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ABSTRACT

An attempt has been made 10 study the effects of molybdenum and nickel on the structure
and properies of 0-11% carbon steels. The austenite grain coarsening behaviour of these
stecls have been first studied. The carbunzation techmque has been adopted to reveal the
prior austenite grain boundanes.

It is obscrved from the vanation of prior austenite grain size with temperature in the steels
indicatcs that the undissolved particles molybdenum carbide, MO.C, refine the austenite
grain size ai all temperatures, but the effect decreasing with increasing temperature. Nickel
does not produce any austenite grain refinement [n piesence of mckel, particles of Mo, C are
less effective than particles of Mo;C in the absence of nickel in the refinement of austenite

LTI 5178,

The standard tensile specimens made from heat-ircated steel bars at tcmpelratures
corresponding to a common austenite grain size cooled at four different mates were tested to
obtain data on tensile properties, The fernte gram size of the steels after transformation
suggests that the preciptating particles of Mo;C have no effect in fermte gram size

refinement, while mickel refines the ferrite grain size.

At all the cooling rates, Mo, C particles increase yield strengih. A reduction n cooling rate
resulted in reduccd strengthening because of particle coarsening. In presence of nickel, the
contribution of Mo:C to yield sirength 1s more than that of Mo,C in the absence of mickel.

Nickel in solution alse contributes to yield strength.



v

The coohng rate has a litle effect on the volume fraction of pearhite. [t affects the ductility
of the steels. Ductility 15 found to increase with decreasing cooling rates in the presence of
rickel and molybdenum while the ductility is found to increase with increasing cooling rates
if the steel is merely plain carbon. Both meolybdenum and nickel decrease the ductility of

low carben steel, but molybdenum 15 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 with these
early structural steels for building, line pipe etc. were based only on tensile strength
Litlle imporiance was given to toughness, weldability and formability. The cheapest
alloving element, carbon, was vsed to achieve the tensile strength required. These steels
although of the fernte-peariite tvpe, were relatively high in carbon content, usually of the
order of 0.3%. However, to widen the scope of sieels (o other structural applications, e.g.
offshore structures, where welding is the principal fabrication process, it becomes more
relevant 1o select steels on the basis of their post-weld properties’. When welding
became more widely introduced as a fabrication process, structural failures 1n the steels
then available occurred within the heat-affected zone [HAZ] owing to the formation of
unfavourable micro-constitucnts that demanded an improvement in toughness and
weldability, Ths led to the development of low-carbon steel to give better weldability
and lower impact transition temperature, At the same tine, it was realized that yield
strength is a betler design cnterion than ultimate tensile stremgth,  Advances in
engneenng design demand these low carbon structural steels to have higher yield
strength and better toughness together with adequate level of ductility and good
weldability.

Hall® and Petch®* demonstrated that ferrite prain refincment increases the yield strength
and decreases the impact transition temperature. Initially, grain refining was done with
aluminum and nitrogen through the formation of aluminum wiride precipilates™ © Later,

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




grain refinement, but these particles responsible in this case were found to be the
carbonitndes and also nitrides of vanadium, niobium and titanium’. The methodology of
structure-property relatienship developed by Pickering and Gladman® hastened the
introduction of normalised grein refined stects These sieels had vield strength 75 to 125
/mm® higher than that of muld steel together with subzero impact transition

temperatures.

Numerous studies were made on the effects of Cr, Ti, Nb and V additions on the
structure and properties of low carbon structural steels””. The effects of small addition
of vanadium on the structure and propeviies of low carbon structural steels are now well-

established'™’

. Precipilation effect of Nb on the strengthening of micro-alloyed steel
was also studied'™ '* From the combined cffect of Nb, V and Ti, Gawne and Lewis™
found higher strength and ductility than plain carbon sieel. Although studies were made
on low carbon molybdenum steels but virually a detailed study on the effect of small
addition of molybdenum on the structure and properties of low carbon structural steels is
not available. Current rescarch’’** have shown that molybdenum improves the grain size
and influences the transformation characteristics and propertics of carburized steels.
Nickel when added to steel remains in solution both in austenite and ferrite, [t produces a
solid solution stremgthening effect. The effect of molybdenum in combination with

nickel is not very glear.

The present work, therefore, will investigate the effect of small addition of molybdenum
and nickel individually and in combination on the structure and properties of low carbon

structural stesls,



CHAPTER 2

HIGH STRENGTH, LOW ALLQY (HSLA)
STRUCTURAL STEELS

Z2.1.Introduction

The development of high-strength low-alloy (HSLA)Y steels has included studies that
considored the relationship between mechanical properties and microstructure'® *
Although the early HSLA steels were based on a femrite-pearlite structure, the group now
encompasses batnitic and mariensitic structures™ In recent years a number of studies
have been carried out to determine the structure-property relationship in these steels™ >,
There are numerous existing and potentizl applications for high strength steels in the
context of producing weight reductions in the construction (e.g. brdge, building eic.}
line pipe, automotive, shpbwlding, power generation mdustries and packaging

-3 The cost advantages vary with the end product, but in general, thetr

industries
high strengths allow a reduction in the thickness of cngineering parts, enabling the user
to purchase lower tonnage and this more than compensates for their additional unit
cosis” " Hiph sirength steel can also make 2 substantial comtribution to energy
efficiency. The motor car, in paricular, is a voracious consumer of energy, and its
improved fuel economy may be achieved either improving the operating efficicncy of the
engine or by a more eflicient design of the vehicle weight. The use of high strength steels
allows the body thickness and weighi to be reduced, while maintaining equivalent dent
resistance end effective dynamic elastic modulus™ ** The rapid acceptance of high

swenyth sleels compared wath that of alternative weight saving materials (e g aluminium



alloys, structural polymers), is a result of their low cost penalty per kilogram of weight
saved and their mlatively minor effect on existing manufacturing methods and
facihiies™.

2.2. Requirements

Advances in engineering design have required the structural stecls to have the following

properties:

a. High yield strengths for preater 1oad bearing capacity by lighter sections.

T

High degrees of toughness 1.e. low mmpact transition lewnperature and high ductile
shelf energy

¢.  Good weldability,

d.  Good formability, especially in bending.

c. High level of ductility, 1 &. good fracture resistance in through thickness direction.

Up to present, the micro-consiituents of structural sieels are mainly fernite and pearlite.
However, acicnlar struchure {bainite and low carbon marnensitc) is also useful when

particularly high vield strengihs are desired.

