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ABSTRACT

An attempt has been made to study the effects of molybdemun and nickel on the structure

and properties of 0.11% carbon steels. The austenite gram coarsening behaviour of these

steels have been first studied. The carbunzatlon technique has been adopted to reveal the

prior austenite gram boundaries.

It is observed from the \'ariation of prior austenite ),'TamsIze with temperature in the steels

indicates that the undissolved particles molybdenum carbide, MOze, refine the austenite

grain size al all temperatures, but the effect decreasmg with increasing temperature. Nickel

does not produce any austenite grain refinement In prc,cnce of nickel, particles ofMozC are

less effective than particle, of Moze in the absence of nickel in the ret1nemenlof austenite

gnlln SIze,

The standard tensile specimens made from heat-treated steel bars at tcmperatures

corrcsponding to a common austenite grain size cooled at four different rates ",ere tested to

obtain data on tensl1e properlles, The lerrite gram size of lhe steels after transformation

suggests that the precipItating parttcles of Mo2C have no effect in fernte gnlin si7.e

refinement, while nickel refines the fernie grain size.

At all the cooling rates, Mo2Cparticles increase )l1eldstrength. A reduction In cooling rale

resulted in reduced strengthening because of particle coarsening. In presence of nickel, the

contribution of MOle to yield strength is more than that of Mo2C in the absence of nickel,

Nickel in solution also contributes to yield strength.

•



The cooling rate has a little elTect on the volume fraction of pearlite. It alT'Xts thc ductility

of the steels. Ductility is found to increase \~ith decreasing cooling rates in the presence of

nickel and molybdenum while the ductility is found to IOcrease With increasing cooling rates

if the sted is merely plain carbon. Both molybdenum and nickel decrease the ductility of

low carbon steel, but molybdenum is more harmful than nickel
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CHAPTER 1

--•._- ---

INTRODUCTION

In the early days C-Mn steels were used for structural purpose. The deSIgnS ""ith these

early structural steels for building, line pipe etc. were based only on tensile strenbrth

Little importance was given to toughness, weldability and fonnability. The cheapest

alloymg element, carbon, was used to achIeve the tensile strength required. These skels

although orthe ferrite-pearlite lype, ",ere relatively high In carbon content, usually or the

order of 0.3%. However, to v,1den the scope of steels to other structural applications, e.g,

offshore structllrt's, where welding is the principal fabncatlon process, it becomes more

relevant 10 select steels on the basls of their post-weld propertles1 When welding

became more widely introduced as a fabrication proce,s, ,truetural failures m the steels

then available occurred within the heat-affected zone [HAZ] owing to the rormation of

unfavourable micro-constituents that demanded an Improvement in toughness and

wc1dability, ThIS led to the development of low-carbon sted to give better \veldability

and lower Impact transition temperature, At the same time, it was realized that yield

strength is a better design criterion than ultimate tensile strength, Advances in

engllleering design demand these low carbon structural steels to have higher yidd

strength and better toughnes; together with adequate le\'el of ductiJit), and good

weldabilit),.

Hall' and Petchl,' demonstrated that ferrite grain refinement increases the yield strength

and decreases the impact transition temperature, Initially, grain refining was done with

aluminum and nitrogen through the formation of alwninum mtride precipltatesS,6 Later,

other additives such as vanadium, niobium and titanium were also shown to produce



grain refinement, but these particles responsible in this case were found to be the

caroonitndes and also nitrides of vanadium, moblUmand titanium', The methodoloh'Yof

stmcture-property relationship developed by Pickering and Gladman! hastened the

introduction ofnonnalised grain refined steels These steels had yield strength 75 to 125

N/mnl higher than that of nuld steel together with subzero impaet transition

temperatures.

Numerous studies v',ere made on the efftx-'tsof Cr, Ti, Nb and V additions on the

structure and properties of low carbon structural steels9-20The effects of small addition

of vanadium on the structure and properties of low carbon structural steels are now well-

establishedlO-l7Precipitation effect of Nb on the strengthening of mkro-alloyed steel

',,"asalso studied'~' .~,From the combined etIect orNb, V and Ii, Ga\~ne and Lewis20

found higher strength and ductility than plain carbon steel. Although studies were made

on low carbon molybdenum steels but virtually a detailed study on the cffect of small

addition of molybdenum on the structure and propertics of low carbon structural stcels is

not available, Current rescarchl1,2,have shown that molybdenum Improves the grain size

and influences the transformation eharactenstlCS and properties of carburized steels.

Nickel when added to steel remains in solution both In austenite and ferrite. !l produces a

solid solutIon strenl,rtheningeffect. The effect of molybdenum in combination with

mckel is not very clear.

The present work, therefore; will investigate the effect of small addition of molybdenum

lind nickel individually and in combination on the structure and properties of low carbon
structural steels.

•



CHAPTER 2

HIGH STRENGTH, LOW ALLOY (HSLA)

STRUCTURAL STEELS

2.1.lntroduction

The development of high-strength low-alloy (HSLA) steels has included studies that

considered the relationship between mechanical properties and microstructurcl9, lJ

Although the early HSLA steels were based on a ferrite-pearlite structure, the group now

encompasses bumitlc and martensitic StructureS24 In recent years a number of studies

have been carried out to determine the structure-property relationship in these steels';;'"".

There are numerous eXlstmg and potentia! applicatlOns for high strength steels in the

context of producing weight reductions in the construction (e,g, bridge, building elc.)

line pipe, automotive, shIpbUilding, power generation mdustries and packaging

induslrieslf), ~7.J:, The co;! advantages vary with the end product, but in general, their

high strengths allow a rcductlOn in the thickness of cngineering parts, enabling the user

to pltrchase lower tonnage and this more than compensates for their additional unll

costsl1," High strength steel can also make a substantial contribution to energy

efileiency. The motor car, in particular, is a voracious consumer of energy, and its

improved fuel economy may be achieved either improving the operating efficiency ofthc

engine or by a more efficient deSIgn of the vehicle weight The use of high strength steels

allows the body thickness and weight to be reduced, while maintaining equivalent dent

resistance and effective dynamic elastic modulus 1j, 36 The rapid acceptance of high

strenbrth steels compared Wltll that of alternative welght saving materials (e g. aluminium

••



alloys, structural polymers), is a result of their low cost penalty per kilogram of weight

saved and their relatively minor effect on existing manufacturing methods and

facihties29.

2.2. Requirements

Advances in engineering design have required the structural steels to have thc following

properties:

a. High yield strengths for greater load bearing capacity b} lighter secllons,

b. HIgh degrees of toughness i,e. low tmpact transtllon temperature and high ductIle

shelf energy

c. Good weldability.

d. Good formability, es~ially in bending.

c. High level of ductility, I e. good fracture resistance in through thickness direction.

Up to present, the micro~onslituents of structural steels are mainl} ferrite and pearlite.

