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ABSTRACT

The role of composition, heat treatment and microstruct-
ural variables on the hardness, flow stress and fracture toughness
has been investigated for a range of C-Mn steels, The study 1is
divided into two parts.

In Part 1, the influence of various ferrite-pearlite
microstructures on the hardness and flow stress has been examined
with respect to a Hall-Petch analysis. In contrast with previous
reports it was found that a Hall-Petch equation can be applied
satisfactorily ié describing these properties provided care 1is
taken in obtaining the appropriate mean slip distance for a given
microstructure.

The mean random interlamellar spacing was found to best
quantify the microstructure when account is taken of the ferrite
volume fraction, ferrite grain size, prior—austenite grain size and
calculated cementite thickness. These parameters have been com- \
bined in a simple law of mixtures model to evaluate the mean slip
distance in ferrite for a range of pearlite volume fractions
between 20 and 100%7Z. By substituting the mean slip distance for
the effective ferrite grain size in a Hall-Petch equation both a
positive friction stress and a very good correlation was obtained

with measured hardness and flow stress data.
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In Part 2,the effect of changes in microstructure on the
toughness of high carbon pearlitic steels was studied using standard
Charpy,instrumented-impact and plane strain fracture toughness tests.
Controversy in the literature regarding the influence of pearlite
colony and prior—austenite grain boundaries 1n obstructing cleavage
crack propagation has been resolved by close examination of the
microstructure and fracture surface. The pearlite nodule size was
found to be directly related to the cleavage facet size when pro-
eutectold ferrite is considered in hypo-eutectoid steels. Refining
the pearlite nodule size by low austenitising temperatures and
accelerated cooling gives improved toughness. Although the pearlite
nodule size was shown to primarily determine the ductile-brittle
transition temperature, it is suggested that the pearlite spacing

may be of more importance as regards fracture toughness,



INTRODUCTION

Medium to high carbon pearlitic steels have been used in
the manufacture of rail steel for many years. In the last decade
or so,however;markéd changes in railroad transformation practice
towards higher train speeds and greater axial loads have necessi-
tated considerable interest in the production of high strength rail
steels. From an historical viewpoint the most economical method
of resisting rising severity of service environment has been to
increase the carbon content of the steel with concomitant increase
in strength. At the present time however,the microstructure of
rall steels is already close t6 fully pearlitic and additional
strengthening due to carbon and manganese content alone, is in-"
effective., Accordingly emphasis in metallurgical studies 1is on en-
hanced strength by means of heat treatment and/or by further addit-
ions of alloying element.

Unlike rail head wear and plastic deformation levels =~ «
which can be monitored periodically to forecast replacement, rail
fracture is less easy to anticipate. Failures frequently initiate
from small fatigue cracks very difficult to detect when the rail 1is
in service. The occurrence of brittle fracture of complete rail
sections and the possibility of derailment and loss of life have

made it mandatory that increased strength should be accompanied by

no appreciable loss in ductility and fracture toughness. It is



therefore of considerable interest to identify the microstructural
conditions which give optimumstrength and toughness.

Although many studies have shown that the pearlite inter-
lamellar spacing controls the yield stress more work is needed
before the precise nature of this strengthening is understood for
ferrite-pearlite as well as fully pearlitic steels. Similarly,

those microstructural features governing toughness in both hypo-

eutectoid and eutectoid steels have 'still to be fully discerned.

The present study will examine the role of microstructure
on the strength and fracture toughness of medium to high carbon
pearlitic steels within the constraints of relatively simple yet

commercially practical heat treatment variations. The compositions

of the steels chosen are similar to those used in the manufacture

of rails.

The study 1s divided into two parts. In part one the

Mo

relationship between microstructure hardness and flow stress will

be studied in some detail with the aim of obtaining a predictive
structure-property model. In part two the resistance to brittle
fracture will be investigated, with reference to conventional
impact and fracture toughness testing. The findings of both sect-

ions should then indicate the heat-treatments and microstructures .

which give rise to both high strength and toughness.
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PART 1




- CHAPTER I

'THE NUCLEATION,GROWTH AND CRYSTALLOGRAPHY OF PEARLITE

1.1 THE NUCLEATION AND GROWTH OF PEARLITE

In the Fe-C system pearlite is a two phase lamellar
product composed of alternate plates of ferrite and cementite

(Fe_C) which results from eutectoidal decomposition of austenite

3

at temperatures below 727°C. Formation is by heterogeneous

nucleation, predominantly on austenite grain boundaries,and sub-

sequent growth of both phases outwardly from the boundary of

origin into the untransformed austenite.

In general,there is no rigid pattern to the nucleation

event and either phase can nucleate first and by so doing promote

the nucleation of the second phase in an adjacent site(l). In

\

hypo-eutectéid steels prior separation of ferrite will normally

nucleate cementite whereas in an hyper—eutectoid steel pro-

(2)

eutectoid cementite will nucleate ferrite ~°. However, as pear-

lite is a two phase structure growth can only proceed after both

phases have nucleated(l’z).

The classic text book explanation of nucleation and

gprowth,.due to Hull andZMEhl(B) is depicted in Fig. l.1l. The
appearance of the first nucleus, assumed by the authors to be
cementite, depletes the surrounding austenite of carbon thus

favouring the nucleation of a ferrite plate, adjacent to the



(a) (b)

(c) (d) |
Fig 1.1 Nucleation and growth of peariite
colonies, (After Hehla)

Fig 1.2 Nucleation and growth of pearlite
nodules, (After Chadw:lcki)




cementite nucleus (Fig.1l.1(a) & (b).  In turn,the ferrite plate
rejects carbon atoms into the surrounding austenite thereby favouring

the formation of cementite and so on.

At the same time as the pearlite colony grows sideways
by repeated nucleation of both phases, the ferrite and cementite
advance edgewise into the austenite since the carbon atoms, re-
jected ahe;d of the advancing ferrite,diffuse into the path of the
growing cementite (Fig. l.1(c). Eventually a cementite platelet
of different orientation will form and this acts to promote the
growth of a new pearlite colony as shown in Fig. 1,1(d).

It 1s now generally accepted however, from the work of

(4)

Hillert(z) and others that such a '"sideways" repeated nucleat-
lon rarely occurs. Instead the ferrite and cementite phases
bridge or branch over each other to take advantage of growth in
areas depleted or enriched in solute(l) (Fig. 1.2(a). Periodic

branching leads to a rapid multiplication of the number of

individual lamellae within each growth centre. This "cooperative"
growth together with edgewise migration resultsin a nodular struct-

ure as schemat :ically illustrated in Fig. 1.2(b).
Pearlite nodules advance by the radial growth of a number
of pearlite colonies, i.e. regions in which the lamellae have \

(5,6) (3,7,8)

usually one direction from which the nodule ig composed
Growth continues until the nodule impinges upon other growing
nodules nucleated from different sites. In general the rate of
transformation depends on the rate of nucleation of pearlite

nodules (i.e. the number of nodules formed in unit volume in unit

time) and also on the rate of growth of the nodules. The change

in these variables with temperature for a eutectoid steel is

shown in Fig. l.3.
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of nucleation and the rate of growth of pearlite
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The rate of nucleation, as expected, increases with
decreasing temperature. However, unlike the rate of growth which

1s controlled by the diffusion of carbon and is therefore struct-

. . . 8.9
ure 1nsen51t1ve( »9)

L

the structure of the austenite prior to transformation. As

snucleation rates are markedly influenced by

nucleation occurs almost exclusively at austenite grain boundaries
in homogenéous austenite, the size of the austenite grains will
determine the available boundary area at which nucleation can
occur. Therefore pearlite formation will commence at lower temper-
atures for larger grain sizes., Such is the basis of hardenability
in steels(g). In addition, for a constant transformation temper-
ature, less nuclei will form in larger grain sized austenite and
this will lead to larger pearlite nodules(s).

Although the rate of growth is governed by the diffusion
of carbon,which decreases with temperature,the interlamellar
spacing also decreases with'temperature, the result being a shorter
diffusion path at lower temperatures and thus higher growth

(9)

rates = °, The rate of growth is discussed further in Section 1.4.
The extent of development of a pearlite nodule from

homogeneous austenite is, therefore, dependent on the prior-aus-

4

tenite grain size and the reaction characteristics, that 1s the

(8)

balance between the rate of nucleation and the rate of growth “,
For example, at high transformation temperatures,at a constant
prior-austenite grain size, the rate of nucleation may be very low
in comparison to the rate of growth. This will often result in

the formation of a small number of pearlite nodules which grow to

. . (8
be of a size larger than the original austenite gralns( ).



