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ADBSTRACT

(A)

The relalionship of the mechanical nreperties with
compasition and structural parameters is an impor tant’ conas -
deration In the metallurgical design of fFrritic~pearlitiﬂ
gteels. In this project the effect of alusinium on the pro-
perties of nypoeutectoid steel has hsen studlied.

The austenite grain coarsening behaviour of the steels
wag first investigated. The isothermal transformatiom tech-
nique used, reveszled The prior austenite gra.n boundaries
2ailsfactorily in the plain carbon steel,
illoyed steel

In the aluminium
» the preseace of aluminium together with hign
Manganese, carbon and silicon was chbeerved to retard the

rejection of lerrite when held at inter
The variation of prior austonits arain size with temperature

indicated thet aluminium nitride was effactive in austenite

grain refinement upto 1050°C. Ahowe this temperature the

grain coarsening was rapid in aluminium alloyed steel.

The staadard tensile and charpy V-notch specimens of

the steels were heat-treatsd at temperatures carresponding

tc a common austenite grain size and cooled at four different

taoiing rates. The ferrite grain size after transformation

wag measured by the mean linear intesrcept method.

It was
Teund that carbon, mangenese @nd seoluble alwiinium caused

ferrite grain refinement and increased the yield strenath.

Atupicium, either as aluminium nitride or diga

ralzed the impact transitien wemperature. TIncreasing carbon

alsa increased the impact transitiaon temperature,

-critical temperatures.

olved in ferrite

T
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Chapter i

INTRODUCTION

This thes=is work iz an attempt %o study the low alloy m
strengthening effect of the steel produced in the Chittegong
Steel Mills Ltd., (CSM). This lOﬁ'gEEEE_g};gngthening_pnucess CB
has been dgyg}opgg_quiﬁg_;aqigﬁ}y. In the advanced countries

it hés.gécome rossible to double the yield gtrength of struc-
tural steels with micro-alloy addition and Proper heat-treat-
ment. This might prié E_fggﬁehaauégeconamic benefit for
Bangladegh,

A comparative study of properties of ordinary GSM) steel
and aluminium-alloyed steel {with proper treatment) was made.
The steel-alloy was produced in the Departmental induction
furnace. It was then rolled froem a local re~-relling mill.

To relate the structure and properties and to understand
the effect of micro-alloy addition, structural changes had to.
be determined. The prior austenite grain size which greatlyx
influences the subsequent ferrite grain size were determined
by Isothermal Transformation Technique (Phillips & Chapman,
1963) rather than by The recently developed oxidation technique
(Niltawach, 1977) due to lack of experimental fecilities.

The effect of micro-alloy addition needed to be analysed
by electron microscopy and also X-ray diffraction. However,
in the abgence of these vital instruments analysiz were made

on the basis of aptical micrecscopy and mechanical tegt results
wlth the help of theoretical rresumptions.
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Chapter 2

HIGH STRENGTH LOW ALLGY (HSLA) STRUCTURAL STEELS

2.1 ERequirementg

Properties required of structural steels in present day
englneering degign, for the faorication of steel structures,
pressure vessels, ships etc. may be summarized as follows:

1. High yield strengths, greater. load-bearing capacities

Tor lighter sectiogns.

ii. High teughness, i.e. low Impact Transition Temperature
and high Ductile Shelf Energy.

ili. High ductility level ahd fracture resistance in the

through thickness direction,

iv. High index of weldability.

v. Goed formability especially in bending.

Ferriie and pearlite are the main micro-constituents of
structural steels. However, acicular structures such as
bainite and low carbon matrensite are useful when high yield
gtrengths are to be obtalned.

2.2 Developnent of HSLA Steels

Previously the degign of HSLA steels was baged on tengile
strength, with little importance being attached to weldability,
formabllity and resistance to brittle fracture. Carbton was

A
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used as_an alloying element to cbtaln terdsile strengths

required. Thesge zsteels though of the ferrite-pearlite type
were relatively high in carben percentage {(over 0.3%).

With the introduction of welding, structural failures
resulted whieh required an improvemant in ftoughness and wel-
dability. It wags found that better weldability and lower
impact trangition temperature (ITT) was ovbtalned by decreasing
the carbon content (Barr, 1950). Alsc & high yield strength
was found to be more important than a high tensile strength.

Hall (1951} and Petch(1953, 1959) demonstrated that
ferrite grain refinement lncreases the yield strength and
decreases the impact trangition temperature. Grain refining
wazs done with aluminium and nitrogen through the formaticn
of aluminium nitride precipitates {(Wiester & Ulmer, 1959}.
Later cother additives =zuch as vanadium and niobium were
found to preduce grain refinement by precipitation of vanadiun
end nicbium carbeonitrides. Development of the methedology
of structure-properiy relationghips (Pickering & Gladman, 1943)
hagtened the Introduction of mnormalised grain refined steels,
Iater it was found that the precipitation of niobium or
vanadium carbides additicnally strengthened the sgteel, over
and above that resulting from the fine grain size.(Morrigon
& Woodhead, 1963),

2.3 Factorg affecting Strengtn and Toughhess of HSLA Steels

2.3.1 Ferrite Grain Sige

Increasge of yield strength and decrease of impact transi-
tion temperature iz greatly dependent on the ferrite grain
size. Quantitatlve relationship beiween microstructural and .

composlitlonal parameters and the mechanical properties of
silicon killed, carbon-manganese stesls have been summarized




by Pickering (1975) in two equationa:

Yield stress [memz} = 50+ 32 (% Mn) + 83 (% 3i)
+ 355 (VARG ) + 17.4 (47%) ... (2.1)

Impact Transition
Temperature (°C) = -19 + 44 (% 81) + 700 (V% Re )

+ 2.2 (% pearlite) - 11.5 (7)) ...(2.2)
where 'Nf' is free nitrogen and 'd' iz the ferrite
grain sige.

From thege equations it is evident that 2 small ferrite . ‘41
grailn gize ls important in improving both yield strength and - H{
toughnees. Increase in Carbon content, i,e. pearlite, reduces
the Charpy Upper Shelf Energy (Gladman et al, 1972) Jand S has
a detrimental effect on the Impact Transition Temperature.
If~}0w carbon content is necessary to form the finest possible Ef?&ﬁ%;

grain gize. ?“
_———— . '

3

Models of grain centrol have been proposed by Zener,
Paranjoe, Hillert, Webster and CGladman. These were reviewed
by S.Niltawach (1977) and Bepari (1981}, The present review
summarizes Gladman's (1966) theory in the light of ferrite
graln cecntrol.

Refining the prior-austenite grain size is the pre-
requisite for fine ferrite graing because ferrite grains
nucleate on the augtenite grain Loundaries. Augstenite grain
growth ig inhibited by micro alleying additions of suitable
materials which result in the presence of second rhase
particles in the ausfenite. The interaction of thecse particles
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with the anstenite grain boundaries affects the grain coarsen-
ing bLehaviour of austenite. Smith {1948) has shown that this
interaction results from The reduction of grain boundary area
when the boundary intersects the second phase pariicles.

Any movement of the grain boundary away from IThe particle
would cause an increase in energy and have a drag effect on
the migrating boundary. MeLean {(1957) has shown thet the
binding force betwesn the particle and boundary is greater
than that asvailable by thermal activation. Thus energy for
unpinning must come from other sources,” such ag the energy
release resulting from grain growth.

Zener (1949) related the size of spherical grains 'R’
with the gize of sphefical precipitate particies 'v'. By
analogy with gurface tension foree he showed that the maxi-
mum force 'B' exerted by a particle cr boundary would be

where 3 iz the surface energy per unit area of boundary.