2.3. Factors Affecting Strength and Toughness of HSLA Steels

2.3.1. Ferrite Grain Size

The strengih and toughness of high strengih, low alloy {HSLAY stmictural sicels with
femte-pearlite structure are greatly influenced by fernite grain size. Fine fernite grains are

%% Pickering’® has summarized the

benelficial for both yield strength and toughness
earlier developed quanntative relatonsmps between micro-structural and compositional
parameters and Lhe mechanical properties of silicon-killed, carbon manganese steels, in

the following hwo equations:



Y S (MN/ mm’} = 70+ 32[Mn}+ R4[Si]+680[P]+ 30[Crl+ 33[Ni}+ 11[Mo]+ 38[Cu)=
S000[NT+18 1d™? (1)

.\

b

ITT(°C) = -19+ 44x%Si+ 700xVo%Nr+ 2.2x%Pearlite- 11.51d™" (2)

where, Nr= the “free’ nittogen content,
d = the femle grain size 1n mm and
ITT = Impact Transihon Temperature

The compositions are expressed in weight percent.

From these equations it 1s evident that fine ferrite grams are beneficial in improving both
vield strength and toughness while pearlite has a detrimental efTect on the mpact
transition tempcrature. Increase in carbon content, {.c. pearlite impairs the loughness and
reduces the charpy upper shelf energy™. Therefore, it is essential to have a low carbon
content and to produce the fingst fernte grain size possible

A theorctical model for grain growth has been developed and the control of grain size in
metals by second phase particles 15 well established. Grain growth involves an increase
in the size of the grains with a corresponding decrease in the number ot erains. The
process therefore necessitates Lhe disappearance of some grains, usually the smaller ones
Small particles precipitated by prior treatment pin grain boundaries and retard grain
growth dunng re-heat-ireatment resulting in a relatively unchanged matnix, but
overheating cause an abnormal type of gran growth resulting the prowth of very few
grains in a relatively unchanged fine matrix. This leads to the development of
extraordinanly large grains, which may or may not be accompamed 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.
11

These were fully reviewed by S. Niltawach'® and Bepar'' The current review wiil

present a brief summary of the most recent theory of Gladman™ in the light of ferrite

grain control.




Relining the prior austenile grain size is the prerequisite for fine ferrite grains, because of

fermitic nucleation on the austenite grain boundanes. Grain growth in polycrystalline
materials occurs by grain boundary migration, which is discontinuous with respect to rate
and direction'®. Austenite gran growlh can be inhibiled by microalloying additions,

which cause the presence of szcond phase pamicles in austenite.

These second phase particles occurring in the boundarnes reduce the boundary area and
therefore lower the driving force for grain growth. The presence of thesc paricles
dramatically changes the grain-coarsening characteristics due to their interaction with the
austenite grain boundanes. These inieraction results form the elimunation of grain-
boundanes area {energy) when the boundary intersects the second phase panticles®. Any
movement of the grain boundary away form the particle would result in a local encrey
in¢rease and have a drag effect on the migrating boundary .The binding force between
particle and boundary 15 greater than that available by thermal activation’ . For a piven
volume fraction of pinning particles, the pinning encrgy is greater when the size of
pinning particles is smaller and therefore there 15 a critical particle size below which
pinning is elfective’® Consequently, energy for unpinning must be supplicd from some
other source, such as the energy release resulting from grain growth, Enersy changes
accompanying the migration of a pinned boundary™ have shown that the eriterion for

unpimmng cen be expressed as’

SRS

3
-
where,

K= meen matnx grain radius
r* = Critical particle radius delined by the activation energy barrier being reduced to a
level at which thermally activated release occur

f = volume fracticn of the precipitates

z = Ratio of the radii of larger graing and the matrix grains




It is relatively simple to convert the grain coarsemng critenen nto a form giving a
critical number of particles, n, of size r

.
ne ={

3 2.1 S
S g R 4

A cntical particle radus, 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 sugpest that
a Z value of 1.5 would be reasonable. In equation {3} the critical paricle radius increases
as either the volume fraction of particles or to the matrix grain size increases. A very
significant effect, which occurs in all metallic systems at elevated temperatures, is the
coalescence of precipitate particles. The coalescence of precipitate particles is of special
significance in view of the elfect of particle size on the energy baricr, which opposes
grain growth. When coalescence has permited the parricle size to reach the cntical size

r¥, grain growth may occur, thus decreasing the energy of the system

Increasing the prain size heterogeneity decreases the critical panlicle mdius. At some
critical particle size, the dnving force for grain growth cquals to the pinning force
exceeds the pinning force, Thus, fine particles are more effective than coarsc particles in
restricting grain growth, Since theve is a cntical particle size for a given volume fraction
and grain structure, particle coarsening rather than reduced volume fraction by
dissolution 1s preferred for grain growth under 1sothermal conditions. However, any
increase 1n temperature causes some sofution of the precipitates and the reduced volume
fraction permils grains with a smaller Z ratio to grow, thus increasing the number of

grains with are growimg,

Alloying clements may interact with the mobility of austemte grain boundary and! or the
interfaces between the austenite and the growing producis of austenile decomposition
during the transformalion not only as atoms in solid solution but also as precipitates'®. In
the normalized condition, austenite grain re(inement may be achieved by pinming with

precipitales of aluminum mitride or the carbonitrides of niobium, vanadium and titanium.



For effective pinmng, the specilic alloy addition must be selected to produce fine
particles. A fine initial particle size 15 desirable to prolong the time 1eken for the particle
to reach the critical pamicle size above which grain growth occurs. The ferrite grain size
achieved by this method is ~5 pm. Depressing the transformation lemperature, either by
alloying additions or by increasing the cooling rate, 15 also widely used to give grain
rcfinement provided acicular structure are not produced Controlled rolling techniques

also give very fine grain size, possibly somewhat smatler than 5 pm,
2.3.2. Precipitation Strengihening

In steels the addition of small amounts of other metals have the effect of strengthening
the ferrite matrix by formation of finc precipitates. The effectiveness precipitation
strengthening from micro-alloying phasc and its precipitation kinetics during cooling,
Titanium, niobium and vanadium are the imporant alloy additions for precipitation
sirenglhening. The strength rises mainly from the precipitalion of nitndes, carbides and
carbonitndes. Those precipitates of niobium and wvanadium which arc not dissolved
during ausienitising usually do not strengthen but cause grain renement. On coohng,
the already dissolved carbonitride will reprecipitate during and  after  ferrite
tuenstormanon to mve a nise 1 vield stength. Bﬂpari“ reporied that vanadium carbide
and vanadium carbonitrides are excellent precipitalion strengtheners while aluminum

nitnde dose not produces any appreciable precipitation strengthening eftect

The increase in vield stress due to precipitation strengthening arises principally from the
direct interaction between dislocations and the distnbited second phase pamicles.
Orowan™ explained the cause of the decrease of the yield stress when the critical paricle
size is exceeded. He showed that yield can oceur without particle shear. To quantily this
Orowan proposed a model, which is as follows. When a moving disiocation encounters
second phase parncles, it bows between them until 1t form a semi-circular shape the
diameter of which 15 approximately equal to the spacing between the two surfaces, The

dislocation configuration then becomes unstable and segments of thc dislocaticn are



constrained 1o form a dislocation loop around each particle. The mam dislocation is thus

free to continue 1ts passage through the lamice.

