.'lts have si.gnificant effects on the dynamic restoration }Xocesse:s w~ 

, SJme ct:.hers have weaker contrib.ltions. As the s::ù.ute atoms differ in size 

and rigidity from the sil.vP....nt atoms: e1astic interactions resuJt between the 

microalloying elements and the clislocations, accounting for a component of 

SJl.ution hardening. Other};OSSi..bilities of interaction al.s:> ex:ist among which 

the most important are: the differences in atomic slZ<: and in modulœ, the 

e1.ectronic structure differences and clustering. Thc...se have already been 

c:llscuss..od and reviewe::1 ni J.Xev:iollS works (~7, 102, 112). 

5.1.2. Effects of Al and Mo as precioitate Formers 

In addition te its SJ1.ute contribution, tne ability of Al te ferm 

p:-ecipfrat.es constitutF~ a second mechanism capable of raising the hot 

strength of steel. The deposition CX1 sub-boundaries cr clislocations of fine 

IXecipitates formed before the attainment of the peak strain can delay the 

ooset of bath dynamic recovery and recrystallization. By Jowering the rate 

of recovery, t.l-te pëL>tic1es a]so retard the nudeation of recrystallization and 

are thus responsib1e for the higher values of peak strai'l and peak stress. 

Fine parti.cles are obtained following a roaking treatment where 

carqonitrides p:-esent .in the steel are dissolved. In the case where complete 

d:i$alutifJn .is not achieved, JBg:; carbonitride forming elements become 

available for rrecipitation. Up::m straining, a reduction in dynamic 

p::ecip:itation together with the [X"esence of ooarser and Jess effective 

unàissolved ~ lower the magnitt..rle of retardation of dynam.ic 

œcryst:.all.i.zation and therefore the increase .in peak stram. W œn oonsidering 

the Al steels, where thr N oontent is 0.006 wt.~, the above ex~ the 

nece.ssity to reheat the material 1;.0 put all. the carbaritrides in !l>l.ut.ion. 
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Thereafter, the occurence of ~ecip:it.ation in rre-strained austenit.e <i.e. en 

dislocations) generates particles that are fine a10ugh te p:-oduce an mcrease 

in flow stress (94). 

Electron ~y was net perform~ on sampl.es tested during 

this research rut is Jike1.y te become the sub~ of another thesis. Although 

no information :is yet available to describe. the nature, size ~tion and 

volume fraction of {XESih1e precipitates, .it. remains of interest ID examine 

the € vs. logtresults for 00th the Al-Mo steel and the Al steel concurrently p 
stLrl:i.ed by Wang (102), from now on referred te as the Al stee1s, <Fig. 4.5). 

wren compared to the plain C • and . Mo stee1s, l:xJth curves reveal the) 

tresence\ of a deviation and seem te leve1. off towards the low strërin rate 

end of th~ graph (Sa:±lon 4.2). These deviations Slggest that an addit;onal 

retardation effect. <X>lTIplementS the delay on dynamic recrystallization 

brought al:x:mt by the s:-il.utes. By considering these devlations as r;recipitation 

"hump:;", they could refLect the onset of a p:-eé:i.pi.tation far whi.ch the 

comp1etion time is IX'obably very long. However, the poorly defined shape of 

these hump3 raises rome doubts about the cx:curence of AlN rrecipitation. 

This may be ascribed to the limited Al in solution available to ferm the 

partic1es. 

A study carried out by Michel et al. (74) co a Steel microaJ.k>yed 

wit.l),. 0.084 wt. % Al and 0.016 wt. % N revealed the presence of a rronounced 

huml:> 00 the € vs • .1Dg Ë curves which was att::ri.bJted te AlN dynamic 
,P 

l1"ecipitation. Th:! completion of this well defined deviation took place 

around a strain rate of 10-25-
1 at 875°C and 10-\-1 at 92SoC. However, fu 

o 

the case of the lnvestigated Al steels, no end jg ol:served in the deviation of 

the € vs. log È curves. p , 
lt is interesti.ng ID note that the N leve1..in Mk:hel.'s steel. is more 

, than twice that of the rresent Al stee1s. Tœ correspond.ing atomio rcrt:io of 

AJ!N for the former material is 2.6 whi1e the latter steels have a ratio of 

6.7. This :indicates that, upon' A1N p:-ecipitation, the arnount of free Al 

remairùng :in s::ùution should be appreciab1e in the );J:esent Al~. 