Assuming the driving force for grain growth to be Y /IR,
Zener's ultimate criterion is

R = % ST e {2.4)

where T is the volume fraction of precipitate particles.

This model has however been shown to be overestimated.

Hillert (1965) has related the growth of metal grains
and the energy changes involved by a simple method of 3Ine
energy change, E, where

-E = K {1{Hc - 1/R) e (2.5)



where R 1s the radius of any grain and R is the
critical radius.

Grains larger than critical size would cause a decrease
in energy whereag smaller grains cause an increase in ENergy.

Gladman (1966) explored the effect of precipitate particles

cn grailn growth in metals by development of a thecretical model.

Th/ physical medel (Gladman, 19669 for pinning of a
houni;;ﬁ by a spherical particle is shown in Fig. 1. The
pinning mechanism ig largely due to reduction in grain boun-
dary area when a graein boundary intersects a particle, The
lowe 'st energy position of the boundary when it contact a
gingle particle will occur when the boundary intersects a
particle across a diametersl plane.

Values of the energy change acompanying both flexible
and rigid boundary motion away from the diameteral position
are shown in the form of a rnormalized graph,. Fig. 2.

Energy changes ac&ampanying 8 migretion of a pinned
toundary have shown that the criterion for unpinning can be
expresged asz;:

The critical particle radiug r* can then be
calculated from a knowledge of the volume
fraction of the partieles f, the matrix grain
radiug HD. and the ratic of the radius of the
larger grain "to that of its neighbours, 2.

For most polygonal structures a % value of 1.5 is

reagoneoly %suzgested by euperimental work. In equation
2.6 the critical particle radius increases as either the
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pinning particle
T pinning distortien
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diametral position \———-rlgld planar boundary
4 distorted boundary

Fig. 1. Model for unpinning.
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volume fraction of particles or the matrix grain slze increases|
Increase of grain size hetrogenity decreases the critical
particle radius. At some critical particle size, the driving
Torce for grain growth equals the pinning force. If the
particle radius increase further, the driving force excecds

the pinning force, Thus fine particles are more effective

than cearse partlcles 1n restricting grain growth.

In the normalized condition, austenite grain refinement

1g achleved by pinning with precipitateés of aluminium_nitride_

or the cerovonitrides of niobium, vanadium and titenium.

Bepari and Woodhead (1982} reported that on heating, vanadium
carbonitride is much more effective in austenite grain refine-
ment than vanadium carbide at all temperatures. The effect

of vanadium carbonitride, in austenite grain refinement is {
more or less the same as that of zluminium nitride at temperanj
tures below 1000°C but this effect decreases with increaging
temperature, and above 1000°C aluminium nitride is a much
better grain refiner than vanadium carbonitride. They alse -
reported that the precipitating particles of wvanadium carbide
and particularly vanadium carbonitrides are excellect ferrite
grain refiners while aluminium has little or no effect in
ferrite grain size refinement. For effective pinning, the
specific alloy addition must be selected to produce fine
partleles. A fine initial particle size is desirable to
prolong the time taken for the particle to reach the eritical
particle ®ize above which grain growth oceurs. The ferrite
grain size achleved by thiz methed 1z ~ 5 dm. Depregsing

the transformation temperature, either by alloy additions

or by increasing the cooling rate, iz also used o Elve

grain refinement provided acicular structures are not produced.
Controlled rolling techniques also give very Ffine grain size,
posslbly somewhat Bmaller than -~ 5 Hm .



2.3.2 Preclpitaticn Strengthening

The formation of a precipitate greatly strengthens an
alloy. The lncrease in yield stress depends principally on
the strength, structure, spacing, size, shape and digtribution
of the precipitate particles as well as on the degree of
misfit or coherency with the matrix and on their relative

orientation.

In steels the addition of gmall amounts of other metals -Lﬁ
have the effect of sT%ngthening the ferrite matrix.b& formation
of fine precipitates. The effectiveneus of precipitation
strengthening from alloy addition depends upon the solubility
in austenits of the precipitating phase and its precipitation
kineticy during cooling. Titanium, nicbium, vanadium and
aluminium are important alloy additions for precipitation ] '
strengthening. The strength rises meinly from the precipita-
tion of nitrides, carbides and carbonitrides. It has been ,
established that aluminium precipitates as aluminium nitride. e
It has been reported by Bepari {198t) that vanadium carbide
and vanadium carbonitrides are excellent precipitation streng-
theners while aluminium nitride does not produce any appreciable
precipitation strengthening effect.

W.C.Leelie et al (1953) has shown that the formation
of aluminium nitride follows the well known pattern of
preclpitation from super-gaturated =clid solution, in that the rate
of formation is low a%t high temperature {925°C). increases '
Te a maximum Bt intermediate temperature [8150G]; and then
rapldly decreases with decreasing temperature {705° & 5#500}.
The aluminium nitride content increases with %time 2t the
holding temperature upto & maximum characteﬁ%tic of each
temperature.



Carbides and nitrides present in a matrix mean-that they
hinder the movement of migrating dislocations. 4 dislocation
moving on its slip plane containing a distribution of precipi-
tate particles may cut through the particles or avolid them
by moving ocut of its slip plane or by bending between the
particles, leaving a dislocation ring around each precipitate
particle. For a dislocation fo shear a particle sufficient
energy must be supplied te break favoura®ble bonds within the
particle thus increasing its surface area {XKelly & Nicholson,
1963) Fig. 3.

L (10
—o—

ial Undeformed Deformed

S

[ b Undeformed Deformed

Fig.3. A dislocation moves from left to right through a Fredpﬂate
which cuts its shp -plane, producing an increase In the afea
of the matnx - precipitate. {a)Yiew in the ship-plane normal
to the Burgers vector of the dislecation. (b} View nermal to
the slip = plane.
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The maximum precipitation hardening which results from com-
peting shear and Orowan mechanigms is therefore reached in
the ferrite and micro-alloy preclpltate systemsg ag {soon as
very small precipitates occur with diameters of only 2 few
lattice constants.

Three basic approaches have been mede to the problem of
ylelding in crystals containing a dispersed phase. The ,first
congiders the long range interactions between partieles and
the dislocations in the matrix irrespective of whether,
during pletic flow, the varticles are sheared by the dislaca-
tiong or not. The second considers ylelding by the matrix
diglocations gliding =o that they avoid the particles, go
that flow takes place without particle shear. The third
considers the mechanism by which shearing of %he particles
Takes place at yleld,

The best known of theories describing the yield stress
dug to long-range intersctions between dislocations and preci-
pitates iz that of Mott and Nabarrc (1940} based on the consi-
deration of the internal stresses arising when the average
atomle volume in the matrix material is different from that
1n the precipitate. This stress is equated to the yield
stiregs of the crystal.

The increase in yield siress due to precipitation streng-
thening arises prinecipally from the “direct interaction
between dislocations and the distributed second-phase particles.
Orowan {1948) explained the cause of the decrease of the
yield stress when ‘the critical particle size is exceeded.
He showed that yield can occur without particle shear. To
quantify this Orowan proposed the following model. Assuming
the total volume of precipitates toc be constant, large dis-
tances between the particles means large particle size and
hence the presence of extensive regions of negative internal
=tresg around the particles, which act as ocbstacles to advancing



13

dislocation lineg. Driwven by the externally mpplied stress,
s moving dislocation line encountering second phase particles
will be held beck at the regions of high negative stress
around the particles. It will btulge forward or bow into

the gapg between the particles until it forms a semi-eircular
shape of which the diameter is approximately equal to the
spacing between the two surfaces. As the applied stress
inereases,. the line bulges more strongly. The dislocation
configuration then becomes unstable and segments of the
dislocation line are constrained to form a dislocation loop
around each particle. The main disloeation is thus free to
continue its passage through trke latlice,Fig. 4. Az new
disleecation lines come along, each repeats this process and
leaves a new dislocation loop arcund the obstacles, The
shear stress at an obstacle rises with the number of the
encircling loops, and finally it is bound to overcome the
regigtance of the local internal siress, either by enforcing
glide, or by tearing away the precipitated particle.