The ability of pearlite colonies and hence pearlite

nodules to grow across a prilor-austenite grain boundary has been

(10)

the source of some debate in the literature. Jolivet had

stated as early as 1939, that "the case is never met with where

any one colony is not entirely localized in a single grain of
austenite and is not arrested in the growth by the boundaries of
this grainﬁ. Mehl and cé-authors(3’7’8) assumed that the orientat-
lon of the cementite,'the active nucleus", was directly related

to the orientation of the austenite from which it 1s derived. As
the pearlitic ferrite takes its orientation from the cementite, both
phases grow into the austenite to which they bear a precise

crystallographic orientation. Since the colony cannot have an

orientation relationship with more than one austenite grain Mehl
(3,7,8) . .

et al predicted that the growth of the pearlite colony must

cease at the boundary of the austenite grain in which it is grow-

ing. However, the fact that twin boundaries ordinarily have no

(2)

effect on the growth of pearlite is inconsistent with this view' ‘.,
The controversy regarding the growth of pearlite across austenite

twin and grain boundaries is resolved with reference to Smith's

hypothesis(ll) concerning orientation relationships.
1.1.1 Smith's Hypothesis

Smith(ll) suggested that the ferrite component of a
pearlite "unit' formed at a grain boundary would have a definite
orientation relationship with one of the grains of austenite,re-
sulting in a semi-coherent interface. As the lattice orientation
cannot at the same time be related to the other grain of austenite,

an incoherent interface will form on this side. As the mobility

of an incoherent interface is high at low degrees of undercooling,



whereas a semi-coherent interface is relatively immobile, growth
will occur predominantly by the movement of the incoherent inter-
face., Thus pearlite 1s nucleated with respect to a given austen-
ite grain to which it bears a precise orientation relationship

(the parent grain) but growth occurs into the adjacent grain with

(2)

which there is no relationship. Hillert'"’, emphasising the
importance of this incoherent interface, concluded that pearlite
can grow within the nucleating austenite grain with any orientat-
ion relationship apart from those which lead to coherency.
Hillert(z) thus implied that there 1s no specific orientation re-
lationship between ferrite and cementite. As will be shown later
this is not the case.

Smith's hypothesis predicts that when growing pearlite
reaches an austenite grain boundary there is only remote possibil-
1ty that the lattice orientation relationship to this grain allows
a degree of-coh;;ency to be established., The arrest of pearlite
growth at an austenite grain boundary is therefore unlikely.
Occasionally a change in lamella direction or disruption of

cooperative growth is observed at a grain boundary. This is pro-

bably due to the influence of the high energy boundary on the

steady state conditions at the pearlite front. This observations .

(10) (3,7,8)

may then explain why Jolivet and others concluded that

pearlite colonies were always localized within one grain of aus-
tenite,

1.1.1.1 Hypo-eutectoid steels.

Smith's(ll) hypothesis may also be used with respect to

hypo-eutectoid alloys where separation of ferrite normally pre-

cedes the growth of pearlite.” Analogous with pearlite growth, a



ferrite nucleus formed at the boundary between two austenite grains
will form a semi-coherent interface with the parent grain to which
it bears a crystallographic relationship. At low degrees of super-
saturation growth will occur by the advance of the incoherent inter-
face into the matrix grain with which no orientation relationship

exists (Fig. 1.4(a) and (b). High supersaturation may encourage
the propagation of semi-coherent interfaces and result in needle
or plate allotriomorphs characteristic of Widmanstatten morph-

. (1,2,12) : ] _
ologies (Fig. 1.4(c)). In certain cases,semi-coherent
interfaces can develop on both sides of the boundary (Fig.l.4(d),

even when their orientation deviates appreciably from ideal con-
ditions. In this case,the crystal of ferrite will presumably be
highly coherent towards one grain of austenite and yet have some

low degree of coherenéy towards the other(l’z).

Although Hillert(z) indicated the reverse situation to
Fig. 1.4(d), where a ferrite crystal at an austenite grain boundary
may be incoherent with both grains, such allotriomorphs are not

(2)

discussed by Aaronson(lz) or Chadwick(l). However,Hillert's

observations may be explained as follows.
;
In the general case many separate nucleation events will

occur along any gfain boundary, each nucleus being semi-coherent
with'one grain and incoherent with the other. Incoherency will
not occur with the same grain for all nucleli and approximately
half the number of nuclei will be incoherent with one grain-and half

with the other(l’lz) (Fig. 1.5). At low degrees of supersaturat-

ion, the mobility of the incoherent interfaces will result in a
grain boundary filament of ferrite in which the ferrite-austenite

interface is totally incoherent (Fig. 1.5). Similarly at high
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(a) {b) {c) (d)

Nucleation and growth sequence of a precipitate at a grain boundary. {(a) the
nucleation event generally occurs with the production of one semicoherent
interface and one incoherent interface on opposite sides of the nucleus’

(b) growth at low supersaturations favours the propagation of the incoherent
interface; [c) growth at high supersaturations leads to the rmigration of the
semicoherent interface; (d) if certain erystallographic conditions are satisfied,
semicoherent interfaces can develop on both sides of the precipitate

)
B WS o W ome— .///////«l{q{./ﬂz:./{\/(\/(\/‘/“ 1‘ ~

{a) {b) (c)

Nucieation and growth of multiple precipitates at & grain boundary, (a) The
sermi-coherent and incoherent interfaces of the individual precipitates are
arranged randomly along the boundary plane; [b) at low supersaturations
the incoharent boundaries overgrow the semicoherent boundaries, giving rise
to a grain boundary network of precipitate; (c] at high supersaturations the

semicoherent interfaces develop

Fig 1.4(top) & 1.5 After Chadwick"



supersaturations, the semi-coherent interface may grow and allotrio-
morphs,as represented by Fig. 1.5(c),will occur. The boundary
between allotriomorphs of the type depicted in Fig. l.5,which have
grown in contact with one another,can be difficult to discern by
normal optical metallographic technigues. Understandably absorpt-

(13) *

ion of ferrite (or cementite ) crystals by their neighbours may
be apparent from studies of continuous pro-eutectoid grain boundary
films. Incoherent growth of two apparently unseparated ferrite

crystals into neighbouring grains of austenite may then explain

Hillert's(z) observations.

1.2 THE CRYSTALLOGRAPHY OF PEARLITE

Smith's(ll) hypothesis has resulted in a number of
investigations of the crystallography of pearlite. These studies

have determined not only the orientation relationship between

"

ferrite and cementite but also the relationship of each phase with

respect to austenite. Such relationships have been studied in

(4)

some detail by Dippenaar and Honeycombe ,Ohmori et é1(14) and

more recently by Samuel(ls’ls).

: . (4
Dippenaar and Honeycomne( ) used a 13 wt.7ZMn 0.8 wt.%C
steel in which retained austenite and pearlite can coexist at \
room temperature, The authors found two distinct orientation

relationships between ferrite (a) and cementite (c) in pearlite

(17,18,19)

colonies. In agreement with earlier studies these are:

(17,18)

l. The Pitsch-Petch relationship where,

(100) 2.6° from [131]
(OlO)c 2.6° from [113]a

(001) _ || (521)



FeBC

Fig 1.6 Schematic diagram of pearlite formed
on an austenite grain boundary and growing
hemispherically into one of the austenite

grains(Xé).(AIter Dippenaar and aneycnmbe4)
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and,
. (19) . .
2. The Bagaryatskl relationship where
(100) | (011)
(o10) || (111)
(oo1), || (211)

Dippenaar and Honeycombe(A) clearly distinguished between
two specific crystallographic forms of pearlite in which either

one of'the above relationships held.