, Tœ N content of bath Al st:ee1s (0.006, wt. %) does nct permit a 

great p:Jtential for AIN \recipitation, especia1ly in situations where aUoyjng 
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e1ements ether than ~ with a higher affi.rUty far N, are al.so y;:resent. The 

comp1ex Mo p:edpitates found .in the Mo steel tested by Bacroix were 

oCtservErl te take place almœt exclusively around fine nuclei constituted of 

TiN (109t. The p:-esence of resi.dual Ti (~ 50 Wm) in the steel led te the 

formation of TiN at high temperatures with a consequent decrease of the 

.initial amount of N available far the rrecipitatlon of AIN. 

In the case of Bacroix's Mo st:.ee.L thP. above exp1ains why almcst no 

p:-ecipitation effect was detecf"...ed on the lE vs. logÊcurves, except at 87S
o

C 
p 

where a very weak deviation was detect.ej (Flg. 5.1>. This deviaoon w~ 

mœtly at:tr.ibJted to the p.-esence of fine comp1ex Mo p.-ecipitates <l09). 

AJthough the size Of TiN particles was Slfficiently small «5 nm), the fact 

that they were probably nct dynamicaly formErl together with their low 
T 

volume fraction < js why they did nct delay dYI;lamic recrysta1li.zation (109, 

113). Furthermore, the few Alli p:rrtic1es ol::served in this steel were found 

te be j:ri.ned with ether species Slch as Ti cr MnS and to be of a size unab1e 

te affect recrystallization. Sorne of these I;recipitates were even detected in 

undefarmErl austenite which ~clicates the presence of undissolved AlN 

-'t;reeipi.tates. This is interesting since the same reheating condilions were 

followed with the Al steels .investigated œre. The fact that the Allevel.is 

higher in the latter materia1s for a sarne N content as Bacroix's oMo steel , 
suggest:s that sorne undissalved AIN p:-ecipitates could be p.-esent in the Al 

st::.eels of this study. Mere likely .is the {X:SSible p.-esence of Al oxides cornmg 

frorn resi.dual slag partic1es. The aoove could have affected the level of 

roluble Al available far AlN precipitation er for sl!-ute retardation of 

recryst:.allization. 

Coosider.ing that the mvestigated Al stee1s were prepared by the 

same rnethods and equiprnent as Bacroix's Mo steel, the possjbility of 

contam:ination by e1ements Slch as Ti has to be .investigated. In the case 

" w here Ti .is p:-esent in the Al steeJ.s, the deviation oœerved in the E vs. log i 
p . 

curves couJd he partlyexp1ained by the formation of sorne oomp1ex AlN-Ti cr 

AlN-;.MnS particles with TiN ~ecipitates. In the case of the Al-Mo steel, a 

defihite retardation effect should be trought about by the formation of fine 

comp1ex Mo parti.cles around TiN lX'ecipi.tates. In bath Al stee1s, d:.her 

c:ontrib.ltions oould arise from the lX'esence of undissa1. ved AIN P:~ 

together with an app:-eciab1e amount of Al ~ ar;ms. " 1/ 
f \ 

" ......... .-.r
f 
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, 
It .is recognized that AlN is a phase which may have nucleating 

p:-obletms (114). ..I!herefore, jf aluminum is 1;0 be used as a "rnicroalloying 

agent" te aet as bath solute and precipitate former, the p:-e5ence of N 
• 

g~g el.ement:s like Ti shotùd be avoided in steel. 
" 

5.2 INFLUENCE OF MOLYBDENUM ON DYNAMIC PRECIPITATION 

Tm dynamic PTT curves·for the Al and Al-Mo stee1s are shawn in 

Fjg. 4.10. Bct:h ~ these stee1s have a sLmïlar base composition tut the Al-Mo 

rnaterial aJ.g) contains 0.2 wt.% Mo (~e Table 3.1>. The results of Fig. 4.10 

indicate that the addition of Mo to the Al steel slightly reduces the time 

required te onset dynarnic trecipitafun at temperatures above 900oC. The 

effect .is romewhat different from the oœervation reported by a previDus 

study in which the addition of Mo was found te delay the onset of 

carbon.itriàe precipitation (57). This effect w"as attributed to the probable 

reduction of the activity coefficients of 00t.h C and N caused by the Mo 
~ 

addltion. 
11' 

The physical significance of lower:i.ng the activ:it:y coefficient of an 

element in an allDy .is that the material behaves as jf there were Jess of that 

particular el.ement present. Fer instance, the addition of Mn affects the 

activ.it.y coeffidents of other alloyfug e1ernents in this rnanner. A systematic 

study carri.ed out by Koyama et al. demonstrated that Mn lowers the activity 

coefficients of C and N but it increases the Oles of Nb and V in austenite te 

a Jesser extent (lIS). The net result .is a decrease in the carbide solution 

temperature (US). Tœ effect of M(l..çt1 the s:ùution temJerature of Nb (eN) 

was discu.ssed in detai1. by Akben èt al. (66), and is schematically shawn in 
\- :;,... 