OUrowan showed that the yleld strength of the alloy is
the =zum of the matrix flow stress r[:m and the resolved

shear stress to bow dislocations between the dispersed particles.

¥s = Tm+ T, rrrtererersaa {2.7)

where T= line tension of dislocation,
b= hurger's vector.

zep

Congequently we see that the yield stre=zg is fpproximately <7
equal to the shear streee necessery for Torcing a dislocation
lineg through a ruww of obstacles of apacing L. =

Kelly and Nicholson (1963) quantifying shori-range

inferactions modified the Orowan eguation. They used the

approgimation for the line tension of dislocation T = %sz
to give the eguation:
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where G = shear modulus of the matrix plane.

The Orowan bowing theory holds valid only when the
dizlogations are confined in their slip plane, the particles
are nelther sheared ner fractured in the bowing procese and
lastly the giructural feature which controls +the matrix flow
gtress, l.e. uniformly retards diglocation movement over dis-
tances which are large compared with the planar inter-particle
spacing.

Ashby (1966} further refined the Orowan approach. He
recalculated the line tension of dislocation taking intc account
the effeets of the character of +the dislceation, and scale of
the bending and stacking fault or anti-phase boundary energy,
thus proposing the most sucessful modification of the Orowan
model. The only major difference between the two models is
that the Ashby-Orowen model predicts that edge dislocations
vypassg particles more emsily than do screw dislocations whereas
the orliginal Orowan model predicts the reverse,

The Ashby-Orowan model is considered feaszible hecause it
takes into account the Kocks (1966} model in which reaslistio
random particle diztributicn is assumed. The Ashby-Orowan model
can be expresged gquentitatively as follows,

T . 1.%8 ( 1é§LGb Y 1n ¢ %‘E (2.9)

where T= the resglved shear stress in Nﬁﬁmg
A= mean planar in%ercept diameter of a precipitate
Ihe values for G and b for ferrite, H0300 N,-"mm2 and{é:ﬁd%)
respectively are substituted giving: "

Y. 28, X

L G 00025 7 vt (2.10)
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Assuming that the yield stress increment due to particles

p— ———
is twice the resolved shear stress required to overcome their

effact,

8.2 X
By = T~ 1o | 5,000z !

Assuming that the particles are gspheroidal, their wvolume

fracticon can be given by:
et

2
B X
f= n ( _jr“'}

i

where :ns is the number of partiecles per unit

b'--——'—

area of the slip plane.

Thern
L=xqﬁf—f-1}

For the relatively small fractions of fine preecipitates
formed in micro-alioyed steels,

I.'r; L>>xl \
Then

Ay

L= X (V& ) e, (2.12)

The final Expreséion of the yield strength due to
precipitates can then be written as

We see that the stress inerement due te fine precipi-

tates increases with the reduction in precipitate size and

the incresse in fine precipitate fraction. The close Agrog-

ment between the observed increment essociated with precipl-
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tation strengthening and the lncrement predicted from the
model implies that the lncrease in yleld siress over that ex-
pected from grain gige in the microalloyed steel is due
entirely to the precipitation strengthening.

The c¢ooling rate alsc controls the degree of precipita-
tion. A rapid cooling rate supresses precipltation while &
slow cooling rate allows the precipitate to overage. 1In
hetween there iz an intermediate cocling rate which, cptimises
the precipitation strengthening. -

2.3.3 Sollid Solution Strensthening

4 selid solution ig obtained when atomg of different
elemsnts are able to shere together and with changing prowor-
tiong, various sgites of a common crystalline lattice. AllL
metals and compounds show some solubility in the solid state,
however complete sclid solulllity ¢an occur only if the
structures of the elements involved are bagically the same,
but it need not oceur when this cendition isg fulfilled.

Fromthe point of view ol solid sclubllity chemical
compounds can be compared with pure metals and may)he gaid to
ghow alloying lLehaviour 1f they.exhibit wide solid solublility
in @ phase diagram. Since cempounds are usually formed at
fixed ratlios of atoms the ocecurence of =0lid golubility repre-
gents a departure from stochiometry. |

In addition te Yhe change of disleocation structure on
alloying there are direct interacticns between solute atoms
and diglocations to be coangidered as mechanisms of golid
solution hardening. These can be divided into two zroups;
Dislocation Locking; and Dizlocatien Friction.
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2.3.3.1 Disgloccation Locking

Thiz is the case in which soclute atoms collect on dislo-
cations at rest. Here a pronounced yield point should te
observed. 8lip tends fto concentrate by continuing where it
started. The different mechanisms are briefly described with

regpect To thelr overall dependence on solute concentraticon 'c¢',
and temperature of deformstion 'T'.

{a) Chemieal Locking Interaction

Suzuki {1957) obgerved that the stacking fault in an
fee lattice can be congidered a hexagonal layer B few atoms
thick. Solubility in thig hexagonal "phase" may differ from

\ that in the fce matrix, and solute can thus segregate in the
fault. Haque et al (19735} actually measured an extra atomic
digplacement due to =tacking fault and also observed the

-eongentration of point defects near the fault in HVENM. Edge
dislocations and to & lesser extent screw dislocations thus
become pinned. For a dislocation to break loc=e an extra
atress must be zpplied which depends on concentration 'e'.

The magnitude of ﬂffﬁ depends upon the thermochemical para-
meters characterstic of the alloy (Cotrell, 1954; Flinn,1958),
Typically

{b) Elastic Locking

Cotrell (1954) showed that atoms of different size
substituted in a crystal produce localized slastic strain
fields which intersct with Those of d&ﬁlocatioﬂs. Compenzating
for their respsctive distortions, foreign atoms of differant

ofcd

‘size energetically;favourable positions near dislocations.

The elastic interaction energy between an edge diglocation

and 2 substitutional atom may amount to several-tenths of an
electron volt. Since a screw dislocation has no hydrosiatic
stress field, its interaction with mtoms of different size is
much smaller. A stress increment AU; ig needed to initiate
disloecation movement which depends on 'e' in a manner similar
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to Suzukil interaction, ilT:c ig proporticnal to the misfit
parameter:

Oy
1]
ol
ﬂall’l
o |

where, 'a’' ig the laettice constant of the alloy.

Again, ATe is independent of temperature excepl for the
case when an, 'atmesphere' of foreign atoms 'condenses' along
e .

the disglecation care. Then A \.. should decrease with increa-
sing T as 72 (Haszen, 1959}.

{c) Stress-Induced Order Locking, Schosck - Snoek Effect

In this mechanigm, the directiocnality of forces exerted
by the dislocation on its environment may produce local order
in the alloy arcund i%. The diglocation "digs itself in”
energetically in this way and a yield point may result. The
effect should depend quadratically on concentration in the
cage of gubstitutionsl alleys. Schoeck and Seegar (1959)
calculated 1t to be independent of temperature below the
temperature of rapid diffusion. The effect acts differently
on e2dge and screw diglocations.

A simple illustration of stress induced order is provided
by the behavicur of interstiiial atoms, notably carbon atoms
in a b.c.a. lattice, Fig. 5. 1In absence of an external stress
the interstitial atoms are distributed at randem on the sites
-marked &, b and ¢. However if m tensile stress is applied
along a crystal axig, the 'c' sites beccme favoured over
others. An interstitial atom on a 'c' zite distrorts the
lattice in the same direction as does the external stress.