However, acicular structure (bainite and low carbon martensite) is also useful when

particularly high yield strenb>1hsare desired,

2.3. Factors Affecting Strength and Toughness of HSLA Steels

2.3.1. Ferrite Grain Size

The slren,b'1hand toughness of high stren,b>1h,1m\' alloy (HSLA) structural steels with

fernte-pearlite structure are greatly influenced by ferrite grain sile, Fine ferrite grains are

beneficial for both yield strength and toughnessl-J, ", Pickering) has swnmarized the

earlier developed quantltatlYerelationships betvveenmicro-structural and compositional

parameters and thc mechanical properties of silicon-killed, carbon manganese steels, in

the follo\',ing two equations:

•
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Y.S. (MN! mm2) = 70+ 32[Mn]+ 84[Si]+680[P]+ 30[CrJ+ 33[Ni]+ 11[Mo]+ 38[CuJ-'-

5000[NJ+18 Id-'Il ------------------------------------( I)

ITT("C) = -19+ 44x%Si+ 700x,i%Nrt2.2x%Pearlilc- 11.51d'1il ---------------(2)

where, Nr= the 'free' nitrogen content,

d = the ferrite gram size IIImm and

lTT = Impact TranSltlon Temperature

The compositions are expressed in weight percent

From these equations It is evident that fine ferrite grams are beneficial in Improving both

yield strength and toughne~swhIle pearlite has a detrimental efTect on the Impact

transition temperature. Increase in carbon content, i.e. pearlite impairs the toughness and

reduces the charpy upper shelf energy". Therefore, it is essenllal to have a low carbon

content and to produce the finest ferrite grain ;ize possible

A theoretical model for b'Tair;gro""th has been devcloped and the eontrol of grain size in

metal, by second phase particles IS well e,tabli,hed. Grain growth involves an mcrease

in the ,ize of the grains with a corresponding dc<:rease in the number of grains. The

process therefore necessitates the disappearance of some grams, usually the smaller ones

Small particles precipitated by prior treatment pin grain boundaries and retard grain

b'fowlh during re-heat-treatment resulting in a relatively unchanged matrix, but

overheating cause an abnonnal type of gram gro\\1h resulting the b'fowth of very few

grains in a relatively unchanged fine matrix. This leads to the development of

extraordinanly large grains, which mayor may not be accompanied by some of the fine

grains, which have not been consumed and retain their fine grain size, The models of

grain control have been proposed by Zener, Paranjpe, Hillert, Webster and Gladman.

These were fully reviewed by S. NJltawachlO and Beparill The current review \\;11

present a brief summary of the most recent theOl}' of Gladman" in the light of ferrite

grain control.

•



Refining the prior austenite gram size is the prerequisite for fine ferrite grains, because of

ferritic nucleation on the austenite grain boundaries. Grain growth in polycrystalline f
materials occurs by grain boundary migration, which is discontinuous with respect to rate

and direetionl6 Austenite gram growth can be inhibited by microalloying additions,

which cause the presence of second phase particles in austenite.

These second phase particles occurring in the boundaries reduce the boundary area and

therefore lower the driVIng force for grain gro"1h, The presence of these particles

dramaticall} changes the !,'rain-coarscning characteristics due to their mteraction \vith the

austenite grain boundaries, These imcraction results fonn the elimmallon of grain"

boundanes area (ener!,')') when the boundary intersects the second phase particles"', An}

movement of the grain boundar}' away fonn the particle would result in a local cnerg:.

increase and have a drag effeci on the migrating boundary .The binding force between

panicle and boundary IS greater than that available by Ihennal activation]'- For a given

volume fraction of pinning particles, the piIUling energy is greater when the size of

pinning particles is smaller and therefore there IS a critical particle size below which

pinning is effective16 Consequently, energy for unpiIUling must be supplied from some

other source, such as the enerb'}' release resulting from gram b'TO\\th, Energy changes

accompanying the migratIOn of a pinned boundary" have shown that the criterion for

unpinning can be expressed as'

r* = 6Rof (2-~r'---- ---------- __--(3)
R 2 Z

where,

R~~ mean matrix grain radius

r* = Critical panicle radius defined by the activation energy barrier being reduced to a

level at winch thermally activated release occur

f= volume fraction of the precipitates

z ~ Ratio of the radii oflarger grains and the matrix grains



,

It is relatively simple to convert the grain coarsening critenon into a form giving a

critical nwnber of particles, n/ of size r

• 3 2 I 411"Jn'=(:i- zKiRo)(];l----------------------{4)

A cnliea! particle radius, r*, can than be calculated from a knowledge of the volume

fraction of the particles, the matrix grain radius, and the ratio of the radius of larger grain

to that of its neighbours For most polygonal structures, experimental works suggest that

a Z value of 1.5 would be reasonable. [n equation (3) the critical particle radius increases

as either the volume fraction of particles or to the matrix grain size increases. A very

significant elTect, which occurs in all metallic systems at ele"ated temperatures, is the

coalescence of preClpitateparticles. The coalescence of precipitate particles is of special

significance in view of the effect of particle size on the energy barrier, which opposes

b'l"aingro\\1h. When coalescence has permitted the panicle size to reach the critical size

r*, grain growth may occur, thus deereasmg the cner!,'Yof the system

Increasing the grain size heterogeneity decreases the critical particle radius. At some

cmical particle Size, the driving force for grain growth equals to the pinning force

exceeds the pinning force, Thu;, fine particles are more effective than coarse particles in

restricting grain growth, Since there is a cmlcal partIcle size for a given.volume fraction

and gram strncture, particle coarsening rather than reduced volume fraction by

dissolution is preferred for grain growth under Isothermal conditions. However, any

increase m temperature causes some solution of the precipitates and the reduced volume

fraction pennits grains with a smaller Z rallO to grow, thus increasing the number of

gram; \\~thare growing,

Alloying clements may interact with the mobility of austenite grain boundary andl or the

interfaces between the austenite and the growing products of austenite decomposition

during the transformation not only as atoms in solid solutIon but also as precipitates,r,. In

the normalized condition, austemte grain refinement may be achieved by pinning with

precipitates of aluminum nitride or the carbonitrides of niobium, vanadium and titanium.

•



For effe<:tivepinning, the specific alloy addition must be selected to produce fine

particles. A fine initial particle sile ISdesirable to prolong the time taken for the particle

to reach the critical particle size above which grain grov.'!hoccurs, The ferrite grain size

achieved by this method is -5 ).1m,Depressing the transformation temperature, etlher by

allo}ing additions or by increasing the cooling rate, IS also widely used to give grain

refinement provided acicular structure are not produced Controlled rolling techniques

also give very fine grain size, possibly somewhat smaller than 5 ~lm,

2.3.2. Precipitation Sirengthening

10 steels the addition of small amounts of other metals have the effect of strenl,>1hening

the ferrite matrix by formation of finc prccipitatcs, The effectiveness precipitation

strengthening from micro-alloying phasc and its prccipitation kinetiCSduring cooling,

Titanium, niobium and vanadium are the imponant alloy additions for precipitation

strengthening. The strength rises mainly from the precipitation of nitndes, carbides and

carbomtndes. Those precipitates of niobium and vanadiwn v.,hich are not dissolvcd

during austenitlsing usuall), do not strengthen but cause grain refinement. On coohng,

the already dissolved carbonitride \\(ill rcprccipitatc during and after ferrite

transformatIon to gi\'e a rise IIIYJeld strenj,>t:h.Beparill reported that vanadium carbide

and \'anadium carbotlitrides are cxcellent prcclpitation strengtheners whlle aluminum

nitnde dose not produces any appreciable precipitation strengthcning effcct

The increase in yield strcss due to precipitation strcngthcning arise~ principally from the

direct interaction between dislocations and tbe distributed second phase particles,

OrowanJ8explained the cause of the decrease of the yield stress when the critical panicle

sizc is exceeded. He showed that yield can occur without particle shear. To quantify this

Orowan proposed a model, which is as follov.5.When a moving dislocation encounters

second phase particles, it bows bem'Cen them until it form a semi-circular shape the

diameter of which is approximately equal to the spacing betw-een the two surfaces. The

dislocation configuration then becomes llIlstable and segments of the dislocation are



constramed to fonn a dislocation loop around each particle. The main dislocation is thus

free to continue its passage through the lattice.