In the case where pearlite grew incoherently from a

"clean" pro-eutectoid phase free austenite grain boundary, the

(17,18)

ferrite and cementite exhibited the Pitsch-Petch relation-

ship., 1In addition, both the pearlitic cementite and ferrite are
related to the adjacent austenite grain Yq (Fig. 1.6) into which
the colony was not . growing, and are unrelated to the grain into
which it was growing,i.e. Yoo The crystallographic orientation

of pearlitic ferrite was constant within a given colony and its

relationship withYl was close to the classical Kurdjumov-Sachsﬁzo)
relationship frequently found between fcc and bcc phases, i.e.
{111}Y [l {110}
<110> | <111>
Y ol
\

The pearlitic cementitelyl relationship was close to

(17)

the range of orientations found by Pitsch between austenite

and hyper-eutectoid Widmanstatten cementite. The orientation
relationship found by Pitsch was within 5° of ¢
11
aco), I [u],
| 110
o), |1 [r19],
112
(oo1), |l [112],
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These observations are clearly in excellent agreement with

(11)

Smith's predictions,

. (19)

On the other hand,the Bagaryatski relationship

invariably occurred when pearlite formed fromﬁYl/YZ graln boundar-
ies which exhibited a filament layer of hyper—eutectoid cementite,
The pearlitic cementite lamellae were found to be continuous with,
and of the-SEme orientation as the grain bouﬁdary cementite. The
cementite was related to v, by a relationship close to that found
by Pitsch(17) for Widmanstatten cementite, as stated above, but was
unrelated to Y, Surprisingly the orientation of the pearlitic
ferrite in this case, although constant within a given colony,

was unrelated to both austenite grains Yl and Yz. However, as

pointed out by Park(21),such an observation is rather hard to accept

in view of the .fact that ferrite bears an orientation relationship

with cementite WhICh in turn 1s related to Yi In fact Andrews(zz)

and Samu 1( > 16) have shown that the?KUrdjumov-Sachs(zo) relation-
ship does - hold even in colonies having a Bagaryatski(lg)
crystallography. |

Although not studied by the authors, both the work of

(4) 1 (15,16)

predict that the

Dippenaar and Honeycombe and Samue

Bagaryatski(lg) relationship will predominate in pearlite colonies
found in the vicinity of pro-eutectoid ferrite. In which case it
might be assumed that pro-eutectoid and pearlitic ferrite will be

continuous and of the same crystallographic orientation. In

support, Hillert(z) and Hultgren and Ohlm(2 ) have shown that pro-

eutectoid and pearlitic ferrite may indeed have the same lattice

orientation,provided the pro—eutectoid ferrite is an "active"

rather than "informal" nucleus. That 1is, in cases where pro-eutectoid
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ferrite has grown incoherently into a grain of austenite to which

it bears no orientation relationship, further growth by the
advance of the incoherent interface will result in pearlite in

which the ferrite has the same lattice orientation as the pro-

eutectoid phase.

1.3 NON-LAMELLAR PEARLITE

The eutectoidal decomposition of austenite does not

always result in a lamellar microstructure and the occurrence of

non~lamellar pearlite in plain C—Mn(24’252 alloyed pearlitic .

[* N S—r .

steels(26’27’28’29) and 1n non-ferrous systems(l) 1s well documented.

Particularly in steels, the incidence of "degenerate" pearlite
appears to be closely related to three factors.

(a) The carbon content of the steel,

(b) The cooling rate or transformation temperature. _

(c) The preéence of alloying elements especially molybdenum

and high manganese contents.

The role of carbon content in the range 0.22 to 0.82 wt.Z

on the morphology of isothermally transformed pure Fe=C alloys

is considered in detail by Cheetham and_Ridley(Bo). The authors

found that the degeneracy of the pearlite increased with decreas-

ing carbon content;with low carbon steels transformed at low

temperatures containing discontinuous parallel rows of cementite.

(30) draw attention to the work of

(31)

Cheetham and Ridley
(31)

on lamellar eutectics. Cooksey et al found

Cooksey et al

that a transition from a lamellar to a rod morphology occurred
when the volume fraction of the minor phase fell below =28Z,for

systems where the interfacial energy was isotroplc and at lower



-1 3...

volume fractions for anisotropic systems. As the volume fraction
of cementite in a eutectoid steel 1s =12%7,the lamellar structure
1s associated with a marked anisotropy of interfacial energy. In
hypo-eutectoid steels, transformed at low temperatures, the
suppression of ferrite separation gives rise to dilute pearlite
with a lower volume fraction of cementite than a eutectoid alloy.

(30)

Cheetham and Ridley thus argue that although interfacial energy

effects will attempt to stabilize the lamellar structure,the extent
to which this can occur will be limited by the volume fraction of

cementite, and therefore aligned discontinuous structures result.

The occurrence of non-lamellar cementite 1n eutectoid
(15,16)

steels transformed at low temperatures is considered by Samue

and Ohmori et a1(14). These authors postulated that at low temper-
atures there may be insufficient diffusion of carbon atoms to main-
tain the cqntinuous formation of the cementite at the austenite-
pearlite interface. Employing a similar approach Hillert (%) in an
earlier report discussed non-lamellar pearlite from the viewpoint
of cooperative growth of ferrite and cementite; regular lamellar
pearlite being the result of a high degree of cooperation between
the growing phases. If the situation arises where different
degrees of coherency are established between the growing pearlite
and the matrix austenite, Hillert(z) argues that it may be possible
to find the case where the formation of pearlite has not been

completely inhibited, but sufficient coherency remains to prevent

satisfactory cooperation from developing. Such structures reports

Hillert(z),'may be regarded as intermediate between pearlite and

bainite.
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In support of Hillert's prediction, Smith and Fletcher(ZB)

and others(27) have observed disordered '"'rod like" pearlite
structures in molybdenum bearing rail steels and have designated
the term transitional pearlite to thisnon-lamellar microstructure
as it more closely resembles pearlite than bainite, Other alloy-
ing elements which retard the pearlite transformation include
manganese and chromium, and work at British Steel Corporation(Bz)

has observed "transitional pearlite'" in rail steels containing

chromium,

Very little work appears to have been carried out on the

crystallographic relationships in 'degenerate' pearlite. Never-

(15,16)

theless the studies of Samuel and Ohmari, Davenport and

Honeycombe(A) suggest that the degeneration or spheroidisation of
cementite lamellae, as a result of lowering the transformation
temperature, has no effect on the lattice relationships. As both
the Pitsch (17 and Bagaryatski(lg) relationships were observed

(15,16)

between ferrite and non-lamellar cementite, Samuel con-

cluded that these orientation relationships depend on the nucleat-
ion mechanism,with the degeneracy arising from insufficient diffus-

ion of carbon to maintain the growth of cementite lamellae.

1.4 THE RATE OF GROWTH OF PEARLITE

Concurrent with studies of pearlite morphology,much pro-
eress has been made in the understanding of pearlite growth
kinetics,particularly for isothermal transformations. As com-

(33,34)

prehensive reviews are already available only a brief

summary of this work will be given.
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The rate of isothermal transformation of pearlite 1is
. (35) . .
expressed by the Johnson—-Mehl equation 1in terms of the fraction

of product transformed in time t, f£(t) where,

f(t) 1 —exp ( -1/3 N.G?taf (1.1)

and N and G are respectively the rates of nucleation and growth.
Since very high rates of heterogeneous nucleation occur at most
temperatures nucleation rates are of little importance in deter-
mining the overall reaction rate(g). G 1s thus considered as the
controlling parameter. The growth rate can be determined from
the rate of change of pearlite nodule radius with time(33). Growth
rates in pearlite depend upon the diffusion of carbon to sustain
the simultaneous development of both ferrite and cementite. In
general the two main diffusion paths considered are;

(a) volume diffusion of carbon ahead of the advancing

intefgace, and

(b) diffusion of carbon along the interface.

1.4.1 Volume Diffusion

(36)

Brandt proposed that carbon concentrations will be

established in the vicinity of the moving interface, with high

carbon concentrations in front of the ferrite and low carbon con-
\.

centrations in front of the cementite providing the necessary

downhill gradient for the diffusion of carbon. These limiting

(36) (37)

concentrations were obtained by Brandt using the Hultgren

extrapolation of equilibrium curves. The difference between these
concentrations and the interlamellar spacing defines the concentrat-

ion gradient. This gradient and the diffusion coefficient together

determine how fast carbon is delivered to the growing carbide plate

and thus define the rate of growth.
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Unfortunately the experimentally determined growth

velocities 1n eutectoild steel by Hull, Colton andMehl(BS),

(36)

did

not agree with the values of Brandt calculated using inter-

lamellar spacing and diffusion coefficient data. However, substant=-

ial improvements to the volume diffusion model were made by

(39) and Hillert(ﬁo).