Orwan’® showed that the yield strength of (he zlioy is the sum of the matrix [low stress

tmand the resolved shear stress to bow dislocation between the dispersed particles, Le..

¥8=r +—— 0 - 5
Tut {3)

where, T =Line tension of dislocation .

b= barger's vector.

Later, using the approximation for the line 1ension of dislocation T= 1/2 Gb%, Kelly and

Nicholson™ modified the Orowsn equahon to jmive .

¥ S =rm+% ------------------ (6)

where , G = shear modules of the matrix plane .

There is no question as 1o the validity of the Orowan bowing theory providing the
following conditions are fulfilled. Firstly, dislocations arc confined in their slip plane,
Secondly, the particies are neither sheared nor fractured in the bowing process. Finally,
the structural feature which control the matrix fow stress uniformly retards dislocation

movemenl over distances which are large compared with L, the planer inter-particle.

Ashby™ has proposed the most successful modification of Orowan model, which
adopted some modified treatment on the line tension of dislocation . On the Ashby -
Crowan |, the line tension has been recalculated taking into account the effects of the
character of the dislocation |, scale of the bending and stacking fault or anti - phase

boundary energy .
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The resuit from the Ashby -Orowan mode! differs rather little from that of the original
one. How ever, one major difference between the two models is that the Ashby-Orowan
model predicts that the edge dislocation by - pass particles more E:aslily 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 of Kocks'
in
which the realistic, random particle distnbution is assumed. The Ashby-Orowan model

can be expressed quantilatively as follows.

{1 20h

e IRy - - m - mmmmmmmm o 7

where, © = the resolved shear stress in N/mm-

X = mean planar intercept diameter of a precipitate.

By putting the value of G and b for feerite, 80300 Ni/mm® and 2.5 A" respectively, the
gqualion becomes;
2.6 X

==
L 000025

R ettt {8)

here 1. and X are measured in pmn.

Assuming that the yield sirgss increment due to particles 15 twice the resolved shear

siress required to overcome their effect,

52 X
r.s.,=="I
* =77 "™ 500025

Jmmm - (9)

——
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Assnming that the particles are spheroidal so that ther volume fraction can be given by.

X

P it (10)

f=n

where, n,= the number of particles per area of the ship plane

then,
—
S () PN § PRS- (11}
y4/

for relatively small fractions of fine precipitates formed 1n micro-alloving steels, L>>X,
then

The hnal expression of the vield strength due to precipitate can be written as:

59
rs, = 7 (2
rX 0.00025

Jommm e {13

ainge 1/x 15 the predomimant function of X, the stress increment due to  fine
precipiates ncreases in the precipitate fraction The closc agresment belween the
observed increment predicted from the model implies that the increase in yvield stress
over that expected from grain size in the micro -alloyed stecls is due entirely 1o the

precipitation strengihening.

The cooling rate also controls the degree of precipitation A rapid cooling rate suppresses
precipitation while a slow cooling rate allows the precipitation to over-gge. In between,
there 1s an intermediate cooling rate, which optimizes the precipilation strenpthening. In

general vanadium steels over-age more rapudly than niobium steels.
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The intensity of precipitation strengthening is also very dependent on the steel with
respect to the stoichiometric ratio, i e. the stoichiometric ratio of niobium and vanadium
to carbon and nitrogen’” The maximum temperature dependence of the solubility of the
micro-ailoying element carbonitrides occurs along the stoichiometric ling and

compositions on this line have the maxamum potental for precipitation strengthening.

{t 15 now clear that the toughness of high - strength, low alloy steels containing nicbium
15 adversely affected by precipitation strengthenmg. Fine carbides of niobium and
vanadium inerease the 1mpact transiion temperature by ebout 03 to 0.5°C for each

1
FA

N/mm® increase m yield suength by precipitation strengthening. This mechanism,
therefore, that is considered viable only when strength levels above those attained within

the practical limitations of lermite grain refinement are needed,
2.3.3. Sofid Solution Strengthening

Sehid solution eccurs when a muxiure {or alloy) of two or more kinds of atoms is present
in a crystal, usually with limiled degree ol solubility. Normally the solute atoms wall
have a difterent atomic radius from that of the solvent atom andg these results in a misfit-
giving nse to a localized distortion or strain in the crystal latlice Thus solid solution
stiengthening occurs as a result ot distorlion of the selvent latace by the solute atom,
causing an increase in the friction stress opposing dhslocation movement. Solid solution
strengthening cffcets are additive 10 yield strength. Solute atom such as phosphorus,
nittogen, mangenese, silicon, carbon affect on solid solution strengthening, and

consequently, on yreld strengih and tensile strength™.

The following equations for the nominal yield strength o, (MN m'z} and nominal tensile
strength &, {MNm™), in terms of stecl composition and grain size, were obtained from a

statistical analysis of data®®;

o, = 27+ 22d '+ 165x%C+ 470x %P+ 3000x%N+ 50x%68i- 665%%68  aenmemee (14)
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gy = 150+ 164775+ 355520+ 600x %P+ 4505x% N+ 7Tx%S51- 8455948 mmmmemmmm- (15)

where d rcpresents the grain intercept length{mm} and the element concentrations are 1

weight percent. Equations {14) and (15) both explained 91% of the observed variations.

More approximale equations can be denved from the results when the prain-gize data are |
omitied from the analysis. Such equations are useful in practice for a specified process
route, when grain size is unknown and predictions of total strengthening elfects of the
elements are required. The total strengthening effect obtained from these equations is the
strength increment produced by any grain-relining action of the element, in addition 10
* its solution-hardening contribution - and its precipitation-hardening effect in the case of
cartbon. The following equations pive the strength ol the steels batch anncaled at

lemperatures between 660 and 700°C, in terms of composition only:
a, = 246+ 512x%%C+ 540260+ 3935 %N+ 68x%%81- 2174x%S  ——— {16)
a, = 292+ 5653x%C+ 678x%P+ 5183 %N+ 90x%51+18x%Mn - 1534x%08 —mmnmmm {17}