The stress induces a certain amount of order in the lattice.
The greater the stress, the higher the degree of order. Thig



effect may involve either interstitial or s'ubstituf:ianal
alloying atoms.

o
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Fig. S, 1llustration of stress induced
order of interstitiat atoms n
b.c.c. str
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The ordering of the region arcund a dislocation reduces
the toval energy of the crystal.
tend=s to be pinned to its site.

A5 @ result the dislocation

2.3.3.2 Dislocation Friction

In the case of diglecation frictian the solute atoms act
on moving dislocations, The effect of friction is simply 1o
ghift the whole stress/strain curve to highér stregses,
althovgh the friction may slowly decrease with increasing

straln; a gradusl yield polnt is then observed.

The frictlion mechanismsacting on freely moving dislocations
are:

(a)

Diffuse Forces

llatt and Naborrc (1948) showed that solute atoms of

size misfit & in an alloy preduce an internal stress field

of volume average T, = pdc Its effect on a moving dig-

location depends on the degree of dispersion as shown in Fig. 6.

aﬁ o o @ ]
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QDD o 9 Q
s o [+]
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] L+ —
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] o
o o . [s] )
I‘JO ° ]
[+ ]
o 00 a @ O D D
{a) {b) fc}

Fig. 6. Interaction between dislocation and fereign
states of dispersion.

atoms in various



For a homogenous sclid solution case {(a) applies where the
distance between neighbouring stress centres A~ b/clf3ig
gmaller than the minimum radius of curvature B of the dislo-
cation undar stressg R~ Hb/T

Cotrell (1953) has calculated that z nen-vanlshing
average stress T, is felt only by a dislocatlon segment of
‘_'_.__'_'_____‘_"--.___.._
finite length L, and is of the mapgnitude;

! a
o= Tjin/Ly 2 e “|;‘5[LJ"’3C

L 1s estimated a¢ the minimum laop length whose statistical
amplitude due to curvature 1/R is equal to 4, the distance
beiween obstacles. T, is independent of temperature.

(b) Weak Localired Forces

Fleigcher (1961, 1963) showed by assumption that an
individual solute atom interacts with a diglocation in ihe
same way as a volume b with a shear modulus differing from
that of a matrix Ay . Sueh elastically hard or goft
spots in the mairix are felt by serew as well as edge dislo-
cations. This interackicn iz called ‘dielastic', az it is
itnduced by the dislocation. Xocks (1966}, Fereman and Makin
(1966}, Naborra {1967) conclude that the localized interaction
with solute atoms immediately above and below the 2lip plane
always predominates. However, the elastic interactions are
net localized in the gense that thelr interaction range
is small compared to the distance between solute atoms, gxcept
for very small scluse concenrntrationg.

———
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(c) Core Interaction

Friedel {1%956) has shown that at low temperatures the
dizslocation will asgume a zigzag shape despite an increase in
line energy in order thst some solute atoms lie in their
energetically most favourable positions in 'the disloeation
care.

(1) Loeel Qrder Friection

A non-ideal solutlon may leeally establish short range
order or solute clustering, depending on, the sign of SneTgy
mixing, Figher (1954}. If a dislocation moves aver itg slip
plane threugh this alloy, favourable bonds will be replaced
by lese favourable ones. The binding energy across the slip
plane will be decressed by T ergsz’cm2 and a stress T,
is needed to drive the dislocation through the erystal.

T.=DT/b

This friction is independent of temperature below the diffusion
range and depends gquedratically on concentration for small 'cf
Flinn (1$58).

Irvine and Pickering (1%63) showed that the effect
of matrix composgition on yield sirength centributed by the

—_—

eiements Like carbon, nitrogen, manganese and silicon is
relztively small. However, manganese exerts a large effect

on slrengtih by depressing the transformation temperature

which affects grain size and degree of preclpitation as well
A inecreasing dislocation density in ferrite. Mangansse 1s
usually limized to 1.5 to 1.7% to aveid %oo muech depression
of the transformation temperature and thug bainite formation
which can lead to an embrlittlement. All solutes, particularly
the interstitial iype, are detrimental to the impect-transition
temperature. For any sieel, & reduction in free nitrogen
content causes a decregafse in the impact transition temperature
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and vice versza (MacKenzie, 1963; Bmaill et’al, 1976},

2.4 Solubility Product and Stoghiometric Ratio

Derken, Smith and Filer {(1951) hawve shown that when
aluminium nitride dissolves to form a sgo0lid solution of alumi-
niur and nitrogen in austenite, the equilibrium constant ar
solubllity product for the reaction;

LY

41N (solid} = A1 + N {(both in secln. in austenite)
can be represented by:

K.= (% A1) (BN ..., (2.14)

=]

This equation states that Ks i1s equal to the product of

the welght percentages of aluminium and nitrogen in solution
in austenite in ecuilibrium with aluminium nitride, these
teing considered equivaleni to the activities. They found
that when the logarithm of Ks was plotted against the reci-
precal of the absolute temperature, the resulting atralght

iine, Tig. 7. could be reprezented by the eguation:
log K = - ?ﬂff%:" O Y = S {2.15)

where T is The temperature in degrees Kelvin (°C + 273).

This equation i# wvalid only for the zolution of ALIN in
augtenite shows thai the solublility increases with temperature.
The femperature at which KS is equal to the product of the

"acid-soluble" nitrogen and the "acid-soluble" aliminium content

of the steel is the temperature at which, at egquilibrium =ll
Al will be dissolved.
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Since the selubility product 1s the product of the concen-
trations of nitrogen and aluminium in solution in austenite in

equilibrium with aluminium nitride, it can be expresged as

follows:
K = (C_-¢C) (c,-2L c) . (2.18)
g n e al I gt T o '
where; G = welght % ascid-goluble nitrogen
G, = welght % nitrogen combined as ALN
Gal= welght % acid-soluble aluminium
%% Gc = weignht % aluminium combined az ALN
Ks = Bplublility Product at temperature ' concerned

Knowlng Cn' Gal' and Ks' Cc can be calculated.
W.C. Leslie et at (1954%) have shown that the eguation
(2.16} is modified by microsegregaticn of aluminium to give

the "apparent” solubllity product:

log Ks =

2.5 Netallurgical Design of Ferrite-Pearlite Steels

The metellurgical design of high strength, low-allay
gteels with ferriie-pearlite structures require that composi-
tional and microstructural parameiers glve the least increase
in impact transition temperature per unit increase in yield
strength, while maintaining an adequate level of weldability
and formability.

Hardenabllity of a steel determines i%s weldabillty.
Good weldabili®y requires the steel to have a low hardenability
which in turn is governed by the gteel composition. Harden-
ability can be deserilbed by an empirical formula which defines
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carbon equivalent (CE} value and takes account of the import-
ant elements which are known te affect hardenability. The
formula mest freguently use ig:

_ Mn , Cr 4+ Vo + V Ni + Cu
CE= C + T+ < + 17

An arbitrary CE value of 0.41 is =pecified, above which
welding may be hazardous., This equation emphasizsed that if
manganese content is high, then low carbon content iz essential.

The formability of ferrite-pearlite steels iz affected
by flow giress, work hardening rate, maximum unifarm ductility
prior to plastic instability and the total ductility at fracture.
For goed formability, the first two proparties should be low
while the\last two snould be high.

Peariite and refining the interlamellar spacing of
pearlite increases both the flow stress and work-hardening
rate but reduce ductility {CGladman et al, 1970}, Refining
the ferrite grain size cannot offset the detrimental effect
of pearlite but grain refinement is beneficial in terms of
total ductility at fracturs.