2ene(1§9c)onsidered the free energy of the transformation

Zener

which he argued, included the driving force for the reaction and the

energy required by the creation of ferrite-cementite interfaces.

(39

Zener proposed that the system will stabilize at the pearlite

spacing for which the growth velocity is a maximum, and both he

(40)

and Hillert independently arrived at an expression for the growth

velocity, V,of the form,

S
= D A, _c

s

where D is the volume diffusion coefficient for carbon in
austenite, a 1is a geometric factor, A the relative supersaturat-

ion and Sc is the theoretical critical interlamellar spacing for

which the velocity of the reaction reduced to zero. (1 - Sc/S)

1s then the fractional reduction in reaction driving force due to

the accumulation of surface free energy between lamellar product. \
As the pearlite spacing,S, 1s set by the free energy

available in the reaction and more energy is available to be

employed in creating ferrite—cementite interfaces at low temper-

atures of formation, S will decrease with temperature. Thus at the

maximum growth rate, when half of the energy of transformation 1s

used up as interfacial energy and the other half as the driving

force for the reaction,S = ZSC.
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Zener(39) also showed that the pearlite spacing could be

related to the undercooling, AT through,
C

g% T,
S = ZSC = 4@ (1-3)

where oaC is the surface energy of the ferrite-cementite interface
AHv the change in enthalpy between parent and product phases and

Te the eutectoid temperature.

1.4.2 Interfacial Diffusion Model

Quantitative analysis of ferrous and non-ferrous eutect-

oid reaction rates predicted that the transformation proceeds much

too rapidly to satisfy a volume diffusion process(l). It was there-
fore concluded 1) . that a short circulating path is taken by
the diffusing species. The most likely short circuiting path is

the interface between the parent and product phase as envisaged

by Turnbull(AI)aaﬁd Cahncaz).

Interfacial diffusion models by Sundquist(43),8hapiro
and Kirkaldy(44) and Hillert(ao) arrived at similar growth velocity

relationships of the form,

S

= A - _c
\Y 121<.DB o 32 (1 S ) (1.4)

- & o e o \
where K 1s the boundary segregation coefficient, D_ is the bound-

B

ary diffusion coefficient and § is the boundary thickness. The
similarity between equations 1.2 and 1.4 is obvious. Since the

relative supersaturation, A, is proportional to the undercooling

st 39)

, and, from equation 1.3 AT is proportional to 1/S, equat-

ions 1,2 and 1.4 may be rearranged to give respectively,

2

VS K.D (1.5)

1

i
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3
VS KZDB (1.6)

whereKl and K2 are constants.

The applicability of volume and interfacial diffusion
models can therefore be checked using pearlite spacing and growth

rate measurements,and much work has been published in this

area (33, 45-48)

The large number of results for reaction kinetics in

eutectoid steels has recently been reviewed by Puls and Kirkaldy(BB)

and by Marder and Bramfitthﬁ). The latter authors have compiled

results for both isothermal and continuously cooled Fe-0.8 wt.ZC

(39)

binary eutectoid alloys in the form of a Zener , S/AT relation-

ship, as shown in Fig. 1.7. As all the data fitted within a

(39) theoretical value

(46)

scatter band of slope very close to the Zener

of -1, for a similar log plot, Marder and Bramfitt concluded

that the degree -of undercooling determined the interlamellar

spacing irrespective of whether the transformation was isothermal

or continuous cooling.

Comparison of growth rate data, with interlamellar spac-

ing is given in Fig. 1.8. If D and Dy in equations 1.5 and 1.6

are assumed to be constant, then V82 and V83 are also constant.

. N \
As can be seen from Fig, 1.8 these assumptions lead to a remark-

able agreement of experimenfal data with VS2 = constant, rather

than VS3 = constant. Thus contrary to earlier predictions a vol-
ume diffusion rate controlling process would appear to be operat-
lve ‘at most reaction temperatures, However, the results of both
Puls and Kirkaldy(33) and Marder and Bramfitt(46) inferred that

there may be a transition from volume diffusion control at high

temperatures to interfacial control at low temperatures.
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CHAPTER 2

THE YIELD AND FLOW STRESS OF PEARLITIC STEELS

2.1 THE YIELD AND FLOW STRESS OF MILD STEEL

The yield stress of a single phase polycrystal is com-
posed of the yield stress of a constrained single crystal and the

strengthening effect of grain boundaries. As the lower yield stress

1s the stress at which slip can propagate across the gauge length of
the specimen, it is reasonable to assume that deformation spreads
discontinuously from one grain to the next (Fig.2.l). Physically
this means that the concentrated shear stress at the tip of a

slip band or dislocation array at the Luder's front in grain A,
increases the stress in grain ﬁ, until at some critical shear
stress, T ,at a distance r within grain B, dislocations become

C
unpinned and the grain yields(49).

From dislocation theory(50’51) the shear stress at r 1is
- (412
\

where d, 1s the length of the slip path which is assumed to be

(49), T is the applied shear stress and T. the

the grain diameter 1

shear stress opposing the motion of an unlocked dislocation in the

slip band.

At the critical value of stress,Tc,the criterion for

yield propagation is therefore:



Fig 2,1 Schematic diagram of dislocation pile-ups
at a grain boundary,
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-T.) (i}i ~ (2.2)
(T Y4 Lr c ’
or
T = T. + 27T ri d-i
1 c

As all the slip planes and directions are assumed to make an angle
o ., . . . *
of = 45 with the tensile axis, the lower yield stress Op = 2T and

equation 2.2, becomes:

- } -3
OL 2Ti + ATC r< d
(2.3)
or
= -3
O'L 0'0 + ky d

a_ 1s frequently referred to as the friction stress and is associated

with 2Ti- 06 is therefore a measure of the resistance of the
ferrite lattice to the motion of dislocationsand as such 1is affected
by factors which cause distortion of the lattice or which will alter

the ability of dislocations to glide,e.g. solid golution atoms,

precipitatés, test temperature and strain rate. Similarly k ,a

y
constant, approximates t0(52) ATC r%. Equation 2.3 was first pro-
posed by Hall(53) and later studied in detail by Petch(sa) and
f6110W”W0rkerS(55). It describes the relationship between the

lower yield stress and the grain size in polycrystals and is

commonly known as the Hall-Petch equation.,

As the grain size determines the number of dislocations in
1

a. pile-up and hence the stress intensification generated at the
grain boundaries, it is clear that yield propagation will occur at

lower applied stresses in coarse grain material than in fine.

Equation 2.3 therefore explains in a quantitative manner the
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previously known advantage of grain refinement raising the lower

vield stress in mild steel. From the linear plot of O, versus d_i

both the ordinate intercept, Ub,and the slope,k ,may be obtained.
Armstrong et 31(55) have extended the above theory to take

account of the differing orientation of crystals present in a ran-

dom polycrystalline aggregate. With reference to the classic work

of Taylor(ssl.the yield criterion of equation 2.1 was shown by
Armstrong et al a2 to be given more precisely by,
d 3 mie
T - T. — ~—— p—— 2.4
k, in terms of shear stresses, kS 1s therefore, ks =mTCri (2.5)
(56) . : . : .
m, the average Taylor orientation paraneter 1s related to the

operative number and relative misorientation of slip planes in the

polycrystal. m-is obtained from the average m for a collection of

L 4

randomly oriented free crystals, where*mf relates the axial tensile

stress O_ applied to a single crystal to the shear stress T_on

the most favourably oriented slip planes by 05 ='meS. The tensile

yield stress will then be mT, the average over the randomly oriented

polycrystalline aggregate, 1.e.

\.
O = mnT. +'m2T rid-i | (2.6)
L 1 c
d ] 2 i .
O and ky are then associated with mT andfm.Tcr respectively.
o
(55)

The theory of Armstrong et al does, however, only apply

to a randomly oriented polycrystalline aggregate. When there is a
preferred orientation the averaging proceedure for m breaks down.