Fquations (16} and {17} explain 72% and 83% of the observed vanation, respecuvely. As
indicated above, the concentralions of the elements affect the prain size, and this effect

changes the values of the strenpthening coefhicients in eguations (14) and {15}

Most solute atom parlicularly interstitial type (C and Ny) i1s detrimental to impact
transition lemperature (ITT). Manganese increases the strength and improves the
toughness of the steel. Silicon has sohd solution hardemng effect in ferrite but has
adverse effect on ITT. Silicon and manganese are both shown to be relatively weak
strengthening elements™. Large concentrations of silicon end manganese are necessary
to generate relatively small strength increases, and so these elements are not attractive

strengthening options n sub-critically annealed steels™. Removal of free nitrogen
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content of any steel decreases ITT and vice versa **** Nitrogen appears to be the most
potent strengthener of all the elements investigated by D T.Gawne and G.M. H.Lewis
and also produces sleels with good formabiity wn the as-annealed condition®™.
Fhosphorus 1s an elfective strengtheming agent in steel, but excessively high phosphorus
content can be detrimental to the product properiies, in particular, contents ahove 0. 1-
02% The strengthening effect of carbon is relatively small and markedly depends on
grain size’”. The effect of snlfur is striking, as it is the only element that reduces the

strength of annealed steel; a similar effect has been observed by Gladman et at*".

2.4. EfTect of Cooling Rate on Grain Size in 2 Carbon Steel

The principal of gram refinement by accelerated cooling can be explained by considering
the effeet of transformation lemperature on the grain size of a new phase in an isothermal
tmansformation. Diffusional phase transformations, such as ferritc transformation,
proceed by nucleation and growth, When a parent phase uransforms to a new phase, the
grain s1ze of the new phase is determined by the number of nucleation until the

transformation 1s complete. Thus, with a large number of nucleation, the grain size of the

new phase 18 small, and with a small number of nucleation, the grain size of the new

phase is large*.

Consider an isothermal transformation satisfying the following condition: nucleation
gecurs homogeneously, both nucleation and growth rates are constant with time, and
grains grow spherically This (ype of transformation was originally treated by Johnson
and Mehl. The total number of grains, m nucleated until the transformation is complete
can be expressed as®

3,4

n= |1, exp(- i )ﬂ'f”ﬂﬁ%{ By e (18)

where I, is the homogeneous nucleation rale per umt volume of mairix, G the growrth raic

and t time.

Ik
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This calculation shows that the number of new grains is a function of the ratio of §I,/G.
Since Lhe grain size of & new phase is proportional to n”'”, the grain size of a new phase
is a function of the mtio I/G. When the ratio L/G increases with a decreasc in

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

In a transformation that involves conbinuous cooling, the transformation occurs in a
cerlaun temperature range and this range decrease with an increase in cooling rate Thus,
for a transformation where the ratio of nucleation W growth rale mcreases with a
decrease in temperature, the grain size of the new phase decreases with an increase 1n

cooling rate This 1s why fernite yrains become refined by eccelerated coohing.

A continuous coolng transformation can be considered as the sum of shor-time
isothermal holdings at successive temperatures. However, since fermnte nucleation and
growth rates of ferrite are a function of an instantancous temperature only, and not a
function of thermal history Um the basis of this assumption, the number of fernte grains
nucleated at temperature T, duning cooling n, 15 given as

f.01,)

S o R LS 19
n, =1 AT, 0, [foﬂ,}] (19)

where Q(T, )= dT/dt) is the ceoling rate.

The growth rate of ferritc as a function of temperature can be obtained as follows. It is

well established that the parabolic rate constant o for thickemng is given by

Y DY - )
(O —COHC, - O
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where D is the diffusivity of carbon in austenite, C; the initial carbon content, and C,°
and C," the equilibnium carbon conlent in austenite and ferrite, respectively, which can

be calculated by Hillert and Staffanson

The nucleation rate of ferrite [, can be expressed as

1

7, =(1%)(m3r5"2.‘€zﬁ}]n{] T i (2N

where Sy, (= 4/"" d,} is austenitic surface per unit volume, X the fraction transformed.

Ferrite grain size is proportional to d,'* when austenite grain surfaccs are the dominant
nucleation site of lermte, Thas, the theoretically esumated fermte grain size can be

expressed as a function of cooling and grain size as

Ay =10g°d) % e o (22)

The eflect of increasing cooling rate 15 10 increase the strength, decrease the ductility,
and decrease the toughness, The merease in strength occur as a result of a decrease in

proportion of ferritc and an increasc in the amount others (¢.g. pearlite or batniteY™.

2.5, Ferrite Grain Size Dependence on Austenite Grain Size

[n a polycrystalline matenzl, nucleation is assumed to occur on four types of site, ie
homogeneous sites and gran surfaces, edges, and corners-. The prior auslenite grain
size inlluences ferrile grain size influcnces ferrite grain size by nucleation site density, A
ferrite prain size is proportional to n,'”, where n, is thc number of ferrite grains
nucleated until the transformation 15 complete per umit volume of austenite, and 15
proportional 10 nucleation site density, When fernite nucleation occurs homogeneously in
the austenite wmatnx, nucleation sile density, and thus fermite grain size, 15 independent of

austenite grain size. When fernte nucleation occurs at austemte grain surfaces, nucleation
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site density is proportional to d.' since the prain surface arca per unit volume is
proportional lo d,'. Thus, ferrite grain size is proportional to d,'”. When ferrite
nucleation occurs at austenite grain edges, nucleation sile density is proportional to d,”,
simce the grain edge length per unit volume is proportional to d,”. Thus, ferrite grain size
is proportional to d,*7. When femite nucleation occurs at austenile gram corners,
nucleation site density is proportional to |:I1{3 since the number of grain corners per umt

volnme is propottional to 4, Thus, fernte grawm size is proportional to d..

in summary, the dependence of ferrite grain size on austenite grain size is as follows:
d,"" for prain surface nucleation, d,°* for grain edpe nucleation, and &, (or grain comer
nucleation For homogeneous nucleation, fermnte gramn size is independent of austenite
grain size. In an actual ferrite transtormation, several types of nucleation site acl
simnltaneously, and the dependence of fernte grain size on austenite grain size 15 a

welghted average of the various nucleation modes,
2.6, Mectatlurgical Desipn of Ferrite-Pearlite steels

The metallurgical design of high strength, low-alloy stecls with fermnte-pearlite structures
require that compositional and microstructural parameters give the least increase in
impact tramsition lemperature per unit increase in vield strength, while maintaining

adequate level of weldability and formability

Good weldability requires the steel to have a low hardenabihity that in tumn is poverned
by the steel composition. A useful way of describing hardenability is to assess the total
contnbution to it of all the elements that ere present. This is done by an empircal
formula that defines s carbon equivelent {CE) value and takes account of the important

elements that ere known to affect hardenability, The formula most frequently used is:



CE=C+Mn_’_[‘r+ﬂffo+l"+NI+Cu
o 5 15

An arbitrary CE value of 0.41 is specified above which welding may be hazardous. The

equalion points out the advanlages of low-carbon, high-manganese contents.