Nen-metellic inclusicns reduce the totsl ductility
(Gurland and Plateau, 1963; McClintock, 1968}, elangated
incluslions are particularly deirimental te .transverse ducti-
1ity and upper shelf energy. Significant improvements in
transyerse ductility and upper shelf energy have been made
1n both plate and 2trip by reducing the volume fraction of
inclusions or by inclusicn shape control. Inclusion ghape is
redified by additing elements such as titanium, zireconium
or rare earthe to replace the elongated inclusions by
sphefical ones which may slightly reduce longitudinal ducti-
lity, but significant increases in both long-transverge and
Through thickness ductility oceour.



Therefare, for geood Tormability carbern and sulphur
content should be low and the non-metallic inclusiens should
be uniformly distributed and shape-controlled.
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Chapter 3

EXPERTMENTAL PROCEDURES

i

2.1 Materials and Specimen Preparation

Flain carton steel manufactured in the Chittagong Steel
Mills Ltd., was taken as the bage materizl. The compoeition
1s given in Table 1. Hall of this steel was kept aside for
further experiment and comparative study. The other half |

wag used as raw material teo manufaciure aluminium alloyed
steel. '

Aluminium alloyed steel was made in an air inducticn
furnace (35 1b, melt ). The aluminium 2ddition was made
when the steel was sufficiently fluid. The melt was Teemed
at about 16009 immediately after aluminium addition and

produced sound ingots. Piped ends of the ingots were disgcar-
ded and scals removad.

Both plain carbon and aluminium steel were rolled down
to 16 mm rod, after reheating at 1100°C for half an hour.
Standard tensile specilmens with a nominal diameter and a
minimum parallel length of 3.9% mm snd 22 mm respectively
were machined from each of the rods. Standard Charpy

" V-notch sﬁecimens were also prepared from the remaining
portion of the rods.
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3.2 Measurement of Prior Austenite Gralng - N
In order to coapare %he properties of both steels witn- '
eut any undue compllecations, the gtesls were heat treated to h'
& temperature which would give the same austenite grain gize. v

A study was therefore made of the material =o as to reveal

the prior austenite grain houndaries at different austenitiaing )
temperatures. Isothermal Transformation Technique {Phillips fﬁ
and Chapman, 1963} was uged ta reveal ‘the pricr austenite ’
grain boundaries. .

3J.2.1 Isothermal Transformation Technique

This technigue is based on the rejection of ferrite or
iron carbide at the austenitic grain boundaries, forming a
camplete or nearly complete network, in hypo eutecteoid and
hyper eutectoid steels, respectively. Steels with a carbon
convent remote from the eutectold composition will reject,
upon slowly cooling through the trangformatieon range, either
ferrite or cementite, depending upen the carbon content of
the sgteel. The rejection of thesme consiituents occurs largely
at the prior austenite grain boundaries and, under appropriate
conditions, the constituents may be made to form a network
around the original grains.

Tnhe procedure used is ag follows., The ateel specimen.
were heated to different auvstenitizing temperatures, i.e. B oo wetaqdlns
BﬁDDG to 1100°C with intervals of 5OOC. They were held at Mreda
thege temperatures for one hour. Afier one nour the specimens
were transferred 4o a furnace at 2 lower Temperature where
ferrite rejection just takse place. This temperature was
determined by trial and error and was found 1o be 760°C and *HN”1“$1
6§g_gﬂior the plain carbon and aluminium alloyed gteels,
;espectively. The specimens of blain carbon steel and alumi-
nium alloyed steel ere held at the above temperature for 15
minutes and 10 minutes respectively. The specimens were then
quenched in water at ' room Temperature,

e



The mean linear intercept method (Repari, 1i978) was
employed to measure the austenite grsin sizes., The specimens
were sectlioned, peolished and etched, and placed under a Leits
optical micrececepe. The eyepiece of the microscope was provi-
ded with rectangular and circular cross-hairs. The length of
the cross-hairs at different magnifications was determined oy
meang of a stage micrometer. The number of graln boundaries
intercepting the line of known length were counted. The magni-
fication was so chosen that the meximum number of grains were i
intercepted by the line. About 300 intercepts were counted
for each gpecimen. The grain size was determined by the rela-
tion:

Length of Line
aAverage Number of Intercepts

Graln Size =

3.3 Deftermination of Heat-Treatment Temperature

The heat-treaiment temperature was determined oy =
careful examination of the austenite grain sizeg. & common
austenite grein size of 55 microns was chosen, Fig. 8 and
therefore the corresponding heat-treatment temperatures of
§40°C and 1090°%¢ Tor plain carbon steel and aluminium alloyed
steel, respectively were chbtained.

3.4 Heat-Treztment of Specimens

. The heat-treatment of specimens was carried out in a
Centorr Series 1N High Vacgum High Temperature and Controlled
Atmosphere Electric Furnace by programmed operation

The operating principle of the furnace ig as follows.
The hot zone of the furnace is heated by means of a 25 KVa
electrical resistance heating element. A SCR phage firing
circuit continuously modulates the AC power input to the
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furnace. The power input to the heating element iz controlled
by controlling the conduction angle of AC power flowing through
the element. 4 sensor/transducer ig used to sense the kot

zone temperature,

Programmed operation iz carried out by means of a Leeds
& Northrup TRENDTRAK Programmer. A programme curve is drawn
on a proegramme disc. 4 servo-driven photo-cell traces the
programme curve. A signal is =sent to the controller which
in turn controls the current flowing to the heating glemant.

The specimens were suspended at the centre of the cylin-
dricel heating element. The thermocouple was placed go that
1t accurately sensed the specimen temperature.

The specimens were heated in a gentle stream of helium
gag at a pressgure of 2 psig., They were held at the predeter-
mined hest-treatment temperature for 30 minutes before conling
down to reom temperature at four different coocling rates,
namely; 110°C/min : #09C/min ; 12°¢/min ; and 4°c/min.

The heat-treatment schedule is shown in Fig,

3.5 Mechanical Testing of Pensile and Charpy Specimens

3.5.1 Tensgile Test

The heai-treated tensile specimens were tested with a
Terco Tensile testing machine to obtain data on ¥ield =strength,
ultimate tensile strength, % elongation and % reduction in area.
A travelling microscope was used to measure the maximum gauge
length and minimur diameter after fracture of each specimen.

The above values were calculated from the test results.
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3.5.2 ‘Charpy V-Notch Test

The heat-treated charpy V-rniotech specimens were tested
by means of 2 Sonntag Universal Impact Testing machine with
a range of O - 240 f4. 1bs. The speclmens of each coocling
rate were tested at temperatures of 092, 30%., 100°C and 200°C.

The specimens from each cooling rate were heated for ten
minutes at esach of the above temperatures. They were immediua-
tely transferred from the oven to the impact testing mechine
and tested. The results from the %est were plotted in a curve

and the lmpact transition temperature and upper ahelf énergy
were detarmined. :

3.6 Determination of Ferrite CGrain Size and Hall-Peteh Plot

zamples from the tenzsile specimens were taken and were,
mounted, ground, polished upte gamma alumina powder and then
etched in 5% nital solution.

The measurement aof ferrite grain slze was carried out
by the mean linesr intercept method. As the microstructure
was two phases, 1.e. Ferrite and pearlite, assessment of
ferrite grain size had to be done in %we stages. Pirst,
the fictitious ferrite grain size was measured. Only the
gralin boundaries of ferrite were counted, the pearlite between
two ferrite graing was considered a common grain boundary.
Next, the volume fraction of pearlite was estimated visuzlly.