. 57
Further modification by Wilson and Chapman(; ) has therefore
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suggested that the tensile yield stress should be expressed in the

form: N

O =
*mlTi +'mh1*m2 Tcr d | (2.7)

wherem1 represents the macroscopic effects of slip plane orientat-

lon relative to the applied stress axis .:sm_d‘m.2 1s concerned with
the orientation relationship of adjacent grains. m, and'mz*will
then be different when the polycrystalline aggregate has a preferred

orientation but will be the same when the grain orientations are

random.

(55)

The work of Armstrong et al also investigated the

grain size dependence of flow stress at various strain values for
common metals and their alloys. They regarded the grain boundary
resistance to the formation of a slip band as a general effect and
not limited to the lower yield point. In support of this approach
their conclusions indicated that, in spite of the development of
obstacles within a grain as strain proceeds, the grain boundary
resistance to slip remains an important factor in determining the
level of flow stress. In addition, dislocation locking continues
to determine the limiting grain boundary resistance, even after con-
siderable plastic deformation. This point is illustrated in Fig,
2.2 which shows the relationship between grain diameter and flow
stress for mild steel at room temperature.

In general the tensile fIOW'stress,Ufl,at constant strain

is related to the grain diameter by a Hall-Petch equation of a

similar form to equation 2.3, 1i.e.

_ -3 2.8
Ocq (ep) o (eP) + k (eP) d (2.8)
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E o (€ d k(e the f1l t
vhere Gfl( p), 0( p) and k( p) are the flow stress,

friction stress and Hall-Petch slope at a plastic strain ep.

Although dislocation pile—ups are fundamental to the above

theory of yielding there is little or no direct evidence for the

existence of such dislocation arrays in bcc metals and steels(ss).

In addition, studies on Fe-3 wt.ZSi alloys have observed the emission

of dislocations from grain boundaries at a stress which is below

the yield stress and is independent of grain size(sg). These obser-

vations have led to a number of theories which explain the'érain
size dependence of yield and flow stress but do not require the

formation of dislocation pile-ups., Such models have been admir-

(58,60,61)

ably reviewed elsewhere and need not be detailed here.

However as the work hardening(62) and grain boundary source theorie§63)

are of some relevance to the present work they will be discussed

below.

Ly W ]

2.1.1 Non-pile—-up models.
2.1.1.1 VWork hardening theories:

In the work hardening model of Meakin and Petch(ﬁz) and

(64) (65)

it 1s assumed that a linear relationship

Conrad and Johnson

exists between the yield or flow stress and the square root of the

average dislocation density p, 1i.e. N
o = 00 + aubpi : (2.9)

wvhere O 1is one half of the tensile yield or flow stress, Q 1is a

(56)

constanf =~ 0.4 (but dependent on the Taylor factor or 1f forest

dislocation density is used instead of an average). B 1s the shear

modulus and b the dislocation Burgers vector.
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If the average distance of slip of a dislocation,.g,is

proportional to the grain diameter, d, then,

x = B4 (2.10)
where B is a constant. Since the plastic strain, € is given by,

€ = pbx | (2.11)
the total dislocation density can be calculated by assuming that

all the dislocations remain in the system;i.e.
P = €/bx = €/bBRd (2.12)

Substituting equation 2.12 into equation 2.9 gives a Hall-Petch

equation of the form:
o = Gb + apb (e/bB)i d_i (2.13)

Although evidence has been found in support of the work hardening
(62,64) . . . : .

theory the requirement of a dislocation density-strain

relationship is ;nly'valid for certain metallic systems(sa). In

addition, this theory has no provision for interpreting the effect

of grain boundary structure and so the alternative, though related,

grain boundary source theory has gained more favour.

2.1.1.2 Grain boundary source theory

In this theory the grain boundaries themselves are assumed
\

to act as the source. of dislocations. Li(63) proposed that the
yield stress may be governed by the ability to propagate dislocat-
ions from the grain boundary regions. Metallographic evidence of

(66) . (63)

grain boundary ledges led Mott and later Li to postulate

that the removal of such ledges would result in the generation of
dislocations in the matrix (Fig. 2.3). Assuming a constant ledge

density, the number of dislocations generated per unit strain is
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proportional to the grain boundary surface area per unit volume.
It then follows that for small plastic strains p is proportional to

1/d. Substitution of 1/d for p in equation 2.9 gives a Hall-Petch

relationship.

Li(63) also suggested that the ledge density would be

critidally dependent on the impurity content at the grain boundaries
as impurities would stabilise ledges., Thus increasing the impurity
content should raise the value of the Hall-Petch slope. This theory

has enabled proposed explanations for the apparent influence of,

for example, alloying elements and cooling rate on the value of

k .
Y

(67) have shown 1n low carbon steels that k

Mintz et al
Yy

values decrease with increasing silicon and manganese content.
They suggested that such changes arise through the effect solute

elements have on interstital segregation to grain boundaries. As

—

both these elements will reduce the concentration of carbon and

nitrogen at the boundaries, k_ should decrease with increasing

Y
(68)

silicon and manganese, as observed. Similarly Wilson has

*

reported the effect of cooling rate on,kyvalues for low carbon

steels. Slow cooling rates were suggested to give rise to higher

ky values as more time is available for carbon segregation to grain \

boundaries to stabilize ledges.

Finally it should be noted that although the grain bound-
ary source theory makes use of equation 2.9 it does not contain
a plastic strain term and therefore cannot be considered as a work

hardening theory. In addition,the work hardening theory in funda-

mental form does not require the existence of a Hall-Petch relationship.
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The effect of grain size 1s indirect. A Hall-Petch relationship will

result if p is proportional to 1/d or 1if p* increases linearly

with d-£(64).

2.2 THE YIELD AND FLOW STRESS 'OF PEARLITIC STEELS
The increase to the hardness and strength of iron as a

result of iﬁtroducing second phase particles 1is well established.

(69)

As early as 1942 Gensamer et al related the microstructure

with the tensile properties of steels containing different carbide
morphologies. The authors illustrated the experimental observation
that the yield stress of spheroidite and pearlite showed a linear
dependence on the logarithm of the mean free path in ferrite. This
prediction was supported later by Roberts et 31(70). Of the dis-
location theories which have been proposed to account for this

strengthening effect the two most widely accepted models rely on

(71) (53,54)

either an Orowan or a modified Hall-Petch

Orowan(?l)

relationship.
described dispersion strengthening in terms

of dislocation bowing between non-deformable second phase par-—
ticles. The yield stress is then the stress required to bow the .
dislocation between the particles to the point where they are re-

established on the other side. 1In éeneral, the flow stress Gfl \

is given by,

b |, & | (2.14)

where a is a constant 1 is the shear modulus, b the dislocation

Burger's*vector,ﬁlp the interparticle spacing and o the flow

m
stress of the matrix. Although Ashby(72) has modified Orowan's

mode1(71) to take account of the interaction between dislocations
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which have bowed and the line energy of the dislocation, the pre-

diction that the yield or flow stress should vary as the inverse

of A 1s retained.

P

(53,54)

Similarly in a modified Hall-Petch analysis the

yield stress,oys,is a function of the reciprocal of the square root
of some defined measure of the interparticle spacing, 1.e.

o = A + B/A : (2.15)
ys P

where A and B are constants,

It should be noted, however, that in this case the particles behave as

inpenetrable obstacles to dislocation motion in a manner similar to

grain boundaries in iron. Nevertheless, common to both the

(53,54)

Orowan(71) dispersion hardening and the Hall-Petch models

is that particles inhibit yielding by behaving as barriers to dis-

location motion. Both equations2.14 and 2.15 have therefore been

applied to spheroidite and pearlite and consequently there 1s some

(71)

debate in the literature as to whether an Orowan or a modified:

(53,54) strengthening analysis is appropriate for these

Hall-Petch
systems. As more progress has been made in describing the strength-
ening effect of cementite particles in spheroidite than in pearlite,
it will prove helpful to briefly discuss this work before con- \

sidering in detail the strength of pearlitic._steels,

2.2.1 The Yield and Flow Stress of- Spheroidite

Following the pioneering work of Gensamer et 31(69),

Turkalo and Low(73) extended the study of spheroidised carbon steels

to finer structures. As Turkalo(74) had previously highlighted the

L d - » d 73
existence of sub-grainsbetween cementite particles, the authors( )

were able to show that a logarithmic relationship did not apply

il iy
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over a wide range of microstructures unless grain boundaries are

also included in the measurement of-the mean free path. - In 1960,

(75) found that the yield stress data of Roberts

(53,54)

Ansell and Lenel

et 31(70) and Turkalo and Low(73) also followed a Hall-Petch

equation when plotted as a function of the reciprocal square root

of the mean free ferrite path., In direct contrast Tyson(76) showed

that the same data could be related by an Orowan(71) theory to the

reciprocal of the planar interparticles spacing.