There are four factors affecting the formabitity of fermte-pearlite stecls, namely: flow
stress, work hardening and the tolal ductility prior 1o plastic instability, the frst two
properties should be low while the last two should be high,

Pearlite and refining the interlamellar spacing of pearlite increase both the flowstress and
work hardening rate bul reduce ductility’’, Refiming the ferrite grain size cannot offset
the detnimental effect of pearlite but prain refinement is beneficial in terms of total
ductility at fraciure,

Non-metallic inclusions reduce the tolal ductility,™*’

elongated inclusions are
parbcularly detrimental 1o transverse ductility and upper shelf energy. Sigmuficant
improvements in transverse ductility and upper shelf energy have been made in both
plate and strip by reducing the volume fraction of inclusions or by inclusion shape
control Inclusion shape is modified by adding elements such as tilamum, zirconium or
rare earth to replace the elongated mclusions by spherical one which may slight!y reduce
longitudinal ductility, but significant increases in both long - transverse and through

thickness ductility occur.

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

should be umformly distnbuted and shape-controlled in order to obtain good formability.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1. Materials Preparation

Four different steels containing about 0.11% carbon were used tn this experiment. The
compositions of the steels are given in Table 1, The sieels were made in an air induction
furnace. All the melts were teemed at about 1600°C and produced cylindrrcal sound
imgots. All the ingots were then rolled down to & size of about 16-mm in diameter. Steel
1 is the base steel with which the mechanical behaviour of other steels (2-4) contaimng

Mo and Ni alone and in combination was compared.
3.2. Measurement of Prior Austenite Grains

In order to compare the properiies of the four steels without any undue complication,
gach of the four sieels should be heat-trcated to a temperature, which would give the
samc austemite grain size, Attempts, therefore, were made to reveal the pricr aunstenite
grain boundanes at different austenitizing temperatures, Of the several techniques
developed, the most satisfaclory one is the developed oxidation technigue® in revealing
the pnor austenite grain boundaries. However, considenng the existing facilines
available the isothermal uensformation technique was followed to reveal the prior

austenite grain boundanes of the steels
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3.2.1, 1sothermal Transformation Technique

This techmque is based on the formation of a complete or nearly complete network of
ferrite or iron carbide in ihe hypoeutectoid and hypereutectoid steels respectively. Steels
with a carbon content remote from the eutectoid compositton will reject, upon slowly
cooling through the transformation range, either ferrite or cementite, depending upon the
carbon content of the steel. The rerection of these constituents occurs largely at the prior
austenile grain boundaries and under appropriate conditions, the constituents may be

made to form a network around the original grains.

The steel specimens were heated to different austenitizing temperature, i.e. 900°C to
1150°C with inlervals of 50°C. They were held at these temperatures for 45 minutes.
After 45 minutes the specimens were transforred to a furnace at a temperature where
fertite rejection just lakes place. This temperature was determined by triat and error was
found to be 760-810°C. The specimens were held at the above temperature for 10

minuies. The specimens were then quenched in 10%% brine solution,

The eflecliveness of this process 1s not fare for Ni and Mo containing alloy steels,
becanse at isothermal temperature fine fernte grains would form instead of a complete or
ncarly complete fenite notwork, Consequently, carburization technique was followed to

reveal austenite grain boundanes

3.2.2. Carburization Technique

This techmque is based on the formation of a comtinnous cementite network at the
austenute grain boundaries. Carbon will diffuse in steel forming cementite at the austenite
grain boeundaries during austenitizing temperature. This cementite will form a continuous

network around the original grains.

The stcel specimens were heated to different austenitizing temperature, i.e. 900°C to

1150°C wath intervals of 50°C. Before heating these specimens, they were packed in a
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pot with carburizing mixture. Then they were placed in Blue-M fumnace and the fumace
was switched on After reaching the desired temperature, they were held at these

temperatures for 1 hour and then ¢ooled in this fumace to room temperature.

The assessment of austenite grain size was made from direct measurements of the
austenitc grains in the specimens under the oplical microscope. The prain size was
measured using the mean lincar intercept method™, counting grain boundary
intersections with the circumterence of the circle in the eyepiece of a microscope. The
eftective circumference of the circle was determined precisely by measuring its
diamelers with reference to a stage micrometer at the magnification used A total of at
least 600 intersections were counted for each specimen. The grain size was then

determined from this number.

The carburization technique was found troublesome 1n revealing the prior austenite grain
boundanes for sieels containing Ni and much time was spent in obtaimng satisfactory
resulis,

3.3. Determination of Heat-treatment Temperature

The heal-treatmem temperature for each steel was determined by a careful examination
of the auslemte prain size. The criteria for the delermination of (he heat-treatment
temperature for each steel were that the steels had the same austenile grain size and that
the temperatures were such that en appreciable proportion of the solute elements had
entered inte solunon for subsequent precipilation. An austemte grain size of 35 pm
{Figure 3} was found to be suitable and the comresponding heat-treatment temperatures
for steels 1-4 were $20°C, 1050°C, 1000°C, and 920°C respectively.




22

3.4. Heat-treatment of Specimens

The heat-treatments of the specimens were carried out in the Blue-M dilicon Carbide
heat-weatment furmace. The sleels werz held at their Tespective  heat-treatment
temperatures for pre-selected periods. Then they were allowed to coo! at four different
coolmyg rates, namely: 120, 36, 12 and 3.6°C/min. These cooling rates correspond 1o the
natural cooling through the transformation renge of round bar with a diameter of 13, 50

120 and 380 mm respectively™ >
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 & nominal diameter and a minimum parallel length of 3.99 and 22 mm respectively
{B5 18). The tensile specimens were then tested with a lensile testing machine to obtain
data on yield strength, ultimate tensile strength, % elongation and % reduction in area. A

shide-caliper was used to measure the gauge length and diamelef of specimens.
3.6. Optical Microscopy

Samples from the fractured tensile specimens were lken [or MICTOSCOPIC 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 cach specimen were mken,
3.7. Determination of Ferrite Grain Size and Hall-Petch Plot

The specimens under optical microscope revealed ferrite and pearlite structure. Stnce the
mictostructure consisted of (wo phases, the assessment of ferrite grain size had to be
done in two steps. First, the fictitious fermte grain size was measured by the mean linear

Intercept 11'11::th-:3-d,5"{:| i.e, only the grain bounderies of ferrite were counted, and the pearlite

Lo 3
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between two ferrile grains was considered as a common grain boundary. Second, the
volume fraction of pearlite was estimated visually. Thirty to fifty [felds were counted for

each sample.