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

grain size 'd' iz obtainzd by the foilowing expression:
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Hall-Petch plots of yleld strength vs.'d”™2® for both
Stell I and Steel IT were drawn to obtaln an idea of how
yleld strength varied with the ferrite grain size.
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EXPERIMENTAL RESULTS

4.1 Pricr-Austenite Grain Size

The prior austenite zrain of the steels were effectively
revealed by the isothermal transformation technique as shawn
in rig. 13 and 1%, The size of the grains wers determined by
the mean linesr intercept method. The grain sizes obtained

are listed in Tables 2 and 3 and plotted against the austeni-
tizing femperature in Fig. 8,

4.2 Hegt-Treatment Temperature

The heat-treatment temperature was determined from an
examination of the austenite grain size in Fig. 8. The
criterion was such that the steels had the zame austenite
grain size and the temperatures were such that an appreciable
proportion of the solute elements had gone into solid solution.

This is indicated by a steep rise in the austenite Erain silze
in the aluminium alloyed steel.

A commeon austenite grain gize of 55 4m  wes chosen to
Tit that criterion and the corrasponding heatireatment temper-
atures of 880%C and 1090°C were determined for plaln carbon
and aluminiun alloyed steels, respectively.

S

What



4.3 Optical Microscopy

Bath the steels gave a ferritic-pearlitic structure at

all_cooling ratez. I Steel T, Plain Carbon Steel regular

ferrite-pearlite was observed at all cooling rates, Fig. 15-18.

Table 4 shows that pearlite content in the plain carbon steel
does noit vary greatly. The average volumetric percentage of

pearlite in plain carbon steel is 24 .%. {frﬂ
In Steel II, Aluminium 5llcyed Stegl the pearlite content T
varies greately, Table 5. The average volumetric percentage 1o
of pearlite in this stell is 59 %. At the slow cooling ratee I
of 4%and 12% per minute fairly regular ferrite-pearlite b
structure was observed. But at the fast cooling rate of 40°C 'f'
and 110°¢C per minute ferriitic network around the pearlite was o
observed, Fig. 20. At the cooling rate of 40°C PEr minute & -{1:

few areas showed regular ferrite-pearlite structure. At the
slow cooling rate of 19 per minute one area showed very fine
grains, Fig., 21. This is due to the gegregation effect of
manganese.

L.h Perrite Grain Size and Hall-Petch Plote

The data from the tensile testing together with the
pearlite volume fracticn and the true ferrite grain sizes of
the stsels are presented in Tables % and 3. The mean ferrite
grain size for both steels at the four ceoling retes are
pr%sented in Fig. 9. Using the values of yield strength and
d"? , a Hall-Petch relationship is plotted in Fig. 10.

Ay o b borfr
s i) - Prnd do-
4.5 TImpact Test o n/&“_r W""ﬁT
The impact energy absorbed at different temperatures is
presented in Tableg & To 13 and pletted in Fig. 11 apnd 12.
The impact transition teaperatures of the steels at each cacl-

ing rate wasg taken from the curves corresponding to 20 .ft. 1b.
impact energy and lizted in Tables 14 and 15. The upper shelf

energy for each steel at each cooling rate is alsgo presented
in Tables 14 =znd 15,



Table i

Compoeition

- Bteel

Composition, %

I
Plalin
Carbon
Steel

1T
Aluminium
Alloyed
Steel

c

Mn s1 Al

Q.20 .37 0,30 -

G.40

G.79 0.40 0. 243




Table 2

Augtenite Grain Size

Steei 1, Plain Carbon Steel

Temperature Austenite
On Gr?i;}51ze
850 L8
900 ot
250 B4
1000 91
1050 59
110G 117




Table 3

Augtenite Grain Size

Steel TI, Aluminium-Alloved Steel

Temperature snstenite

5 Graln Sige
C {um}
B50 -
900 24
%50 27
1000 25
1050 33
1i00 a1
1150 QU

N



Plain

Table 4

Carbon Steel

Heat Treatment Temperature: B880%¢
Oocling Ferrite 1
Rate Grain Size d = Y.S. U.T,s. Elongation R of 4 Pearlite
°C/min. *dr {mm} (mm} = memz Mﬁmnz % % 7%
L 0.0382 5.12 280 580 18 e 20
, 0.0367 5.22 290 819 16 L& 20
, 0.0914 SL. G4 310 =80 21 39 20
1
0.0308 c.70 300 576 15 43 20
v 0.0249 5.34 320 sho 35 60 25
,..F.
G.0z249 6.4 320 560 373 &1 23
o 0.0154 8.0% 345 576 32 61 23
1
0. 0146 §.28 gL 560 34




Table 5

Aluminium Alloyed Stecl

Heat Treatment Temperature: 1GQD°G

fonling  Ferriie d-% Y.S. U.T.S. Elongation R of &
Rate Grain 3ize .
°c/min. td' {mm} {(mm)~ % P{fmm2 N/’mm2 % o
0.0199 7.09 380 780 14 24
HY
0.0194 7.14 184 820 22 27
0.0149 8.19 400 780 15 38
12
0.0L4% 2.19 &oo 860 16 38
0.0118 Q.21 g 830 17 38
Lo '
0.0111 9.49 bl 860 17 o
— ¥on - polygonal 560 00 — 17 lér
116 -
ferrite - pearlite 528 00 14 21

Pearlite

7

b4s
50
50
50

55
60

20
80




Tahle &

Impact Energy Absgorbed

Steel T, Plain Carbon Steel

Coolinsg Rateo:

W) .
A5/ min.

Temperature
°c

20
100

200

Impact Enerzy Absorbed
(ft. 1b.}

12
49
108
132

7



Table 7

Impact Energy Absorbad

Steel I, Plain Carbon Steel

Cooling Rate: 12°C/min.

Temperature Impact Energy Absorbed
°c (ft. 1b.)
0 12
30 Eiif
100 130

200 138




Table 8

Impact Energy Abscorbed

Steel I, Plain Carbon Stesl

Cooling Rate: 40°C/min.

Temperature Impact Energy Absorbed
°c {(ft, 1b.}
0 ig
30 77
100 ' 136
200 149

Cy



Table 9

Impact Enersy Absorbed

Steel T, Plain Carbvon Bteel

Coolinsg Rate: llﬂggﬁmin.

Temperaturs Impact Energy Absorbed
) (ft. 1b.}
c
0 22
30 103
100 142
240 156




Table 10

Impact Energy Abscorbed

Steel ITI, Aluminium-Alloved Steel

Cooling Rate: 47¢/min. .

Temperature Impact Energy Absorbed
e (ft. 19.)
0 14
30 15
100 30
200 32




Table 11

Impact Energy Atgortbed

Steel II, Aluminium Alloyed Stesl

Cooling Rate: LEDEfmin.

Temperature Impact Energy Abzorbed
“¢ (ft. 1b.)
0 17
30 1y
100 38
200 43

W1



Table 12

Inpact Energy Abscrbed

Ssteel II, Aluminium Alloyed Steel

Cooling Rates 40°C/min.

Temperature Impact Energy Absorbed
°c (ft. 1b.)
0 ' 19
30 21
100 N
200 %6




Tabkle 173

Impact Energy Absorbed

Steel TIT, Aluminium Alloyved Steel

Cooline Rate: 110°C/min.