(77)

More recent studies by Kossowsky and Brown , Liu and

(78) (79) (80)

, Hodgson and Hodgson and Tetelman have supported

Gurland
a Hall-Petch model. These authors demonstrated that both the

yield and flow stress of spheroidised carbon steels vary as the
reciprocal square root of the dislocation obstacle- spacing,pro-

viding due care is taken over the definition and determination of .

this parameter in different microstructures.

(74)

Electron microscopy by Turkalo revealed an initial

stable dislocation network between particles in tempered medium and

high carbon steels which was assumed to have resulted from fabricat-

ion or heat treatment. This led Kossowsky and Brown(77) to propose

that such networks are partly responsible for the strengthening
of spheroidised carbon steéls as they reduce the available slip

distance in the ferrite. This view is upheld by the later work

of Liu and Gurland(78) who, like Hodgsonﬁjg), examined a range of

(78)

microstructures. Liu and Gurland studied spheroidised

steels of carbon content between 0,065 and 1l.46 wt,.Z and

concluded that a transition occurred from grain boundary

-
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strengtheniﬁg in low carbon steels to particle strengthening in
medium to high carbon steels. When cementite particles were con-
fined to ferrite grain boundariedcarbon contents <0.3 wt.Z) they
contributed to grain boundary strengthening. When intra-granular

particles predominated (>0.55 wt.7C), these particles. promoted and

became part of a subgrain dislocation cell structure which acts as

a barrier to slip in a manner similar to grain boundaries. Liu

(78)

and Gurland measured the appropriate obstacle spacing for

each microstructure, i.e. grain size in low carbon steels and cell
size (interparticle spacing) in high carbon steels. By correcting
for cell wall thickness and particle width, Liu and Gurland(78) wvere
then able to show that the flow stress equation of Armstrong et afSS)
(equation 2,8) applied for the range of carbon steels studied

subject to 0.2 to 12,57 plastic strain (Fig. 2.4).

Evidence in the literature, therefore strongly suggests
that the tensile properties of spheroidised steels of different
carbon content obey a Hall-Petch relationship when the appropriate
microstructural features are measured. As will be seen, relatively
little progress has been made in the correlatioﬁ of microstructure
with the flow stress of pearlitic steels over a similar range of

carbon contents,despite reports of dislocation cell structures in

deformed pearlite(SI).

As discussed i1n Section 1.4, it is now well established

that lowering of the austenite to pearlite transformation temper-
. . ., (46,82-86

ature decreases the interlamellar spacing of pearllte( ? ).

In addition, there 1is evidence(as) to suggest that such a reduct-

ion i1s independent of prior-austenite grain size or transformation

mode (isothermal or continuous cooling) and i1s instead entirely
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(39)

dependent on the degree of undercooling as predicted by Zener .
Decreased interlamellar spacing results in a notable increase in

the hardness and strength of pearlite, similar in effect to reduced

1(53,54)

ferrite grain size in mild stee or fine carbide dispersions

: . ys 8 . .
1n sPheroldlte(7 ). Pearlite spacing measurement are thus an

integral part of structure-property relationship studies. A wide
range of'méthods are avallable and many of these are Qsed through-
out the literature. Before going on to discuss microstructure
strength relationships,it will therefore be of benefit to briefly
review these methods and the terminology used with regard to the

measurement of the interlamellar spacing of pearlite.
2.2.2 The Interlamellar Spacing of Pearlite

In general what is required in spacing measurements 1s
the true distance,st,between the centre of parallel cementite
lamellae measugfd perpendicular to their length and breadth as
shown 1in Fig. 2.5. However,such an evaluation is complicated not
only by the apparent variation produced by the metallographic
sectioning plane with respect to the orientation of the lamellae,
but also by an apparent or real variation within a gilven pearlite
colony as well as between different colonies.

Prior to the application of electron microscopy, pearlite.

spacing measurements were hindered by the resolution capacity of

(5)

the optical microscope. As a result Belaiew mistakenly assumed

that the true spacing within a sample was constant and apparent
variations were due only to a sectioning effect. Furthermore, the
author(G) proposed that when this true spacing was below the resol-

ution of the microscope, the resolvable lamellae could be measured

(87)

and the value related to the true spacing. Greene made simlilar



Si' true spacing
S; @pparent spacing

Sr random spacing

Fig 2,5 Classification of pearlite spacing measurements

in a geometrically ideal lamellar structure \
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assumptions and measured the finest colony which he considered to

give the true spacing. However the classic work of Pellisier et

88 . .
al( ) has shown that even in the case of isothermally transformed

pearlite the interlamellar spacing is not constant but instead

exhibits a statistical distribution about a mean true interlamellar

spacing §£.
Of the available optical microscopy proceedures for

measuring pearlite spacing the method of Pearsall(ﬁg) is undoubtedly

(69)

the most popular. Pearsall developed a technique known as the

"partial resolution.method" whereby the mean spacing,So,could be be

obtained from the areal fraction of unresolved pearlite F o, using

the expression,

A ,
SO = m /1 — Fu2 (2.16)

where A 1s the wavelength of light forming the image and NA the

Lo e

numerical aperture of the optical microscope objective.

The relationship between § and §t 1s not entirely clear

o
(82,89-91)

in the literature, although many authors employ the terms

"true spacing" to the S measurement obtained by the method of

0
(69) (92)

have recently reviewed

Pearsall . Vander Voort and Roosz

spacing measurements 1n pearlite., Their results support the earlier
conclusions of Gregory et 31(93) by showing that the partial

resolution method only gives an accurate measurement of the mean

true spacing for the limited range 50 to 657 unresolved pearlite,

With higher amounts of unresolved pearlite the estimate was poor.

It would appear then, that S0 1s synonymous with St for measure-
mentsonly within the above range of unresolved microstructure,

Outside these limits the connection between S0 and §t 1s uncertain.
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It should also be noted that equation 2.16 was derived assuming

that each pearlite colony consisted of parallel platelets of

ferrite and cementite, Sbwas constant within each colony and for

all colonies and that pearlite colonies were randomly distributed
in space. The application of equation 2.16 is therefore only

strictly correct for microstructures in which these assumptions are

valid. As pointed out recently by Ridley(Asl few experimenters

would appear to consider these limitations in view of the fact

(69) .

that the method of Pearsall is widely used to measure pearlite

spacing over a range of composition and microstructures.,
With the application of electron microscopy the resolut-
ion limitation of earlier optical techniques disappeared. Probably

the most favoured electron metallographic method of pearlite spac-

(94)

ings measurement is that due to Brown and Ridley for the deter-

mination of thq'minimum,Sﬁin,Or average observed minimum spacing,

§mi . Using the TEM and conventional replica techniques,the

specimen surface is scanned until the finest pearlite colonies are
located. "By applying a line of known length perpendicular to the

finest lamellae, Sminjmay be evaluated., The average of a number

of such measurements gives Smin'

Although the minimum spacing 1s related to the mean truex

spacing the relationship 1s not constant(aa’gz). Work to deter-

mine the connection between the mean true spacing and the minimum

observed spacing has produced variable results. The relationship

-—

between St and S . may depend not only on the method employed to

min
- 29.8
determine S (92) hut also on the carbon content of the steel( ’ 8),

(95,96,97)

the alloy system studied and the transformation condit-

ions(48).
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(92)

Vander Voort and Roosz regard the method of Brown and

Ridley(94) to be dependent on the amount of effort extended in
locating the finest spacing and therefore susceptible to error and
lack of reproducibility. However, these authors made measurements

on continuously cooled specimens where recalescencemay influence

the distribution of spacings in a given sample(69). The fact that

a very good agreement is obtained for S . measurement by different

min
eXPerimﬁnterS(33’46’47’94’98) in isothermally transformed eutectoid

steels (see Section 1.4),clearly indicates a need for a detailed
study of the relationship between different spacing measurements
in both isothermal and 'continuously' cooled specimens.over a range

of compositions.