Orwan1S showed that the yield strength of the alloy is the sum of the matrix flow stress

rOland the resolved shear stress to bow dislocation between the dispersed particles, i.e ..

• 27"Y ,S, = ' ••+--- ------ ---- ------- --- -- --(5)
bL

where, T ~Lme tension of dislocation.

b= barger's vector.

Later, .usmg the approximation for the line tension of dislocation T= 1/2 Gb2, Kelly and

Nlcholson.19 modified the Orowan equalJon to give.

Gby S = Tm +---y---- - - --- - - - - --- ---(6)

where, G ~ shear modules of the matrix plane.

There is no question a!>to the validity of the Orowan bowing theory providing the

folJo\\ing conditions are fulfilled. Firstly, dislocations arc confined in their slip plane,

Secondly, the particles are neither sheared nor fractured in the bo",ing process. Finally,

the structural feature which control the matrix flow stress uniformly retards dislocation

movement over distances which are large compared with L, the planer mter-particle.

AshblO has proposed the most successful modification of Orowan model, which

adopted some mollified treatment on the line tension of dislocation. On the Ashby -

Orowan , the line tension has been recalculated taking into account the effects of the

character of the dislocallon , scale of the bending and stacking fault Of anti - phase

boundary energy .



The result from the Ashby -Orowan model differs rather little from that of th~ original

one, However, one major difference between the two models is that the Ashby-Orowan
,

model predicts that the edge dislocation by - pass particles more easily than do screw

dislocations, the original Orowan calculation predicts that the reverse is true.

This theory is considered very feasible because it has incorporated the models ofKocks'l

m

whieh the reahstic, random particle distnbution is assumed. The A~hby-Orov..'an model

can be expressed quantitatively as follo",,,.

I 1.2Gb X,=-(--)In(-)- --- -------- ------(7)
U8 2JrL 2b

where, ,= the resolved shear stress in N/mm:

x = mean planar intercept dtameter of a precipitate.

By purting the value of G and b for ferrite, 80300 N/mm' and 2.5 A~ re~pectively, the

eqllalion becomes:

1.6 X'=-'0(---) ---- --- ----- -- ----- -(8)
L 000015

here L and X arc meaSl.lred in I-Im,

Assuming that the yield stress increment due to particles IS l\'1ee the resohed shear

stres, required to overcome their effect,

5.1 XY.S, =-In( )-------------(9)
p L 0.00025



"
Assuming that the particles are spheroidal so that their volume fraction can be b>lvenby.

",,'f =n'(4)- - - - ----- - - - - - -- -- --- ---(10)

where, n,= the number of particles peT area of the slip plane

then,

Ill'
L = X(~ 4I -1) - - - - ---- - - - -(11)

for relatively small fractions of fine precipitates formed in ffilcro-alloymg steels, L»X,

then

L = X(J ~) n nnnn_ - -- - -(12)

The final expression oflhe Yleld strength due to precipitate can be written as:

YS, =
59fl1U( X )-------------(13)

r X 0,00025

Since l/x 15 the predominant function of X, the stress increment due to fine

preCIpitates increases in the precipitate fraction The close agreement I1elween the

observed increment predicted from the model implies that the mcrease in YIeld stress

over that expected from 6'Tain size in the micro -alloyed steels is due entirely to the

predpitation strengthening.

The eooling rate also eontrols the degree of predpitation A rapid eooling rate suppresses

predpitation while a slow cooling rate allows the precipitation to over-age. In behveen,

there is an intermediate eooling rate, which optimizes the precipitation strengthening. In

general vanadium steels over-age more rapidly than niobium steels.

Of



The intensity of predpitation strengthening is also very dependent on the steer-with

respect to the stoichiomctric ratio, i e. the stoichiometric ratio of niobium and vanadium

to carbon and nitrogen42 The maximum temperature dependence ofthc solubility ofthc

micro-alloying element carbonitrides occurs along the stoichiometric line and

compositions 00 this lioe have the maximum potential for precipitation strenb'1hening.

it IS now ckar that the toughness of high - strength, low alloy steels containing niobium

IS adversely affected by precipitation strenb'ihening, Fine carbides of niobium and

vanadium lllcrease the Impact transition temperature by about 03 to O.50C for each

N/mnl increase in yield strenb'1h by preClpltation strengthening. ThiS mechanism,

therefore, that is considered viable only when strength levels above tho,e attained WIthin

the practical1imitations of ferrite grain refinement are needed,

2.3.3. Solid Solution Strengthening

Solid solution occurs when a mIxture (or alloy) of two or morc kinds of atoms is present

in a crystal, usl.tally with limited degree of solubility. Normall)' the solute atoms will

have a different atomic radius from that of the solvent atom and the,e results in a misfit-

givmg rise to a localized distortIOn or strain in the crystal lattice Thus solid solution

strenb'1hening occurs as a result of distortion of the sohent lattIce by the solute atom,

causing an increase in the friction stres, opposing dislocation movement. Solid solution

stren),'1hening cffccts arc additive to yield strength. Solute atom such as phosphorus,

nitrogen, manganese, sihcoll, carbon affect on solid solution strcngthening, and
'0conseql.lently, on Yleld strength and tensIle strength" ,

The following eql.tations for the nominal Yield strength 0, (M:Nm,l) and nominal tensile

strength crt (MNm'\ in terms of stccl composition and grain si,.<:,",-ere obtained from a

statistical anal}sis of data"Q:

0) ~ 27+ 22d,I!2+ 165x%C+ 470x%P+ 3000x%N+ 60x%Si- 665,,%3 --------( 14)

,'.



D

0',= 150+ 16d'1I:l+ 355",%C+ 600x%P+ 4505x%N+ 77x%SI- 845x%5 --------(] 5)

where d represents the grain intercept lcngth(mm) and the element concentrations are III

"""eIghtpercent Equations (14) and (15) both explained 91% oflhe obseT\'ed variations.

More approximate equations can be derived from the results when the grain-size data are

omitted from the analysis. Such equations are useful in practice for a specified process

route, when grain size is unknOYill and predictions of total strengthening effects of the

clements are required. The total strenb>1heningeffect obtained from these equations is the

strength increment produced by any grain-refilling action of the element, in addition 10

its solution-hardening contribution - and its precipitation-hardening effect in the case of

~arbon. The following equations give the strength or the steels batch annealed at

temperatures between 660 and 700°C, in terms of composition only:

a, = ~46+ 512,,%C+ 540,,%P+ 3935x%N+ 68x%5i- 2174x%S ---------{ 16)

a, ~ 292+ 563x%C+ 678x%P+ 5183x%N-'- 90x%Si+ 18x%Mn _ 1534x%5 -{17)

FquatiollS (16) and (17) explain 72% and !B% of the observed "ariation, respecllvely. As

indicated above, tbe concentrations of the elements affect the grain size, and this efTect

changes the values of the strengthening coefficient; in equations (14) and (IS).