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

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

d=L {1-v)
These measurements showed that although all the steels had sitaried with the same
austenite grain size, their subsequent ferrite grain size with a given cooling rate was

differcnt.

A Hall-Petch plot of yield strength vs ' for each steel was drawn to obtain an idea how
_ yield strength varied with the ferrite grain size.
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CHAPTER 4

RESULTS

4.1 Prior Austenite Grain Size

The prior austenite grains of the steels were revealed by the catbunzation technigue. The
effectiveness of this method in revealing the prior austenite grain boundanes is shown in
Figure 2. Although this technique preved troublesome for the steels containing Wi being

presently studied, reasonably satisfactory results were obtained by mal and error.

The austemite grain size of the steels at different temperatures 1s listed in Tables 2-5 and
ploited in Figure 3 where the 95 percent conlidence limits for the grain sizes are

indicated.

Austemte grain coarsened rapidly and linearly with increasing temperature when there
were 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 austenite grain size remained very small
in the tempermture range over which precipitates were effective as inhibitors, However,
s soon as the particles had lost their cffectivencss, the grain-coarsening rate was then
greater than that of the plain carbon steel. In steel 2, fine austemte prain size was

observed compared with that in stecl 3
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4.2. Heat-Treatment Temperature

The heat-treatment temperature for each steel was detcrmined by careful examination of
the austenite grain size {Figure 3). The enteria 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 austeniie grain size. The austenite grain size of 35
um was chosen to fit that criterion. The commesponding heat-treatment temperatures of the

steels are listed in Table 6.

4.3. Optical Microscopy

The optical mictographs of all the sieels 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 cooling rate afier austenitizing refines not only the ferrite grain

s1ze but also the peariite size and distnbution.

Optically it was found that all steels produced a polygonal ferrite-pearlite structure
excepl steel 3 for cooling rales of 120°C/min and 36° C/min and steel 4 for the cooling
rate of 120° C/min, For this fast cooling rate of 120° C/min, steels 3 and 4 gave & mixed
structure of fermte, pearlite and bainite. But the volume fraction of bainite in stecl 4 was
only smail. Stcel 3 alse produced a mixed structure of ferrite, pearlile and bainite for the

cooling rate of 36° C/min.

Some Widmanstatten ferrite-pearlite structurc were observed along with polvgonal
ferrite-pearlite structure in steel 2 at the fast cooling rate of 120° C/min, in steel 3 at the
cooling rate of 12°C/min and 3.6°C/ min and in steel 4 at all cooling rates except the
slowest cooling rate of 3 6°C/ min. The volume fraction of Widmanstatien fermrite-pearlite

in steel 3 at 3.6° C/ min was very small The presence of Widmanstatten structuce
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bainite indicates that the transformation (emperatures of steels 2-4 are lower than that of
the plam carbon steel.

4 4. Ferrite Grain Size and Hall-Petch Plot

The data from mechanical testing logether with the pearlite volume fraction and the true
ferritc grain size of the steels are presented in Tables 7-10. Using the values of yield
strength and d™7, a Hall -Petch relationship is plotted in Figure 9.

The steels started wath a common auvsieniie prain size, but their subscquent ferrite grain
size under the same cooling conditions was not the same. This indicated that the
precipitation kinetics and effectiveness in the control of ferrite prain size of Mo;C and

other factors were all different
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CHAPTER 5

DISCUSSIONS

5.1. Prior-Austenite Grain Size

5.1.1. Isothermal Transformation Technique

This technique is based on the puonciple that fernle or cementite precipitates
preferennally at the prior austenite grain boundanes. Steels from  austenitizing
wemperature when held for sometime at inter-eritical temperature, will reject ferrite or
cementite at the prior austenite grain boundaries The volume of this ferrte or cementite

15 & function of mter-cnticel temperature and time at this inter-critical temperature.

The inter-critical temperature at which fernite rejection begins was obtained for each steel
by mal and error. Holding time at the inter-cohicel temperature to gel a thin fenite
network around the prior austenite grain was also obtained in the same manner though it

Was VEry time consuning.

This techmyue worked well for steel 1, (plan carbon steel} at all temperatures The
effectiveness of this process for steel 1 in revealing the prior austenite grain boundaries

15 shown from Figure 1.

Problems were encountercd with the determination of the intcr-critical temperature and
holding time for alloy steels. The Te-I'e4C phase diagram is altered by alloy additions

and the extent of depression of the transformation region was not known, The
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experiment had to be repeated many times 0 oblain both the inter-critical temperature
and time at inter—cnitical temperature for getling reasonable ferrile network, around the
prior austenite grains. But fine fernte gramms were observed instcad of ferrile 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 adopied for this purpose.
5.1.2. Carburization Techaique

This technique 1s based on the principle that carbon will penetrate through the pnor
austenile grain boundanes. Steels at the austenitizing temperature are held for suflicient
time 10 ailow dilfusion of carbon as CO or C and then to form cementile net work along
the prier austenite grain boundary, After anneahng this S’[I‘I.lCtIUIE: will reveal cementite

nebwork around the pearlite that has transformed from austenite

This techmque worked well for steel 1, (plain carbon steel) at all temperatures, but some
problems were found to count prior austenite grains for Ni contaiming steels. Because
nickel hinders 1o the penetration of carbon at the ausienilizing temperature, accurate
counting of austenite grain boundaries was difficult. So this grain size was measured by
trial and crror The effectiveness of this process for steels 14 1n revealing the prior

austerate grain boundaries will be evident from Figure 2.
5.1.3. Effect of Precipitates on the Prior Aunstenite Grain Size

The base steel 1, being plain carbon steel, does not contain second phase particies to
inmbnit grain growth. Irom Figure 3 i1 1s evident that the austenite grain size of steel 1
increases linearly and rapidiy with increasing temperature over the temperature range
investigated. This is due to the free migration of grain boundaries to attain the
equilibrium gratn size when the temperature is raised. From Figure 3 it is evident that the

austenite grain size of steel 4 increases hnearly and rapidly as that of steel 1,
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Steel 4 is basically steel 1 with nickel added to 1t. Nickel remains in solution in austenite
at the austenitizing tcmperature and doesn't form any carbide particics So, there arc no

second phase particles to inhubit the growth of the austenite yrains.