(33) (86)

Although Puls ‘and Kirk .aldy and others regard the

(94)

method of Brown and Ridley as the most reliable and consistent

approach available for determining pearlite spacing alternative

electron microscopy methods have been suggested. Recently Under-

(99) proposed measuring S ,the mean random spacing, a proceéd-

T
ure reported in 1941 by Gensamer et 31(69). In this case §r 1S

wood

obtained from randomly applied test lines traversing a large number

of lamellar(Flg' 2'5): For an 'idealised' structure Saltykov

(cited 1in Underwood(gg)) has shown that the mean random spacing is

related to the mean true spacing by:

S = 28 - (2.17)
T t

Experimental verification of equation 2.17 has been re-
ported by Gensamer et a1(69)who found the ratio Er/SO in pearlitic

steels to vary between 1.9 and 2.0. Equation 2.17 is,however,

approximate and it should be noted that additional terms are required
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(99)

to obtain §t from S in non-lamellar microstructures . Vander

r
(92) : :
Voort and Roosz measured the mean random spacing using a number

of transmission and scanning electron microscopy techniques. Their

results showed that consistent and accurate values of §r could be

obtained provided measurements were made using unbiased systematic

field selection.

For .clarity, the definition and symbols for the wvarious

spacing measurements are summaried in Table 2.1.

The studies of pearlite growth rates and reaction kinetics

in eutectoid steels by Ridley et 31(48’98), Puls and Kirkaldy(33),

(100) (46,85)

were dis-

Williams and Glover and Marder and Bramfitt

cussed in Section 1l.4. In all cases the pearlite spacing was
measured by the method of Brown and Ridley(94). As a result, within
this group of investigators, excellent agreement is found between
interlamellar §Eacing and transformation data(46). In structure-
property studies on the other hand, although the method of Brown

(94) is again popular it is by no means customary. As

and Ridley
will be seen similar agreement between pearlite spacing and mech-
anical properties has therefore not been reported. The methods

of measurement employed, and in particular the results obtained,

for microstructure-strength studies in pearlitic steels will now \

be discussed.

2.2.3 The Strength of Fully Pearlitic Steels

As mentioned earlier, the classic work of Gensamer et

(69)

al related the yield strength of pearlite to the logarithm of

the mean free ferrite path. Although the authors attempted to

justify this logarithmic correlation in terms of a dislocation

theory their reasoning was critisised in the later study of Hugo
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(83)

and Woodhead . Hugo and Woodhead examined the interdependence
of tensile properties'and'microstructure in three 37 nickel steels,

The authors measured the interlamellar spacing of the pearlitic

(69)

and showed,in accordance with

(39)

the theoretical predictions of Zener , that So'was proportional

steels by the method of Pearsall

to the reciprocal of the degree of undercooling AT. As this
temperature difference can be assessed more accurately than exper-

mental values of So’ AT was used by the authors as the wvariable

to represent S for correlating with tensile test data.

(50)

As Eshelby, Frank and Nabarro had shown theoretically

that the applied stress is inversely proportional to the square

(53)

root of the slip band length, and Hall had identified this

length with the mean grain diameter in mild steel, Hugo and

(83)

‘Woodhead considered the strength properties of pearlite to be

related to the reciprocal square root of the average distance

between cementite lamellae measured in all possible directions.

Consequently, the mean free path of Gensamer et 31(69) was re-

(83)

garded by the authors to be the product of the measured inter-

lamellar spacing and some constant greater than unity. They there-

fore suggested a relationship of the form:
-1 ~
strength = a+ b So (2.18)

where a and b are constantsof undefined value.

:

A linear plot of yield stress against AT® confirmed the

(83)

above expression and thus Hugo and Woodhead ™ ~° clearly provided

one of the first arguments for the application of a modified Hall-

Petéh relationship to the correlation of microstructure with the

strength of pearlite.
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Later studies by Gladman, McIvor, Pickering and

(82,89,90,91,101)

Holmes have assigned numerical values to the con-

stants 1n equation 2.18. Tﬁese authors(go) reported that both the
pearlite colony size and the prior-austenite grain size have no
effect on the yield stress of fully pearlitic steels, this property
being governed entirely by the interlamellar spacing. As reduced
transformation temperatures result in finer pearlite, the authors

concluded that increased strength could be achieved by the use of

fast cooling rates. The increase in strength as a result of lower

1sothermal transformation temperature had already been noted by

(69)

Gensamer et al . By applying a multiple regression analysis to
their data, Gladman, McIvor and Pickering(go) arrived at an

expression for the strength of pearlite of the form:

-2, -3
°ys (#48 Nom °) = 178 + 3.8 S (2.19)

- N

where S, is the "true" interlamellar spacing (in mm) obtained by the

(69)

method of Pearsall » The analogy between the numerical values

(53,54) parameters 0 and k 1s

in equation 2.19 and the Hall-Petch .
(89,90,101)

implicit in the work of Gladman and co-authors It

should be stated, however, that in the study of Hugo and WOodhead(83)

(54)

the constant b in equation 2,18 is not simply the Petch slope_

k but also incorporates a multiplying factor for converting So to

the mean free ferrite distance. It may be noted that such convers-
ions have been neglected in later studies and pearlite spacing

measurements are invariably related directly to flow stress values,

(86)

The studies of Hyzak and Bernstein and of Marder

and Bramfitt(as) also confirmed the effect of low isothermal and

low continuous cooling transformation temperatures on increasing
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the strength of fully pearlitic steels, However the former

(86)

authors reported an additional influence of coarse austenite

grain size on refining the pearlite and so increasing the strength.

(86)

Hyzak and Bernstein produced a regression equation in terms of

the minimum observed pearlite spacing S - the pearlite colony
m

size P,and the prior-austenite grain size LY,i.e.

o) (Nmmfz) = 52.3 - 0....45+P—i - 2,88 Llni + 2,185 . -3 (2.20)
ys Y min

(102)

Similarly Querales and Byrne reported a regression equation,

in this case containing terms forLY and pearlite spacing only.
However, as pointed out recently by Gladman and Pickering(IOI),it

1s difficult to understand why colony size or prior austenite grain

size should have any influence ongo . given that they are on a

y
much coarser scale than the pearlite spacing., In fact Hyzak and
Bernstein(86) did suggest that the effect of austenite grain size

was indirect through its apparent influence on the pearlite spacing.

Thus such multi-variable equations should be viewed with some sus-
picion as they probably result from insufficient isothermal
temperature control or because heat treatment variableswhich in-

fluence the pearlite spacing simultaneously change the pearlite

colony size. \

(85)

In support,Marder and Bramfitt found that prior-

v

austenite grain size had no effect on pearlite spacing,which was

only dependent on the transformation temperature. Plots of inter-

lamellar spacing against yield stress data gave linear relation-

ships for both S .-i and S ._1. However as the correlation of ©
min min ys

with Smigi resulted in a negative friction stress the strength

of pearlite was written as,
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-1

o = g <+ kS . (2.21)
ys o min
. - » . & (85)
Based on similar regression analysis Marder and Bramfitt
obtained values for o of 139 Nmmfz and k of 46.4 Nmmfl.

0

More recent studies have supported the conclusions of the
latter authors, and the occurrence of a negative friction stress

for yield stress versus S ._£ correlations 1s well documented.

mln
(Bouse et a1(84), Servillano(103), Flugge and Hellegloa),
1979 and Sunwoo et 31(105)).

It 1s therefore clear from the literature that pearlite

spacing primarily controls the yield strength of fully pearlitic

steels, the precise nature of the strengthening albeit rather

(53,54)

uncertain. Although Hall-Petch relationships are popular,

negative friction stress values are obviously contradictory.
Tentative suggestions in the literature indicate the alternative
(71)

possibility of an Orowan dispersion strengthening model applying

to fully pearlitic steels, and accordingly further work 1is needed

in this area.

2.2.4 The Strength of Ferrite~Pearlite Steels

Comparatively few studies have considered the problems
associated with precisely relating the microstructure to the yield

1(83)

stress of ferrite-pearlite steels. Hugo and Woodhea expanded

equation 2.18 to take account of the percentage of pro-eutectoid

ferrite , F , where,

Strength = 2 + b So-i + cF (2.22)

and ¢ 1s a constant.
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Although these authors obtained good agreement between micro -
structure and mechanical properties for hypoeutectoid steels,’ they
only considered various values of F in a purely additive manner
and no theoretical argument for equation 2.22 was postulated.