Most solute atom particularly inten-tltial type (C and Nr) is detrimental to impact

transition temperature (ITT). Manganese increases the strength and improves the

toughness of the steel. Silicon has sohd solutlOn hardening effect in ferrite but has

adverse effect on m. Silicon and manganese are both shown to be relatively weak

strengthening elemenL~,n Large concentrations of silicon and manganese arc neccssary

to generate relatively small strength increases, and so these elements are not attractive

strengthening options m sub-critlCally annealed steels2". Removal of free nitrogen

,
•



content of any steel decreases ITT and vice versa 43.44 Nitrogen appears to be the most

potent strenf:,rthenerof aU the elements investigated by D TGawne and G.M. H.Le""is

and also produces steels \\ith good formability m the as-annealed conditionlO.

Phosphorus is an effective strengthemng agent in steel, but excessivel} high phosphorus

content can be detrimental to the product properties, in particular, contents above 0.1-

02% Thc strengthening effect of carbon is relati\'ely small and markedly depends on

grain size20 The effect of sulfur is striking, as it is the only element that reduces the

strellb>thof annealed steel; a similar effect has been obsef\'ed by Gladman et afo

2.4. Effect of Cooling Rate on Grain Size in a Carbon Steel

The principal of gram refinement by accelerated cooling can be explained by considering

the effect oftransfonnation temperatme on the grain size of a new phase III an isothermal

transformation. Diffusional phase tnmsformations, such as ferrite transfonnation,

proceed by nucleation and gro\\1h,V,lIen a parent phase transforms to a new phase, the

grain sIze of the new phase is determined by the number of nucleation until the

transfonnation is complete, Thus, with a large number of nucleation, the grain size ofthe

ne\\i phase IS small, and with a small number of nucleation, the grain size of the new

phase is large4'.

Consider an isothermal transformation satisfymg the follo\\lng condition: nucleation

occurs homogeneously, both nucleation and grov>1hrates are constant \\1th time, and

grains grow spherically This type of transformation was originally treated by Johnson

and Mehl The total number of grains, n nucleated l.mtilthe transformation is complete

can be expressed as45

I mhC'" 1, ".n"OJ., l"exp(- " )dl = 0.896(-(., 1 ------------------(18)
o ,

where h is the homogeneous nucleation rate per unit volume of matrix, G the growth rate

and t time.



This calculation shows that the number of new grains is a function of the ratio of In/G.

Since the grain size of a new phase is proportional to n'l.'.', the grain size of a new phase

is a function of the ratio ltJG, When the ratlo ItiG increases ""ith a decrease in

transformation temperature, the grain si7e of an isothermally transformation temperature.

In a transformation that involves contlllUOUScooling, the transformation occurs in a

certam temperature range and this range decrease with an increase in cooling rate Thus,

for a transformatIOn where the ratio of nucleation to gro\~th rate increases \,ith a

decrease in temperature, the grain sIze of the new phase decreases with an increase m

coolmg rate Tills is why fernIe grains become refined by accelerated coolmg.

A continuous coohng transformation can b", considered as the sum of short-time

isothermal holding; al ;ucceSSl,e t",mp",ralures, However, since ferrite nucleation and

growth rates of ferrite are a function of an instantaneous temperature only, and nOI a

function of thermal history On the basis of this assumption, the number of ferrite grains

nucleated at temperature T, dunng cooling rIaISgIven as

I cr)
n, '"1,(T")dl,, =-[ Q(T,~)]dT-- - - - - --- - - --(19)

whcrc Q(T ,)('" dT/dt) is the eooli tlg ratc.

The gro,,'(h rate of ferrite as a function of temperature can be obtained as follows. It is

well established that the parabolic rate constant e.tfor thickernng is b>lVenby

D''''(C; -Co)a 0 ------ - - - - - --- -- - -(20)
(C; -C;)"'(Co -C;)'"
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where D is the dlffuSlvity of carbon in austenite, Co the initial carbon content, and C)"

and C,,' the equilibritun carbon eonlent in austenite and ferrite, respectively, which can

be calculated by Hillert and Staffanson

The nucleation rate of ferrite I" can be expressed as

1 =(15/Xm:x'I''''S )In(_1_) (21)
, 14 .' I-X

where SB"(= 4/n"; d,) is austenitic surface per unit volume, X the fraction lransfOmled.

Ferrite grain size is proportional to d,"l when austenite grain surfaees arc the dominant

nueleatlon site of ferrite. Thus, the theoretically estimated fernte b'Tain size can be

expressed as a function of cooling and gram Slze as

The eflect of increasing cooling rate is to increase the strength, decrease the ductility,

and decrease the toughness, The Increase in strength occur as a result of a decrease in

proportion of ferrite and an increase in the amount others (e,g, pearlite or bamite}lo,

2.5. Ferrite Grain Size Dependence on Austenite Grain Size

In a polycrystalline material, nucleation is assumed to occur on four types of site, i.e.

homogeneous site, and gram surfaces, edges, and eomers4j. The pnor austenite grain

size influences ferrite grain size influences ferrile grain size by nucteahon site density, A

ferrite grain size is proportional to lla"", where n", is the number of ferrite grains

nucleated until the transformation is complete per unit volume of austenite, and is

proportional to nucleation site density, When ferrite nucleation occurs homogeneously in

the austenite matrix, nucleation site density, and thus ferrite gram size, is independent of

austenite grain size, When fernte nuclealton occurs at austenite grain surfaces, nucteation

.'



site density is proportional to d/ since the grain surface area per unit volume is

proportional to d;l. Thus, ferrile grain size is proportional 10 d/,". When ferrile

nucleation occurs at austenite grain edges, nucleation site density is proportional to d,-2,

smce the grain edge length per wtil volume is proportional to ,V. Thus, ferrite b'Tainsize
is proportional to d,11J When ferrite nucleation occurs at austenite gram comers,

nucleation site denslly is proportional to d,-) since the number of grain comers per umt

volume is prOlXlrtionalto d,.-JThus, fernte gram size is ProlXlrtionalto d,.

In summary, the dependence of ferrite grain size on austenite grain size is as follows'

d/'" for grain surface nucleation, d,.IIlfor b'Tainedge nucleation, and d, for grain comer

nucleation For homogeneous nucleation, femte b'Tamsize is independent of austenite

gram size. In an actual ferrite transtormation, se"eral types of nucleation site act

simultaneously, and the dependence of fernte b'Tainsize on austenite grain size IS a

weighted average of the various nucleation modes.

2.6. Metallurgical Design of Ferrite.Pearlite steels

The metallurgical design of high strength, low-alloy stecls with fernte-pearlite structures

require that compositional and microstructural parameters give the least increase in

impact tnmsltlOn temperature per unit increase III YIeld ;trenglh, while maintaining

adequate level of weldabllity and formability

Good weldahihty requires the steel to have a 10,,",hardenahihty that in tum is governed

by tbe steel eomlXlsition.A useful way of describing hardenabilily is to assess the total

contribution to it of al1 the elements that are present. This is done by an empirical

formula that defines s calbon equivalent (CE) value and takes account of the important

clements that are known to affeet hardenability. The formula most frequently used is:



, Mn Cr+J-fo+V Ni+CuCI!- =C+-+----+ ---- ------------(23)
6 5 15

An arbitrary CE value of 0.41 is specified above \vhich weldmg may be hazardous. The

equation points out the advantages oflow-earbon, high-manganese contents.