F",::!, 5.2. It reveals that, for a given ternperatute, the higher the 

concentration of Mn, the lower is the arnount of ruper:saturation (with regard 

to Nb(CN) precipitation) whièh, in tum, decr~e' drlving force for 
g -

p:-ecipi.t.ation. 

In the present inv~ation, why the addition of Mo to the Al steel 

œsult:s in œducing the start time for dynamic );recipitat.ion is net clear. As 

m the case fur Mn with Nb cr V, it ic; p::sib1e that the çcesence of Mo 

mcreases the activity ooefficient of d::her !X'ecipitating speci.es such as Al .,. 
rut, te a much greater degree than it œduces those of C and N. This way, . 

( 
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li: oou]d accel.erate the ooset of Alli p:-ecipitate formation. Unfortunatel.y, no 

thermodynamic evidence ooncerning Slch an effect e>àst:s in the literature te 

cxmfirm cr contradict. t.his hypothesis., ~ 

Tœ shift of the P s curve for the Al-Mo steel towards tart.er tirnes 

could als:> be attributed to the p-lSSible tresence of complex Mo p:-ecipitates, 

as observed by L'Ecuyer et al. (109), 00 a steel similar to the Mo steel of 

this sttrly. Th: I;resence of Slch oomplex p:-ecipitates could alter the overall 

formation of ether trecipi.tates in the steel as to when they appear in time.. 

Furthermore, the CllrVature of the P s "C" turve for the Al-Mo steel 

differs from that of the Al steel <Fig. 4.10). As .i.ndicated in Fig. 5.3, these 

p s curves have two main oomp:>nents: the p3.rt. a.l:x>ve the "nese" is controUed 

by the nucleation of trecipitates whereas the IDwer part is controll.ed by the . 

diffusion of the rarticle forming species. Mo js regarded as a slow diffusing 

element ID Y -iron (85). lt can thus decrease the diffusi.qn rate of the 

clements with which :it. associ.ates. The sharper trend of the Al-Mo steel 

p:-ecipitation curve towards longer times suggests that Mo decreases the 

diffusiv.ity of the lZecipitating species. 

)3 EFFBCT OF THE PARTIAL SUBSTITUTION OF MOLYBDENUM BY 

"ALUMDWM 

AJthough malyb:1enum has -"~ widely used in high strength low 

alloy steels for grain refinemelît and s:i1.ution strengthening, its effectiveness 

js s:>mewhat shadowerl by a relatively high alloyjng cost when compared to 

d:her ex>mmon microalloying elements. On the ether hand, 1ess expensi.ve 

alurninum bas a relati vely p:x:It" s:llute effect :in ret:.ardfug recrystallization, 

. but when combined with nitrogen as finely djgpersed AIN particles, it 

effective1y de1ays aœtenite recrystallization (74). lt is therefore of mterest 

te examine if, by SJl:stitutihg alurninum as a mi.croalloying agent, the amount 

-~ of mare expensi.ve mclytrlenum CO!1tained in a HSLA steel can be reduced 

without sul:stantially accelerating recrysta11;zation. 

Ideall.y, the gOal is te maintain in the Al-Mo steel a si.m.ilar 

reo;ystallization start time <Le. troduœ about the' sam1 amount of .ation of reo:ystar11jzation) as in a steel ~ a higher MC? content 
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throughout the strain rate range investigated, accompanied by an additional. 

Jocalizerl retardation effect brought atout by the. p:-ecipita'tit of AlN. Tœ 

overall con~ti.on in retarding rec:rystallization could' p::ssibly make the 

steel. suitable for contro1led rolling, schedules. 

Fer this purpcse the results obtainerl from the investigated Al-Mo 

steel are compared te the mes from the Mo steel tested by Bacroix et al. 

(68). The latter haâ asimilar base composition, a higher Mo <0.3 wt.%l and a 

Jower Al content (0.065 wt.%) as oompared to the p:-esent Al-Mo steeL 

The resu.lt of the peak strain E vs. log strain rate for these two 
, " p 

stee1s and the rèference plain C steel are represented in Fig. 5.1 for the 

three temperatures of interest. In all three cases, it can he oœerverl that 

for strain rates hlgher than l x 10-4
5-

1, the Mo stèe1. test.ed by Bacroix 

affers a stronger retarding effect 00 recrystallization than the Al'" M 0 steel 
-4 -1 

of the p:esent work. At strain rates below l x 10 5 , the two microalloyed 

steels appear tD recrystallize at about the sarne strains. Nct:.e the al:sence of 

a p:-ecipitation hurnp in the curves of Bacroix'5 Mo steel except at 87SoC, 

wheie a slight devjation can he observed. This Slggests that no parti.cular1y 
" , 

strong retardation effect can he at:t::riOOte:1 tD );recipitation. 