Temperature Impact Energy Absorbed
°n - {(ft. 1b.)
3 20
30 23
100 ho

200 49




Table 14

Impact  Propertiss

Steel T, Flain Carbon 3teel

Coaling Rate

Impact Tranzition Temperature

Upper Sheli

0 /min. O Energy (f%.1b.)
1 v 132
12 5 ;35
4o 2 145

110 0 156




~Table 15

Tmpact Properties

Steel IT, Aluminium Alloyed Steel

R

'
|
Cooling date Impact Transition Tempera.ture Upper 3helf RJ

°¢/min °c Energy (ft.Llb.)
b LY 30
12 33 L
RO 10 45
110 O T
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Fig. 1% Austenite Grain Size, Aluminium Alloyed Steel, X120
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Fig. 20 PFerritic Network in Aluminium Alloyed Steel,

Cooling Rate: 110°C/min., X 120.

Fig. 21 BSegregation Effect in Aluminium Alloyed Steel,

X120.
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Chapter 5

DISCUSSION

5.1 WMaking of Aluminium Alloved Steel

Aluminium alloyed steel was manufactured in an air induc-
tion furnace., Aluminium addition was made just vefore pouring.
Due to the lack of conirel over the precess, the casting had
to be repeated several times. Initially it wes found that the
steel was decarburized due to the high temperature of heating
of' the charge in presence of air In the furnace. Steps were
taken to rectify this. The ingots for the next casting were
found to contaln extensive plpe formation. Finally, sound
cagtings were obtalned.

Dacarburization of the steel was controlled by the addition
of calculated amocunts of high carbon steel. The steel ‘thus

manufactured was found to have retained an appreeciahle amount
of earbon,

Extensive plpe formation was found tc have taken place
due to pouring in metal moulds. This was minimized by proper
preheating of the ingot moulds. @Good surface finish was obtaired
by ceatlng the moulds with 2 mixture of graphite and water
glass {scdium silicate, NaESiGB}.

Due te the unavailability of other means, file steel
was used for the addition of carbon. Several drawbacks were
Tound to have taken place. Addition of file steel not dnly
increased the carbon content, but on chemical analysis it was

o



found to have greatly increased the manganese and silicon
content in the steel manufaciured, Table 1. There was no way
of controlling thisg.

The aluminium addition in the steel was made just Lefore
pouring. The aluminium melted immediately and was stirred
intc the melt. It was seen that a large amount of aluminium
was oxidised and from analysis it iz found that only abouk
58 % of the original addition could e retained in the steel.

h

3.2 Prior-fustenite Grain Size

5.2.1 Isothermal Transformetien Technigue

Thig-%technique is based on the principle that ferrite or
cementite precipitates preferentially at the austenite grain
boundarigs (Phillips and Chapman, 1963}. Sieels when brought
down from austenitizing temperature andé held for some time at
geme lntercritical temperature, will reject ferrite or cement-
L%e 2t the prior austenite grain boundaries. The volume of
this ferrite or cementite rejection is fﬂ%tly a functicn of
the inter-critical temperaturs and gecondly a funetion of
time atthis teamperature.

Dflseveral techniques developed the most gatisfactory is
the recently developed oxidation technlque {Niltawach, 1977)
in observing pricr-austenite grain boundaries. However due
to lack of facilities this teehnique c¢ould rot be uzed. For
this reason the isothermal transformation technique was

selected as it was the most appropriste, considering the faci-
lities availatble.

The eptimum inter-critical temperature at which a fine
ferrite network around the Prior austenite graing form wasg

65
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ebtained by trial and error. Since the holding time at this
1nter~-eritical temperature controls the thickness of the ferrite
netwerk, it too was determined in the same manner, However., an
educated guess eould be made from the Fe-FeBG rhase diagram

to determine the holding temperature in the inter-critical

range for plain carbon steels.

This technique worked well for Steel I, plain carben
steel at all temperatures. The effectiveness of this process
in revealing the prior austenite grain boundaries ig ev1dent
from Fig. 13.

Several problems were encountered with the determination
of the inter-critical temperature and holding time in the case
of Steel II, aluminium- -alloyed steel ag the Fe-FejC Phagse
diagram is altered by the alloy additions and the extent of
depression bf the transformztion region was not known. after
much experimentation in the optimum inter-critical temperature
for aluminium-alloyed ateel was found to have been depressed
by 100°C (see 3.3.1) as compared to plain carbon steel.

This ls certainly due to the combined effect of sluminium
together with high manganese, carbon and silicon content and
the experiment had to be repeated many times before the holding
time at the inter-eritical temperature could be determined and
reasonable ferritic network could be obtained. Tn determining
the prior austenite grain size for Steel II, aluminium-
alloyed =teel, it was found that rejection of ferrite at the
grain boundary did not ake blace as spontaneously during iso-
thermal transformation ms it did with plain carbon steel., Tt
wag seen that complete ferrite network was not cbtained, Fig. ik4.
This clearly indicates that the preszence of aluminium together
with high manganese, silieon and carbon content retards the
rejection of ferrite 8t the ausienite boundaries.
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5.2.2 Effect of Precipitates on the Prior Ausienite Grain Size

From Fig. 8 it 1ls evident that auztenite grain size of
plain carbon-steel, lncreases linearly with increasing tempsra-
ture. This 1s due to the fact thal second phase particles are
not present in the =teel. Therefore there is free migration of
grain boundaries to aitain the sguilibrium grain size when the

temperature ig attained.

In the case cof aluminium-alloysd steel, second phase
particles of aluminium nitride, AIN are present. These secaond
phase particles pin the austenite graln boundarieg (see 2.3.1),
thus causing the steels to retain a fine grain size which is
unchanged during heating at successive high temperatures. It
1s zeen from Fig. § +that the prior austenite grain size of
steel I1 does net appreciably increase upto a temperature
of pbout 1950°C. This indieates that aluminium nitride particle?
are effective upto 1050°C in this steel, exercising a pinning
effect upto that temperature. Beyond 1D5DOG there is a '
sharp rise of prior austenite grain size with increaging temper- .
ature. It is reportsd by Beparl and Woocdhead (1982), on heai-
ing undissolved aluminium niltride particles lose their effect-
iveness in inhibiting avstenite grain growth 2t successive
high temperatures due to their sclution and coalescence. Thus
in the present work az the austenitizing tempersture exceeds
1050°C , solution and coalescence of aluminium nitride particles
ocour, causing accelerated grain growth.

5.3 Ferrite GBrain Size and 1lall-Petech Plot

The mean ferrite grain size of both plain carbon and
aluminium alloyed steel at four different cooling rates is
prezented in Fig. 9. 1t ls evident from this figure that although
both the steels had originally started with a common sustenite
grain size, the subsequent ferrite grain size at the same cool-
ing rate was not the =same.
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From Fipg. 9 and Table 4 we see that in the case of
plain carbon steel as the cooling rate inereases the Territe

zrain size 'd' decreases.

In aluminium-alloyed steel Fig. ¢ and Table 5 show
a finer ferrite grain size 'd' at all cooling rates. It ig
reported by Niltawach (1977) and Bepari (1981} that ALlN pre-
cipitates do not have any effect on ferrite grain refinement
because of its sluggish precipitation kinetics and as & result
Plain carbon and zluninium alloyed steel Loth show identical
behaviour with respect to ferrite grain size. In the present
work the finer ferrite grain size in Steel II is thus not
due to the presence of aluminium nitride, but seems to be the
combined effect of high carbon, manganese s % silicon and ATy
in it.

Examination of the Hall-Petch plots, Fig. 10, af plain
carben and aluminium-alloyed steel =hows 2 linear relationshin
for both. Plain carbon steel was used as the base steel with

which strength and toughness of the aluminium-alloyed steel
Wwas compared.

Aluminium-alloyed stoel at the cooling rate of 110°C
per minute showed an irregular ferritie network. Due to this
1% was not possible to determine the grain size. Examinaticn

of Flg, 10, will show thal the Hall-Petch curve was therefore
extended 25 a dotted line.