There are four factors affectmg the fonnability of fernte-pearlite steds, namely: flow

stress, work hardening and the total ductility prior to plastic instability, the first two

properties should be lowwbile the last two should be high,

Pearhte and refining the interlamellar spacing of pearlite increase both the l10wstressand

work hardening rale hul reduce ductilitJi17.Refinmg the ferrite grain size cannot offset

the detrimental elTeet of pearlite but grain refinement is beneficial in tenns of total

ductility at fracture,

Non-metallic indusions reduce the total ductility,'""" elongated indllSions are

particularly detrimental to transverse ductilit} and upper sbelf energy, Sib'llIfieant

impro,ements in transverse duetihty and upper shelf ener!:,'ybave been made in botb

plate and strip by redUCingthe volume fractiun of inclusion, or by inclusion shape

control lndusion shape is modified by adding elements such as titamum, zirconium or

rare earth to replace the elongated mclusions by spberical one which may slightly reduce

longitudinal ductiliry, but significant increases in botb long - transverse and through
thickness ductility occur.

Therefore, carbon and sulfur content should be 10" and the non-metallic inclusions

should be urnformly distnbuted and shape-controlled in order to obtam good fonnabiHt},



CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1. Materials Preparation

Four different steels containing about 0,11 % carbon were used in this experiment. The

compositions of the sleds are given in Table I, The steels were made in an air induction

furnace, All the melts were teemed at about 1600"C and produced cylindrical sound

inguts, All the ingots were then rolled down to a Slze of about 16-mm in diameter. Steel

1 is the base steel with which the mechanical behavIOur of other steels (2-4) containing

Mo and Ni alone and in combination "'as compared.

3.2. Measurement of Prior Austenite Grains

In order to compare the properties of the fOIJT steeh without any undue complication,

each of the four slee!s should be heat-treated to a temperature, which would give the

same austenite grain size. Attempts, therefore, were made to reveal the prior austenite

grain OOlJndanes at different alJstenitizing temperatures, Of the several techniques

developed, the most satisfactory one is the developed oxidation technique' in revealing

the prior austenite grain boundaries. However, considering the existing faeihties

available the isothennal transformation technique was follm.vcd to reveal the prior

austenite grain boundaries ofthe steels



3.2.1. Isothermal Transformation Technique

This technique is based on the formation of a complete or nearly cnmplete network of

ferrite or iron carbide in the hypoeutectoid and hypereutectoid steels respectively. Steels

",,'ith a carbon contcnt remote frnm the eutectoid composillnn will reject, upon slQwly

cooling through the transfOrmallQn range, either ferrite nr cementite, depending upon the

carbon CQntent of the steel. The rejection of these constituents nccun; largely at the prior

austenite grain boundaries and under appropriate conditions, the constituents may be

made to fonn a net"ork around the original grains,

The steel specimens "ere heated to dirferent austenitizing temperature, i,e, 900"C to

115lfC with intervals of 50°C. Thev were held at these temperatures for 45 minutes.

After 45 minutes thc specimens were transferred tn II furnace at a temperature where

ferrite rejection just takes place, This temperature was determined by trial and error was

fQund to be 760-810"C. The specimens "'ere held at the above temperature for 10

minutes. The specimens \l'ere then quenched in 10% brine solution.

The eflecti"eness Qf this process IS nQt fare for Ni and Mo eQntaining alloy steel"

because at isothennaltemperature fine fernte b'Iains would fonn Illstead Qf a cQmpletc or

ncarly complete ferrite nctwork, Consequently, carburizatlon technique ""'IlS followed to

reveal austenite grain boundanes

3.2.2. Carburization Technique

This technique is based Qn the fQrmation or a continuQUS cementite network at the

austemte grain bQWldaries. Carbon ",,'illdiffuse in steel fQrming cementite at the austenite

b'Iain boundaries during lIustenitizing temperature. This cementite "ill fQrm a cQntinuous

netwnrk around the original grains,

The steel specimens were heated to different austenitizing temperature, i.e. 900"C to

I 150"C ",,'ith intervals of 50"C. BefQre heating these specimens, they were packed in a

•



pot with carburizing mixture. Then they were placed in Blue-M furnace and the furnace

was switched on After reaching the desired temperature, they were held at these

temperatures for I hour and then cooled in this furnace to room temperaturc.

Th, ~""m," of '"""'Ie gmm"'0 W~m,d, f'Omdice"m,~~,m,," of th, (
austenite grains in the specimens under the optical microscope. The grain size was '

mcasured using the mcan linear intercept method>O, counting grain boundary

intersections WIththe circumference of the circle in the eyepie.;e of a microscope. The

ellective circumference of the circle was determined precisely by measuring its

dmmeters ""ith reference to a stage micrometer at the magnification used A total of at

least 600 intersections "ere counted for each specimen. The grain size was then

determined from this number.

The earburization tcchnique was found troublesome m revealmg the prior austenite grain f
boundaries for steels containing Ni and much time "as spent in obtaimng satisfactot)

rewlts.

3.3. Determination of Heat-treatment Temperature

The heat-treatmem temperature for each skel was determined by a careful examination

of the austenite grain size. The criteria for the detennination of the heat-treatment

temperature for each steel were that the steels had the same austenite grain size and that

the temperatures \~ere such that an appreciable proportion of the solule elements had

entered into solUTIonfor subscquent precipitation. An austemte grain size of 35 ~

(Figure 3) was found 10 be suitable and Ihe corresponding heat-treatment temperatures

for steels 1-4were 920°C, I050°C, IOOO°C,and 920°C respectively.



n

3.4. Heat-treatment of Specimens

The heat-treatments of the specimens were carried out in the Blue-M Silicon Carbide

heat-treatment furnace. The steels were held at their respective heat-treatment

temperatures for pre-selected periods. Then they were allowed 10 cool at four different

cooling rates, namely: 120,36, 12 and 3.6"C/min. These cooling rates correspond to the

natural cooling through the transformation range of round bar with a diameter of 13, 50
120 and 380 mm rcsptx;tivel/o, 51.

3.5. Preparation and Mechanical Testing of Tensile Specimens

The heat-treated 13.15 mm dia bars were then machined into standard tensile specimens

with a nominal diameter and a minimum parallellcnglh of 3.99 and 22 rum rcsptx;tively

(BS 18). The tensile specimens were then tested \IlIth a tensile testing machine to obtain

data 011Yield strength, ultimate tensile strength, % elongation and % reducl10n in area. A

shde-caliper ,"vasused to measure the gauge length and diamete~ of speCimen,.