Second phase parlicles in the other steels pin the auslenile grain boundanes, causing the
steels to retain a fine grain size, which is almost unchanged duning heating at successive
high temperatures. However, as soom as the grain growih inhibitors bepin to be
ineffective at some elevaled temperatures as a result of solunon or coalescence, the
grain-coarsening rate is then greater than that of steel 1. This is due to the fact that when
the precipitates are no longer cffective, the restricted grains want 1o achieve the
equilibnum grain size as quickly as possibie and thus cause an abrupt growth in the grain

1L,

Steel 2 produced the finest austenite grains at all temperatures. Steel 2 contains Moz C
pariicles. These undissolved Mo.C paricles pin the austenite grain bounderies and
inhibit the austeniie grain growth at these temperatures resulting in [ine austenite grains.
These Mo,C particles becamne ineffective at temperature above 1030°C resulting in large

austenile prains as a result of coalescence and solution of Mo.C.

Steel 3 contains both Ni and Mo. The grain coarsening behaviour was expected to be 1n
between steel 2 and stecl 4.This has been in faci, observed to be the case Steel 3
produces finer austenite grain than steel 4 and coarser than steel 2, This clearly indicates
that in the presence of nickel, Mo:C 15 less effective in reducing the prain growth of
austenite than Mo:C in absence of nickel This may be thought to be due to the fact that

the presence of nickel in steel alters the precipitation kinetics of Mo:C in it
5.2, Effect of precipitate on Ferrite Grain Size

The mean fernte prain size of the steels at four different cooling rates employed in the
present experimental work is shown in Figure 8. It 15 evident from this figure that,

although the steeis had originally a common austenite grain size, the subsequent femte
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grain size at the same cooling rate was not the same. This indicales (hat the precipilates
in each steel influence grain eelinement to differing degrees. 1t should be pointed out that
the steels at the heat-treatment temperature contained some undissolved particles, the
amount of which varied from steel to steel. It is possible that these particles may act as
nucleation sites for femte and as obstacles in ferrite grain boundary migration, thus

possibly significantly affecting the final ferrite grain size.

Steel 2 produced coarser prain size than plain carhon steel 1 and steel 3 produced finer
grain s1ze than steel 1, while steel 4 produced the finest grain size of all the siecls at all

the cooling rates.

It is fairly cedatin that the precipttations 1n steel 2 and steel 3 are essentially Mo»C. The
coarser femie grain size of steel 2 than of plain carbon steel 1 clearly indicates that

Mo, C docs not produce any refinemem of fermte grain.

Steel 4 contains mckel. Nickel does not combine with carbon to form carbide parncles.
Nickel remains in solution in austente. Durning cooling nickel depress the transformation
temperature and hence fernte transformation occurs from fine austemte grains. Fine
austenite gives fine fermite grains The fine ferrite grain size in steel 4 is thus clearly

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

Steel 3 is basically sieel 2 with nickel added to 1t Le. it contains both molybdenum and
mckel. The ferrite grain size of this steel 3 is expected 1o 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 Piot of the Steels

Using the values of yield strength and d'* in Tables 7-10, a Hall-Paich Plot of the stesls
is shown in Figure Y. Being plain carbon, steel 1 15 anticipated 1o follow a straight line,
which was in fact observed in expenmental work. The relationship of yield strength and
d'™ was also found to linear for other steels. The linearity of steel 1 should be accurately

&
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determined because sieel 1 is used as the base steel with which the strength of the others
is compared. The straight line through the data of steel 1 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 fernte and
pearlite grains and was of mostly bainitic structure So it was not possible to measnre the
fermte grain size at this cooling rate. Steel 3 cooled at 36°C/min contain some
Widmanstatien ferrite-pearlite structure. By neglecting the Widmanstatten fernte-
pearlite, it was possible to assess the fermte grain size of the steel at these conditions by
taking only the fields showing polygonal fermnte-pearlite structure. Steel 4 also conlains
Widmansiatten femnte-pearlite siructure at the cooling rate of 120°C/min. The femte
grain size of this steel was also assessed in the same way. This procedure may give some

error in the measurement of fernte grain size at these cooling rates.

5.4. Yield Strength Increment from Precipitation Strengthening

The yield strength incrememt AYS 1s defined as the yield stength contnbuted by
precipitation hardening. The vield strenpth increment of the steels al each cooling rate
was determined and listed in Table 11 A plot of AYS versus cooling rate is shown in
Figure 10. The results are obtained by subtracting the vield strength of the base steel at
the same grain size from the observed vield strength of any other steel at cach cooling

rate.

1t is evident from Figure 10 that AYS of stecls 2-4 increases as the cooling rate increases

AYS of steels 2 and 4 increases very slowly up 10 36°C/min and then increases rapidly as
cooling rate increases further. But AYS of steel 3 increases rapidly from cooling mte of
3.6°C/mm > 12°C/min and maintains the same trend at higher cobling rates. The reason

for this behaviour wath these cooling rates of these steels may be explained as follows:
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The strength increment due to precipilation increases with the reduclion in precipilate
size and the increase in precipilate fraction. A slow cooling rate allows the precipitates to
become overaged and thus reduces their volume fraction resulting in lower strength

increment.

It is evidemt from Figure 10 that steel 3 produced the highest AYS and steel 2 produced
the lowest AYS of all the sieels and sieel 4 produced AYS higher than stecl 2 and lower
than 3. Steel 4 does not contain any precipitate. AYS of steel 4 is thus clearly due to solid
solution strenpgthening caused by nickel.

Steel 3 contains both molybdenum as Mo-C precipitates and nickel. The AYS of this
steel is the combined effect of Mo,C precipitate and solid solution strengthening caused

by mickel.

It 15 thought that the presence of nickel in steel 3 aiters the precipilation kinetics of
Mo;C. The much higher AYS of steel 3 than steel 4 or stec! 2 is thought to be due to the

finer dispersion of Mo, C precipitate caused by the presence of nickel in it.
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CHAPTER 6

CONCLUSIONS

6.1. Conclusions Drawn {from the Present Work

()

{in)

{11}

(iv)

(v)

(vi}

(vii)

The isothermal transformation techmique 15 not a satisfactory method for
revealing the prior austenite grain boundanes in low carbon structural steels

contaimng molybdenum and nickel

The carbunzation technique 15 a reasonably satisfactory method for revealing the

prior austenite grain boundaries in low carbon molybdenum structural steels.

On heating undissolved particles of molybdenum carbide, Mo:C, reline the
austenile grain sizc at temperturcs below 1050°C, but the effect decreases with
increasing temperaturs

Mickel does not produce any austenite grain relinement.

In presence of nickel, particles of Mo;C are less effective than Mo:C particles in
the absence of mckel in the rfinement of austenile grain size. The precipitating
particles of Mo:C have no effect on fernite grain size refinement,

The precipilating particles of Mo,C have no effect on flegrite prain size refinement

Nickel refines the femite grain size.
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fvili) Mo;C precipilaies increase the yield strength As the cooling rate increases, the

yield strength increment (AYS) due to Mo:C precipitates increases.