Tœ above corn parison indicates that by reduc:ing othe Jevel of Mo 

from 0.3 to 0.2 wt. % and raising the Jevel of Al frorn 0.065'-to 0.08 wt. %, a 

Jœs of de1aying effect en recrystalli.zation is incw:red. 

Note that the grain sizes are approximately the sarne <100 p.m) in 

these two materia1s. Regardless of the temperature, the percentage Joss 

definerl as: 
E HiMo Al-Mo 

P - Ep 

% Lœs = x 100% 
E RiMo 

P 

raises from 0- at a strain rate of approximately 10-4s-1~ up to atout 30% at 

lO-~s-l CFjg. 5.1>. TlE lœs of retardation p:'obably I-esu1ts f:rom a lower 

concentration of effective siLutes, i.e. the replacement of 9:>me of the 

strong s:ù.ut:e retardant Mo by the weaker siLute oon1::J:lOOtiDn of Al (Section 

4.~). TlE ~er djfferences obtained with mc::r~ st::rain rates rnight oome 

from the greater difficult::ies m the rearrangement of s:ùutes .in the matr1x. 

" 
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Although no êl~eciable II"ecipitation effect is otserved 00 the 

curves of both Mo stee1s, the deviation al the Al-Mo steel CUIVeS, mentioned 

earlier in Section 4.2, is well defined œsides the curves of Bacroix's Mo 

~ <Pjg. 5.1). 

This devlation, which mainly takes place at strain rates below 

10-25-
1, indicates that an adcUtional retarùation becomes effective in the 

Al-Mo stee1.. This extra retardation, II"oba~ resulting from dynamic 

trecipitation, reduces the differences in peak strain between the two Mo 

st.ee1s. However, .it is aùy at strain rates below 10-45-
1 that the Al-Mo steel 

begins to show higher peak strains than Bacraix's Mo st.ee1... , 

In the p-esent CDntext .invalving Bacroix's Mo steel and the 

investigate.d Al-Mo steel, the sJl::l6titution of Al te partially replace the Mo , 
CDntent decr~ the retardation effect al recrystallization and c10es not. 

l:ring any appreciàb1e dynamic ~ecipi.tation effect. Fer these rearons, the 

mvestigated Al-Mo steel does nct awear as a mare Slitable !:t.eel far 

CDntralled rolling' applications than a 0.30 % Mo steel. 

, 

• 
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CHAPTER 6 

CONCLUSIONS 

The investigation described in this thesis dealt with the influence 

of aluminurn and molytrlenum additions 00 the kinetics of dynamic 

recrystalli.zatiDn and microalloy carl:xnitride (Jresumably (AlN» {recipitation 

.in HSLA S:eel.s. A series of compression tests were perfarmed in the 

temperature range 875-92SoC. From the resuJ:ts, p:-ecipitation &.art. times, 

and the influence of varioœ chemistries 00 these kinetics were estimat.ed fur ' 

these materials. The following general. conch.5i.ons were drawn from this 

study: 

1> The! addition of a high level of Al CO.OBwt%, total.) cr 0.20 % Mo alone 

cr in combination te a plain C steel, resu1ts in retardation of dynamic 

recryst.a1lization. The effect is stronger when the dual. addition is made. 

2> lt. jg œlieved that rome AIN P:rrtlcles remained undissalved, mare likely 

the oxides. This has affected the level of 9J.1.uble Al available far AIN 

p:-ecipitation cr far s:ù.ute retardation of recrysta1lization. ll: is estimated 

tbat ooe t.hird of the total Al (by weight) is unavailable for this reason. 

3) The r;recipitation start curves indicate that the addition Of Mo te t;he 

Al S:.eel (ie. :in the Al-MO) steeU, reduces roughly by cne-half the tirne 

required to ooset dynamic J;recipitation. This may be att:ribJted te Mo 

:increasi.ng the activity ooefficients of the p;ecipi.tating speci.es: 

4) The solute strengthening due ID the additjon of thesi:! two elements 'is . 
roughly 1.3% and 6.5% per 0.1 atomic % additjon of Al and 'Mo respective1.y. 

On a wei.ght % basis, these numbe:œ are 6 and 13' respectively. 

\ . .. 

. , 
p 

• 1 

• l' 



g 

\ 

o - 83 -

5) Preliminary resuJts of this stooy indicate that partial substitution of Al 
l 

for the strong s:liute Mo may net be readily achieve:L This may large1.y he 
, 

because the steel-making J;X'actices do not read.:ily allow for control of 

9:Ù.uble Allevels . 
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