3.6. Optical Microscopy

Samples from the fractured tensile specimens were taken lor microscopic examinations

These samples were then ground, polished and etched in 2% nital, The microstructures of

these specimens were then studied with the help of an optical microscope and

photographs of the structure of each specimen were taken,

3.7. Determination of Ferrite Grain Size and Hall-Petch Plot

The specimens under optical microscope revealed ferrite and pearlite structure. Since the

microstructure consisted of two phases, the assessment of ferrite grain size had 10 be

done in two steps. First, the fictitious ferrite grain size ""as measured by the mean linear

intercept method,50 i.e, only the grain boundaries of ferrite were counted, and the pearlite

\



bctw,,;n two ferrite grains was considered as a common grain boundary. Second, the

volume fraction of pearlite was estimated visually. Thirty to fifty fields were counted for

each sample.

If the fictitious ferrite grain size is L, and the volwnc fraction of pearlite is 'v' then the

true ferrite grain size 'd' is obtained by the followmg expression:

d=L(l"v)

These measurements showed that although all the steels had started with the same

austenite grain size, their subsequent ferrite grain SIze with a given cooling rate was

different.

A Hall-Petch plot of yield strenb'1hvs d-l~ for each steel was drawn to obtain an idea how

yield strength varied with the ferrite grain size.

f



CHAPTER 4

RESULTS

4.1 Prior Austenite Grain Size

The prior austenite grains oflhe steels were revealed by the carbunzation technique. The

effectiveness Oflhi, method in revealing the prior austenite grain bonndaries is shown in

Figure 2. Although this technique proved troublesome for the steels contaming Ni being

presently studied, reasonably satisfactory results were obtained by trial and errOL

The austenite b'Tainsize ufthe steels at dIfferent temperatures is listed in Tables 2-5 and

plotted in FigllTc 3 where the 95 percent confidence limits for the grain sizes are

indicated.

Austenite grain coarsened rapidly and linearly with increasing temperature when there

werc no particles to inhibit grain growth as in steel 1. The same trend was followed by •

steel 4, On the other hand, in steels 2 and 3 the alL~tcnite grain size remained very small

in the temperature range over which precipitates were effective as mhibitors. However,

as soon as the particles had lost their effectiveness, the grain-coarsening rate was then

greater than that of the plain carbon steel. In steel 2, fine austenite grain size was

observed compared with that in steel 3



4.2. Heat-Treabnent Temperature

The heat-treatment temperature for each steel was determined by careful examination of

the austenite gram size (Figure 3). The cnteria for the determination of the heat-treatment

temperature for each steel were that the steels had the same austenite grain size and that

the temperatures were such that an appreciable proportion of the solute elements had

entered mto solution for subsequent precipitation. An adequate degree of solution is

indicated by a marked increase in the austenite grain size, The austenite grain size of 35

J.Imwas chosen to fit that criterion. The corresponding heat-treatment temperatures of the

steels are listed in Table 6,

4.3. OpticalMicroscopy

The optical micrographs of all the steels at the four dIfferent cooling rates are presented

in Figures 4-7, A visual comparison of the typical micrographs of Figure 4a and Figure

7a reveals that a faster coohng rate after austeniti>:mg refines nO! only the ferrite grain

size but also the pearlite size aud distnbution.

Optically it was found that all steels produced a polygonal femte-pearlite structure

excepl steel 3 for cooling rales of 120"C!min and 36' Clmin and steel 4 for the cooling

rate of 120" Clmin, For this fast cool1Og rate of 120" Cimin, steels 3 and 4 gave a mixed

structure of ferrite, pearlite and bainite. But the vol lime fraction of bainite in steel 4 was

only smaiL Steel 3 also produced a mixed structure offerritc, pearlite and bainite for the

cooling rate of36" Clmin.

Some Widmanstatten ferrite-pearlite structure ",ere observed along ",ith polygonal

ferrite-pearlite structure in steel 2 at the fast cooling rate of 120" Clmin, in steel 3 at the

cooling rate of l2"Clmin and 3.6"Cf min and in steel 4 at all cooling rates except the

slowest cooling rate of3 6"CI min. The ~olume fraction ofWidmanstatten ferrite-pearlite

in steel 3 at 3,6" C! min ",as very small The presence of Widmanstatten structure!

•
•



bainite indicates that the transfonnation temperatures of steels 2-4 are lower than that of

the plain carbon steeL

4 .4. Ferrite Grain Size and Hall-Petch Plot

The data from mechanical testing together with the pearlite volume fraction and the true

ferrite grain size of the steels are presented in Tables 7.10. Using the values of yield

strenb>thand d-ln, a Hall -retch relationship is plotted in Figure 9,

The steels started ••••ith a common austenite grain size, but their subsequent ferrite gram

size under the same cooling conditions was not the samc. This indicated that the

precipitation kinetics and effectiveness in the control of ferrite grain size of MOle and

other factors wcrc all ditTerent



CHAPTERS

DISCUSSIONS

5.1. Prior-Austenite Grain Size

5.1.1. Isothermal Transformation Technique

This technique is based on the principle that ferrite or cementite precipitates

preferentially at the prior austenite grain boundaries. Steels from alL~tcnitizing

tempemtllre when held for sometime at inter-critical temperature, ",ill reject ferrite or

cementite at the prior austenite grain boundaries The vol lime of this ferrite or cementite

IS a function ofinler-critical temperature and time at this mter-critica! temperature.

1 he inter-critical temperature at which ferrite rejection begins was obtained for each steel

by trial and error, Holdmg time at the inter-critlcal temperature to get a thin ferrite

network around the prior austenite grain was also obtained in the same manner though it

was very time consummg.

This technique worked well for steel I, (plain carbon steel) at aU temperatures The

effectiveness of this process for steel I in revealing the prior austenite grain boundaries

is sho","'Ilfrom Figure L

Problems were encountered with the determination of the inter-critical temperatrue and

holding time for alloy steels. The Fe-Fe)C phase diagram is altered by alloy additions

and the extent of depression of the transformation region was not known. The



experiment had to be repeated many times to obtain both the inter-critical temperature

and time at inter-crilical temperature for getting reasonable ferrite network, around the

prior austenite grains. But fine ferrite grains were observed instead of ferrite network

around the prior austenite grains and it was difficult to count austenite grains. Therefore,

this technique for measuring the austenite grain size was rejected and the carburization

technique was adopted for this purpose.

5.1.2. Carburization Technique

This technique is based on the principle that carbon will penetrate through the pnor

austenite grain boundanes. Steels at the austenitizing temperature are "heldfor sufllclent

time to allow diffUSIOnof carbon as CO or C and then to form cementite net work along

the prior austenite grain boundary. After anneahng tillS slructme will reveal cementite

Iletworkaround the pearlite that has translormed trom austenite

This technique worked well for steel 1, (plain carbon steel) at all temperatures, but some

problems were found to count prior austenite grains for Ni containing steds. Because

nickel hinders to the penetration of carbon at the austcnitiLing temperature, accurate

counting of austenite grain ooundaries was difficult. So this grain size was measured by

trial and error The effectiveness of this process for steels 1-4 In revealing the prior

aLlStenitegrain boundaries will be evident from FIgure 2.

5.1.3. Effect of Precipitates on the Prior Austenite Grain Sizc

The base steel 1, being plain earoon steel, does not contain second phase particles to

inhibit grain growth. From Figure 3 it is evident that the austenite grain size of steel 1

increases linearly and rapidly with increasing temperature over the temperature range

investigated. This is due to the free migration of grain boundaries to attain the

equilibrium grain Stzewhen the temperature is raised. From Figure 3 it is evident that the

austenite grain size ofstee14 increases hnearly and rapidly as that of steel 1.