It hase generally beesn accepted that when aluminium
nitride has gone inte solution it will not precipitate on
cooling to give any precipitation strengthening (Bepari, 1978).
On thig basis 1t can be reasoned that the Hall-Petch rlot of
Steel IT should be a straleghtline with the same slope as
Steel I.

-— i
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For plain carbon steel ag the ferrite grain size decreaszes
the yield strength increases. 3Similar behaviour is exhibited
by aluminium-alloyed steel. However, aluminium-alloyed steal
shows higher strength properties than plain carbon steel.

In Steel IT, a part of aluminium is present as aluminium
nitride and the rest is dissolved in ferrite. A% the first
sight of Fig. 10, the higher strength of Steel II seems to
be due to the aluminium nitride precipitates. But it has been
reported (Niltawach, 1977: Bepari & Woodhead, to be published)
that aluninium nitride dees not produce any precipitation
strengthening effect due to its sluggish precipitation kinetics
during cooling. In fact at slow cooling rates the formation
of aluminium nitride, retards the strengihening process as it
depletes the amount of goluble nitrogen which is itself = goad
strengthengr. As the cooling rate increases, the precipitation
kinetics of aluminium nitride becomes mors unfavourable and
this is accampanied by a corresponding increase in the residual
goluble nitrogen. Thus the strength incresses with Taster
ceoling rate.

Table 5, shows that for aluminium-alloyed steel, the
pearlite content increases with inereasing cooling rate. Tt
is known that pearlite upto 30 % has 1ittle or no effect on
the yield strength. Beyond that the effect of pearlite on
yield strength is quite appreciable. Since the pearlite con-
tent of aluminium-alloyed steel varies frop L € to BO % with
cooling rate, the higher strength of this steel is largely due
to the pearlite content.

In ferrite-pearlite steels menganese lowsrs the transfor-
mation temperature range. The trangformation range becomes
much narrower than for binary iren-iron carbide 8llays. Due
o this the ferrite grains have much less time for growth.
this results in finer ferrite grains which glve & higher yiedd
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strength. Wanganese has an affinity to remaln in soluiion in
ferrite. This causzes a marked increase in the strength of %the
matrix. In steels containing a higher percentage of carbon and
manganese, there l1e a possibillty of MnBC formation. This
carbide has a marksed hardening effect. It is thuz obvious

that higher percentage of manganese present in aliminium-alioyed
stee} 1a also responsible for higher yield strength.

Silicon 1n steel also remaing in sollid solution in
ferrite, thus strengthening the matrix. In Steel IT, alumini-
um-alloyed steel this is one of the reasons why higher strengzh
was obtained.

Aluminium digscelved in ferrite seems to contribute a
congiderable effect on yield strength. The higher yield strength
of aluminium-ellioyed steel than plain carbon steel ig clearly
due to the combined effect of free nitrogen, high mengsnese,
carbon, silicon andéd aluminiom dissolved in ferrite.

5.4 Impact Transition Teamperature

The impact transition temperzture (ITT) ie a measure of
the impact porperties of a materiml, The lower the impact
Transitlion temperature, the greater the toughness, therefaore
the hetter iz the steel.

Fine ferrite grain size is the predominant factor which
decreases the impaci transitlion temperature. The finer the
ferrite grain size the lower the ITT (equaticnhn 2.2). Increa-
sing carben content increases pearlite which in turn increases
the impact ftransition temperature (equation 2.2). Increase
in free nitrogen and silicon content alsc incresses the 1ITT.
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Table 14% shows that Ffor plain carbon steel as the cooling
rate increases the impact transition temperature decreases.
Thig 1s due to the decrease in ferrite grain size. Table 4
however shows that for plain cerbon steels when the cooling
rate increasge, the pearlite content increases butthe variation
of pearlite is not great. increasing pearlite content raizeg
The impact transition temperature. On the other hand inereasing
cooling rate decreases the ferrite grain size. (Oaleoulation
showe that the beneficlal effect of the finer ferrite grains
on the impact transition temperature with increase in cooling
rate ig much more then the detrimental effect ecaused by increa-
2ing pearlite content. A4s a result the lower impact transition
temperatures are cbtained with the fast cooling rates.

Table 15 shows that for aluminium-alloyed steel tac,
ag the cooling rate increacses the impact transition temperature
decreasesﬁ Aluminium-alloyed steel showed finer grain size
than plain carbon steel. Finer ferrite gEraln size decreages
the impact transition temperature. However Table 15 shows
that aluminium-alloyed steel has a much higher impact transi-
tion temperature than plain carbon steel at all the cooling
rates except 110°C per minute whereas the reverse should be
triue considering the finer ferrite grain gize. Thisz can be
explained in terms of the carben, silicon and aluminium content,

Tables 1 and 5 show that the carbon content hence the -
amount of pearlites in alumiium-alloyed steel i= much highar
than that present in plain carbon steel, From eguation 2.2
1t 1s seesn that thig inecreasing pearlite content must have a
large detrimental effect on the lmpact transition temperature.
The high silicon content also tends to raise the impact transi-
Tion temperature. Finally the steel contains alumninium, =
part of which is present as aluminium nitride particles. ‘The
aluminium nitride particles increases the ITT {Bepari, 1981).
The rest of the aluminium which ig digsolved in ferrite algo
raises the impact transition temperature (Pickering et al),
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The higher impact transition temperature in Steel IT than
in Steel I at theae ccoling rates is thus clearly the com-
bined effect of pearlite, silicon, aluminium dissclved in
ferrite and aluminium aitride.

At the fast cooling rate of 110°C per minmute bath aluminium
alloyed gteel and plain carbon steel showed the same impact
transition temperatures. Since there is a differernce in
composition and the ferrite grain sige of aluminium-alloyed
steel eould not be determined because of ferritic network
arcund the pearlite, 1t is unwise to attenpt an explanation.
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Chapter &

CONCLUSION AND FUTURE SUGGESTICNS

6.1

1i.

ii1.

1w,

vi,

wii.

Conclusiong

in manufacturing steels with aluminium addition in the
air induction melting furnace, only about 58 % of the
aluminium added is retained in the steel. Therefore
approximately 1.8 - 2 times the amount required should

e added just before pouring,

The lzothermal transformaticon technique is a saiisfactory
method for revealing the prier austenite grain boundaries
in plain carbon gteels.

The presence of aluminium together with kigh manganese,
carben and silicon in earbon steels retards the rejectiaon
of ferrite when the steel is held at a temperatuore in

the inter-critical range.

Tnereasing carbon and manganese content in hypoeutectoid
steel produces fine ferrite grains.

The undis=zolved aluminium nitride particles are effective
in austenite grain growth inhibition fer the hypﬂeutect01d
steel at temperaturss up ‘to 1050 c.

Inereasing carbon and manganese content in hypoeutectoid
steels lnereases the vield strength.

Aluminium dissolved in ferrite I = Fhiinecreases
the ¥leld stresagth of hypoeuteatulc steei.



Triil.

ix.

6.2 Future Suggestions

1.

i1,

iii.

74

The increase in pearlite content raises the impact

tranzition temperature.

Aluminium, either as aluminium nitride, or dissolved

in ferrite alsoc raiges the impact transition temperature.

Free nitrogen content in the steels at each cooling
rate sheould be determined in order to evaluate the
geparate effect of free and combined nitrogen on the
gtrength and toughnegs.

Steels that are used should have the same composition
but with aluminiun added.

The shape, 2ize and distribution of the precipitate
particles should be studied by the means of electron
microscopy in order te understand their effect on the

mechanical properfies better.
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