(i)

(x)

(x1)

In the presence of mckel the contribution of Mo:C to yield sirength is more than
that of Mo.C in the absence of nickel.

HMickel m solution contributes o yield strength,

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

molybdenom is more harmful than nickel.

6.2, Suggestions for Further Work

(i)

(11)

(iif}

{iv)

A study on the toughness of the sicels should be carried out,

The precipitates of each steel should be studied by electron microscope. This will

elucidate the eftects of precipitate size, distnbution and volume fraction

The effects of Mo, C precipitates on the ductility of the stecls should be studied in
detail.

The etfect of nickel on the increment of the yield strength due to solid solution
strengthening is not well understood. A detailed investipation is, therefore,

required,
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Table: 2. The Prior Austenite Grain Size of Steel 1,

Temperature PriorAustenite Crain Size
°C LLm
S00 31
950 45
1000 52
1050 76

Table: 3. The Prior Austenite Grain Size of Steel 2,

Temperature Prior Austenile Grain Size
*C LLm
900 24
Q50 26
1000 30
1050 35
1100 45




Tahle; 4. The Prior Austenite Grain Size of Steel J.

Temperature Prior Austenite Grain Size
C {m
Q900G 25
950 29
1000 35
105G 45
1100 63

Table: 5, The Prior Avstenite Grain Size of Steel 4.

Temperature Prior Austenuie Grain Size
oC wm
! A0 32
950 44
1000 60
t05G 74




Table: 6. Heat Treatment Temperature of Steels 1to 4.

Steel No.

Heat Treatment Temperature
L
C

020

1050

1000

L] | b2| =

920




Table: 7. Steel 1, Heat-Treatment Temperature 920°C

Cooling Rate | Ferrite Grain d” Y8, UTS. EL% R of A% Pearlite%
°C/min Size, d (1'11r1.'1}'”2 N/mm? N/mm?
(mmy)
120 0.0143 8.35 301 452 36 78 12
120 0.0146 825 297 454 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 6 83 250 421 - 31 74 8
12 0.0210 6.90 251 427 32 74 8
36 0.0235 6.52 246 421 33 76 8
36 (.0237 6 30 245 413 32 77 8




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

Cooling Rate | Ferrite Grain d' Y.S. U.T.S. EL% R of A% Pearlite%
YCimin Size, d {mmy*? N/mm?* Nimm*
{mm)
120 0.0158 7.95 352+ 538 23 65 25
120 0.0162 7.85 346* 522 22 57 25
36 0.0193 7.20 316 524 11 68 20
36 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
16 0.0260 6.20 269 467 28 61 15
3.6 0.0269 6.10 266 467 30 62 15

- F e L -
l-' T s e el e g

* 0).2% Proof stress




Table: 9. Steel 3, Heat-Treatment Temperature 1000°C,

Cooling Rate | Ferrite Grain g Y.S. LTS EL% R of A% Pearlite%
°C/min Size, d (mmy'"? | N/mm? N/mm’
{mm)
120 - - 548* 693 19 65 -
120 - - 550% 722 17 64 -
36 0.0158 7.95 S11* 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
3.6 0.0226 6.65 390% 574 28 65 25
®(0.2% Proof Stress




y
4,

Table; 10, Steel 4 (Ni), Heat-Treatment Temperature 920'C.

Cooling Rate | Ferrite Grain d Y.S. UTS. F1.% R of A% Pearlite%
“C/min Size, d (mm}'"* N/mm’ N/mm®
{tmm)
120 0.0113 9.40 469% 635 24 85 25
120 0.0121 9.10 454+ 618 16 33 25
36 0.0135 8.60 412% 598 25 70 23
36 0.0142 8.40 4Q7* 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 00213 6 85 354% 559 29 62 20
3.6 0.02261 6.65 345% 556 33 73 20

0_2% Froof Stress




Table: 11. AYS of Steels 2 to 4.

Steel No. Cooling Rate Mean YS Meand ™ AYS
o N/mm* {mmy'* N/mm?

[ 1 120 298 8 30 -
g 2 120 347 790 77
i 3 120 - - -

F 4 120 469 925 144*
1 36 270 767 -
2 36 306 717 51

3 36 495 7 87 210

4 36 412 8.50 102¥
1 12 250 6 8% .
2 12 260 6.70 45

3 12 450 730 185

4 12 370 7.70 BS*
1 3.6 245 6.30 .
2 3.6 268 6.15 43

3 3.6 390 5.60 150

4 3.6 350 6.75 80*

* AYS of steel 4 is the vield strength increment duc to solid solution strengthening.



(b) Steel 4

Figure 1. Optical micrographs showing the prior austenite grain boundaries revealed
by isothermal transformation techmique, » 200:

{a) Steel 1, austenitized at 350°C
{b} Sleel 4, austenitized at 1000°C



{c) Steel 3 {d) Sleel 4

Figure 2: Optical micrographs showing the prior austenite grain boundaries revealed
by carbunization technigue, x 200:
(a) Steel 1, austenitized at 900°C, (b} Stcel 2, austemtized at llﬂﬂ“C
(¢) Steel 3, austenihized at 1000°C, (d) Steel 4, auslenilized at 950°C



AUSTENITE GRAIN SIZE, MICRONS
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Figure 3: The variation of prior austenite grain size with temperature in sieels] to 4,
error bars also incorporated.



Ltk
T

1
-
-
]
.
1
-
u
-
+
+

el
H N
e

siiprsiily
treith

Coit]
- = H

e A
e ot e

‘3.':.5:"‘-*-"-&:"::- :

o e T

FrEr T T
ST £

-k B
ik B

R

o
Frertd
-
ki

iy

EREECCREREECEERRRRT 1T TI T T LY

B & - o
i AR R g AR

+
o s T [
B ol B e kv - o ok B e L e B o B 0 I B v

(d) Steel 4

Figure 4: Optical micrographs of steels 1 to 4 cooled ot 120°Cfmin, x 200.
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Figure 5: Optical micrographs of stecls 1 to 4 cooled at 36*C/min, x 200.
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Figure 6: Optical microgmphs of steels 1 1o 4 cooled at 124C/min, x 200,
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[u) Steel 1

(c) Steel 3

Figure 7: Optical micrographs of steels 1 10 4 cooled at 3.6°C/min, x 200.
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AVERAGE FERRITE GRAIN SIZE, MICRONS
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Figure 8: The ferrite grain size of steels 1 to 4, cocled at four different cooling rales
from a common austemte prain size of 35 um
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Figure 9: The Hail-Patch Plot of steels 1 to 4.
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Figure 10: The variation of strength mcrement dug to precipilation with cooling rates
insteels 2t0 4
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