Steel 4 is basically steel I "vithnickel added to it. Nickel remains in solution in austenite

at the austenitizing temperature and doesn't fonn any carbide particles So, there arc no

second phase particles to inJubit the growth of the austenite grains.

Second phase particles in the other steels pin the austenite grain boundaries, causing the

steels to retain a fine grain size, which is almost unchanged during heating at successive

high temperatures, Howe",.er, as soon as the grain growth inhibitors beb>lnto be

ineffective at some elevated temperatures as a result of solullon or coalescence, the

grain-coarsening rate is then greater than that of sted I, This is due to the fact that ",hen

the precipitates are no longer effective, the restricted grains want to achie",.e the

equilibri\UU~,'rainsize as qUIcklyas possible and thus cause an abrupt gro",th in the grain

Size,

Steel 2 produced the finest austenite b'Iairu;at all temperatures. Steel 2 contains Mo,C

particles. These undissolved Mo;C particles pin the austenite grain boundaries and

inhibit the austenite grain gro",th at these temperatures resulting in nne austenite graill5.

These MolC particles became meffective at temperature above 1050"C resulting in large

austenite grains as a result of coalescence and solution ofM02C.

Steel 3 contains both Ni and Mo. The grain coarsening beha",.iourwas expected to be m

between steel 2 and slecl 4.Thi, has been in fact, obsetved to be the case. Steel 3

produces finer austenite grain than stecl4 and coarser than steel 2, This clearly mdicates

that in the presence of nickel, Mo;C is less effective in reducing the grain gro••••1h of

austenite than M01Cin absence of nickel This may be thought to be due to the fact that

the presence ofmekel in steel alters the precipitation kinetics ofMo1C in it

5.2. Effect of precipitate on Ferrite Grain Size

The mean fernte grain size of the steels at four different cooling rates employed in the

present experimental work is sho••.vn in Figure 8. It is evident from this figure that,

although the steels had originally a common austenite grain si7.e,the subsequent ferrite



grain size at the same cooling rate was not the same. This indicates that the pt"C\:ipitates

in each steel influence grain refincment to differing degrees, It should be pointed out that

thc steels at the heat-treatment temperature contained somc undissolved particles, the

amount of which varied from steel to slceL It is possible thaI these particles may act as

nucleation sites for ferrite and as obstacles in ferrite grain boundary migration, thus

possibly significantly affecting the final fcrrite grain sizc.

Steel 2 produced coarser grain size than plain carbon steel 1 and stcel 3 produced finer

b'l1l111size than steel L 1Nhilesteel 4 produced the finest grain size of all the steds at all

the cooling rates.

It is fairly certain that the precipitations III steel 2 and steel 3 are essentially MOle. The

coarser fernie grain size of stcel 2 than of plain carbon steel I clearly mdicates that

MOle docs not produce any refinement of fernte grain.

Steel 4 contains lllcke!' Nickel does not combine with carbon to fonn carbide particles,

Nickel remains in solution in austenite. Dunng coolmg mckel depress the transformation

temperature and hcnec ferrite transfonnatlOn occurs from fine austenite grains. Fine

austemte gives fine ferrite grains The fine ferritc grain sizc in steel 4 is thu; clear!}

produced from the fine austenite grain sile caused by nickel in solution in austemte.

Steel 3 is basically steel 2 "ilh nickel added to It I.e. It contams both molybdenum and

nickel. The ferrite grain sizc of this steel 3 is expected to be in between that of steel 2 and

steel 4, This has in fact been observed to be the case

5.3. The Hall-Petch Plot of the Steels

Using the ~alues of yield strenb>thand d-l12in Tables 7-10, a Hall-Patch Plot of the steels

is sho,",'JIin Figure 9. Being plain carbon, steel 1 is anticipated to follow a straight line,

which was io fact observed in experimental work. The relatIOnship ofyie1d strength and

d"112was also found to linear for other steels. The linearity of steel t should be accurately



determined because steel 1 is used as the base steel with which the strength of the others

is compared, The straight line through the data of steel I was drawn using the intercepts

and slopes supplied by the standard method of least squares.

Steel 3 under the cooling rate of 120"C/min was found to contain a few ferrite and

pearlite grains and was of mostly bainitic structure So it was not possible to measure the

ferrite grain size at this cooling rate, Steel 3 cooled at 36"C/min contain some

Widmanstattcn ferrite-pearhte structure. By neglecting the Widmanstatten ferrite-

pearlite, it was possible to assess the ferrite grain size of the steel at these conditions by

taking only the fields showing polygonal ferrite-pearlite structure, Steel 4 also contains

Wldmanstatten ferrite-pearlite structure at the cooling rate of 120"C/min, The ferrite

grain size of this steel was also assessed in the same way. This procedure may give some

error in the measurement of ferrite grain size at these cooling rates,

5.4. Yield Strength Increment from Precipitation Strengthening

The yield strenl:,'1h increment LI.YS is defined as the yield strength contnbuted by

precipllallon hardening. The yield strength increment of the steels at each cooling rate

was determined and listed in Table II A plot of Ll.YS versus cooling rate is shown in

Figure 10. The results are obtained by subtracting the yield strength of the base steel at

the samc grain size from the observed yield strength of any othcr stec1 at caeh cooling

rate,

It is evident from Figure 10 that LI.YS of steels 2-4 increases as the cooling rate increases

Ll.YS of steels 2 and 4 increases very slowly up to 36"C/min and then Increases rapidly as

cooling rate increases further. But LI.YS of steel 3 increases rapidly from cooling rate of

3.6°C/min to 12°C/min and maintains the same trend at higher cooling rates. The reason

for this behaviour with these cooling rates ofthcsc stec1s may be explained as fo11ov.s:

•



The strength increment due to precipitation increases with the reduction in precipitate

size and the increase in precipitate fraction. A slow cooling rate allows the precipitates to

become overaged and thus reduces their volwne fraction resulting in lower strength

increment.

It is evident from Figure 10 that steel 3 produced the highest ~ YS and steel 2 produced

the lowest ~YS of all the steels and steel 4 produced ~YS higher than steel 2 and lower

than 3. Steel 4 does not contain any precipitate. ~YS of steel 4 is thus clearly due to solid

solution strenb>1heningcaused by nickel.

Steel 3 contains both molybdenum as MolC precipitates and nickeL The ~YS of this

steel is the combined effect ofMo2C precipitate and solid solution streub'1hening caused

by mckeL

It is thought that the presence of nickel in steel 3 alters the precipitatiou kinetics of

MOle. The much higher ~ YS of steel 3 than steel 4 or steel 2 is thought to be due to the

finer dispersion ofMolC precipitate caused by the presence of nickel in it.

(j



CHAPTER 6

CONCLUSIONS

6.1. Conclusions Drawn from the Present Work

(i) The isothcnnal transformation technique IS not a satisfactory method for

revealing the prior austenite grain bOlUldaries III low carbon structural steels

conlunung molybdenum and nickeL

(il) The CaIDurizatlOn technique is a reasonably satisfactory method for revealing the

prior austenite grain boundaries in low carbon molybdenum structural steels.

(til) On heatmg undissolved particles of molybdenum carbide, Mo2C, refine the

allstenile grain size at temperatures below 1050"C, but the effect decreases with

increasing temperature

(iv) Nickel does not produce any austenite grain refinement.

(v) In presence of nickel, panicles of Mo2C are less effective than MOte particles in

the absence of nickel III the refinement of austenite grain size. The precipitating

particles ofM0:'.C have no effect on ferrite grain sizc refinement.

(vi) The precipitating particles ofMojC have no effect on ferrite grain size refinement

(vii) Nickel refines the ferrite grain size.



(viii) MolC precipitates increase thc yield strenj,'1hAs the cooling rate increases, the

yield strength increment (t..YS) due to M02Cprecipitates increases.

(ix) In the presence of nickel the contribution of MolC to yield strength is more than

that ofMo2C in the absence of nickel.

(x) Nickel in solution contributes to yield strength,

(xi) Both molybdenum and nickel decrease the ductility of low carbon steel; but

molybdenum is more harmful than nickeL

6.2. Suggestions for Further Work

(i) A study on the toughness ofthe steels should be carried oul.

(Ii) The precIpItatesof each steel should be studied by electron microscope. This will

elucidate the efl'eetsof precipItate size, distribution and volume fraction

(iii) The effects ofMo,C precipitate, on th~ ductility of the steds should be studied in

detaiL

(t\') The effect of nickel on the increment of the yield strenj,>thdue to solid solutlon

strengthening is not well understood. A detailed investigation is, therefore,

required,

•
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Table: 2. The Prior Au~tenite Grain Size of Steel 1.

Temperature PriorAustenite Grain Size

'C 'ill

900 J]

950 I 4S

1000 62
1050 76

Table: J. The Prior Austenite Grain Size of Steel 2.

Temperature Prior Austenite Grain Size

'C 'ill

900 24
950 26

1000 30
1050 35
1\00 45

•
•



Table: 4. The Prior Austenite Grain Size orSteel J.

Temperature Prior Austenite Grain Size

'C .m
900 25

I 950 29

1000 35
1050 45

1100 63

Table: 5. The Prior Austenite Grain Sil-t of Steel 4.

Temperature Pnor Austemte Grain Size

'C "'"
I 900 32

I 950 44
1000 60
1050 74



Table: 6. Heat Treatment Temperature o(Steels lt~ 4.

Steel No. Heat Trea.tment Temperature

"c
1 920
2 1050

3 1000
4 920



•

Table: 7. Steel!, Heat-Treatment TemperQture 920"e

Cooling Rate FernIe Grain d'" Y.S, U.T.S. EL% RofA% PeQrlite%

DC/min Size, d (mmyLil N/mm1 N/mm1

(mm)

120 0,0143 8,35 301 452 36 78 12
120 0,0146 8,25 297 454 36 78 12
36 0,0166 7.75 279 436 35 76 10
36 0.0173 7,60 269 429 34 79 10
12 0.0121 685 250 421 . 31 74 8
12 0.0210 6.90 251 427 32 74 8
3.6 0.0235 6.52 246 421 33 76 8
3.6 0.0237 650 245 413 32 77 8



Table: 8. Steel 2, Heat-Treatment Temperature 1050°C.

Cooling Rate Ferrite Grain J17 ys. U.T.S. EL% RofA% Pearlite%

GC/min Si7,e, d (mmr'l2 Nlmml Nlmml

(mm)

120 0,0158 7,95 352~ 538 23 65 25
120 0.0162 7,85 346~ 522 22 57 25
)6 0.0193 7.20 316~ 524 II 68 20
)6 0.0196 7.15 306~ 496 33 68 20
12 0.0219 6.75 291* 499 24 62 17
12 0.0226 6,65 284. 485 24 54 17
3.6 0.0260 6,20 269 467 28 61 15
3.6 0,0269 6,10 266 467 30 62 15

* 0,2% Proof stress

•• ~,',. 0,_".••• •
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Table: 9. Steel 3, Heat-Treatment Temperature 10000C.

Cooling Rate Ferrite Grain d. YS, U.T,S. EL% RofA% Pearlite%
DC/min Si1-C, d (mmrLJ'2 N/mml N/mml

(mm)

120 . - 548* 693 19 65 -
120 - - 552* 722 17 64 -
36 0,0158 7.95 511 * 673 18 68 30
36 0,0164 7,80 481* 660 23 67 30
12 0,0190 725 454* 643 20 66 27
12 0,0185 7,35 476* 647 24 65 27
3.6 0,0233 6,55 390* 574 24 62 25
16 0.0226 6,65 390* 574 28 65 25

* 0.2% Proof Stress



,
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Table: 10, Steel 4 (Ni). Heat-Treatment Temperature 920'e.

Cooling Rate Ferrite Grain d • YS. U.T,S, FL% RofA% Pearlite%

°C/min Size, d (mmyll2 N/mm' N/mm2

(mm)

120 0,0113 9.40 469. 635 24 65 25 •

120 0,0121 9.10 458~ 618 16 38 25
36 0,0]]5 8.60 412* 598 25 70 23
36 0,0142 S.40 407. 588 24 69 23

12 0,0173 7,60 339* 596 25 65 23
12 0.0164 7,80 378* 562 21 58 23
3.6 0.0213 685 354. 559 29 62 20
3.6 0,02261 6.65 345* 556 33 73 20

0.2% Proof Stress



Table:ll. l!.YSofSteels2to4.

Sted No. Cooling Rate Mean YS Meand. ;. 'YS
'C N/mm' (mmrl'. N/mm1

1 120 298 830 ~

I 2 I 120 347 790 77,
I 3 120 ~ ~

4 120 469 925 144*

I1 36 270 767 ~

7 36 306 7,17 51

I 3 36 495 787 210
4 36 I 412 8.50 102*

1 12 i 250 688 ~ I2 12 290 6.70 45 i
3 12 450 7,30 185 I
4 12 370 7,70 85'
1 3.6 245 6.30 ~

2 I 3.0 268 6.15 43

r 3 3.6 390 ! 6.60 150
4 3.6 3)0 ! 6.75 80'

* 1.\YS of steel 4 is the }ield strength mcrement due to solid solution strengthen mg.



(a) Steel I

(b) Sleel4

Figure I, Optical micrographs showing the prior austenite gram boundaries revealed
by is.othennal transfonnation technique, x 200:
(a) Steel I, austenitized at 950°C
(b) Steel 4, austenitized at IOOO°C
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(c) Steel 3

•

)

(d) Steel 4

Figure 2: Optical micrographs showing the prior austenite grain boundaries revealed
by carburization technique, x 200:
(a) Steel J, austenitized at 900°C, (b) Steel 2, austenitized at 1100°C
(c) Steel 3, austenitized at 10OO°C,Cd)Steel 4, austenitized at 950°C
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Figure 4: Optical microgrnphs of steels I to 4 cooled III 120°Clmin. x 200.
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(c)Stee13

,.
,
, .,

•

,

Figure 5: Optical micrographs of steels 1 to 4 cooled lit 36.C1min,,, 200.
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(c) Steel 3

Figure 6: Optical microgmphs of steels I 104 cooled III 12-0min, x 200.



•
Figure 7: Optical micrographs of steels I 104 cooled al 3.6°Clmin." 200.
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