(50)

Gladman, McIvor and Pickering examined the strength

of ferrite-pearlite steels containing 20 to 1007 pearlite. They

expressed the composite yield stress, o, as a modified law of
mixtures,
. n n
l.e, O = F O + - *
- g %o (1 Fa)UP (2.23)

where F is the mass fraction of ferrite,od and o, the vield

stress of ferrite and pearlite respectively and the index 'n' is

a parameter allowing for the non~linear variation of g, with

ol

pearlite content. A multiple regression analysis gave a least

residual error for a value of n = 1/3, and yielded an equation of

the form(gl): o

/

1/3

[53.9+32. 3wt 2Mn+7. 7wt 28i+17.5d_% )
Q a

o, (48 Nom 2) = F

1/3 (2.24)

_ - -1
+(1-F )" [178.6+63.1wt.75i+3.85_*]

where da is the mean linear intercept ferrite grain size and da

and S are in millimetres. .
o

.

This equation 1is useful for determining the effect of
compositional and microstructural variations on O, and 1s consis.
tent with the observation that the yield (proof) stress of ferrite

and pearlite are inversely related to da and So respectively. In

addition it may be noted that equation 2.24 gives rise to equation

2.19 for the case of a fully pearlitic steel (i.e. Fa = 0) when the

solid solution strengthening effect of silicon 1s neglected.



However the use of multiple regression analysis is not entirely
satisfactory from a theoretical standpoint and more rigorous micro-
structural models have been sought.

(106,107)

Karlsson et al have applied finite element methods

to study the deformation of ferrite-pearlite steels with particular
attention being paid to the relative deformation of the individual

constituents. Such progedures, however, require a very detailed

o
knowledge of the microstructure and are therefore too complex for
immediate use. Although the topological approach of Gurland(loa’log)

1s somewhat simpler, it does require an understanding of phase

continuity which is difficult to assess. An alternative approach,

(110)

due to Reuben and Baker » Teturns to a more fundamental state-

ment of strength in two phase materials. This model is particularly
relevant to the present study and is outlined in some detail in

Appendix A.

(110)

The work of Reuben and Baker considered the deform-

ation of two phase materials in terms of the continuity and grain
size of the component materials. Their treatment is based on the

original statement of the flow stress in polycrystals by Ha11(53)

(54) (55)

and Petch and the modifications of Armstrong et al

(52) and Wilson and Chapman(57). Reuben and Baker

, Smith

and Worthington
{
considered a ferrite-pearlite composite to compromise a bimodal

\

distribution of grain size in what is effectively a single phase

(ferrite) material. They arrived at an expression for the yield

stress of the composite,OL of the formcllo),

- DTy -1
O, = O * [g + Ge k -y )]d_ (2.25)
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dc 1s the composite ferrite 'grain size' and is given by:

dc€=(1 B Va) dai * Vy dIi H | (2.26)

drr 1s the average ferrite width in the pearlite and ks is the
Hall-Petch slope for a plot of the proof stress of pearlite against

-1 : e e
dII . As before 00, ka’ Vd and da are respectively the friction

stress, Hall-Petch slope, volume fraction and grain size for pure
ferrite. A full account of the derivation of equations 2,25 and
2.26 can be found in Appendix A. The end points of equation 2,25,

at Vd = 1 and Vd = 0,are obviously of similar form to the end points

of the general regression equation of Gladman et 31(90’91) (equat-

ion 2.24), although the former has been obtalined from a more
theoretical basis. It may be noted that equation 2.25 predicts that
the Hall-Petch slope for a ferrite-pearlite steel will increase as

V_ increases., This prediction will be tested in the present study

g,

using microstructural and wmechanical property data.
2.2.5 The Flow Stress of Pearlite

Although there are abundant reports in the literature on
the subject of deformation and fracture of pearlitic steels,very
few studies have considered the relationship between microstructure

and flow stress. Those studies which have, have dealt specifically with

fully pearlitic steels.

As in the case of spheroidised carbon steels, electron

microscopy studies of pearlite subjected to large deformations have
. . . . g o e, o . (81,105,
revealed dislocation sub-grains within the pearlitic ferrite

111’112). The work of Embury and Fisher(al) has shown that the

flow stress of deformed pearlite is governed by these sub-grains,

the size of which 1s determined by the imposed strain and the
j
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resultant interlamellar spacing. The flow stress was found by the
authors(sl) to be dependent on the_sub-grain size through a modi-

. (53,54) . . .
fied Hall-Petch relationship where the Petch slope 1increased

(112)

with strain, Takahashi and Nagumo made a similar study of

fully pearlitic steels subjected to smaller strains of up to 7Z%.
The flow stress was shown by these authors to be linearly dependent
on the inverse square root of the pearlite spacing, a result
supported by the unpublished work of Slater and Pickering (cited in
reference 101). -

The present study will now attempt to expand on previous

results by examining the role of pearlite spacing and ferrite vol-

ume fraction on the flow stress of pearlitic steels,
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CHAPTER- 3

EXPERIMENTAL PROCEDURE

3.1 MATERIAL AND ANALYSIS

The materials used in the present investigation were

provided in two forums:

(a) rail section, and
(b) hot-rolled bar.

The rail section was supplied by British Steel Corporation,
Teesside Laboratories, following rolling on the Workington Mill
and the hot rolled bar was air-melted by B.S.C. Hoyle Street,

Sheffield.

The chemical analysis of the rail steel fell within the
specification for UIC 860-0 Wear Resisting Quality 'A', and this

composition together with the bar compositions are given in

Table 3.1

3.2 HEAT TREATMENT .
As already mentioned in the introduction one of the main
objectives of this study is the investigation of the microstructure-
mechanical propertyrelationships in medium to high-carbon steels,
with particular reference to rail steels. Because conventional
rails are continuously (air) cooled from the last mill pass, it

was decided in the present study to limit the heat treatment var-

iations to changes in re-~austenitising temperature and cooling rate.
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This said however, a heat treatment program was designed with the

aim of producing a wide range of microstructures for each of the com-

positions listed in Table 3.1.

Specimen tensile blanks of 15 and 20mm diameter and 60mm
in length were machined from the centre of the rail head or bar
material, Each specimen was taken with the long axis parallel to
the rolling direction. To obtain an accurate thermal history for
a given heat treatment 2mm diameter Chromel-Alumel and Pt-Pt 13ZRh
mineral insulated thermocouple probes were embedded in one end of
each specimen. The thermocouples were manufactured by BICC Pyrotenax
Limited with a tested accuracy *3/47 above 400°C. A 2mm diameter

hole was drilled axially from one end to a depth of 20mm and the

thermocouple inserted and secured using furnace cement paste and
Nichrome wire wound around the specimen, . The thermocouple was
connected to a chart recorder, the accuracy of which was checked

periodically using a millivolt source.

In all heat-treatments large electrically heated muffle
furnaces were used for re-austenitising treatments. The size of
the hot zone was determined and found to greatly exceed that .
required for specimen blanks., Although no controlled atmosphere
was used, decarburisation was more than compensated for in tensile

blanks and was not considered a problem, even at 1200°C.
Specimens Were austenitised at 900, 1000 and 1200°¢C for

20 minutes at temperature, and three methods were employed to
obtain a range of cooling rates from the furnace.

3.2.1 Vermiculite Cooling (=0.5°C S-l)*

The slowest cooling rates were obtained using the larger

diameter specimens. After austenitising, speclmens were removed
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from the furnace and embedded in a container packed with vermiculite.

This heat treatment was performed to simulate the typical cooling

rate 1in rail steel production(113’114).

3.2.2 Air Cooling (=3°¢ S—I)*

One specimen from each austenitising temperature was removed

from the furnace and allowed to cool to room temperature in still
air.

3.2.3 Accelerated Cooling

1%

. : o, - . .
Cooling rates in excess of =3 C S =~ were obtained using

the smaller tensile blanks and a c;oling chamber constructed for
this pﬁrpose at B.S.C. Laboratories. The rig comprised a metal
cylinder with a central hollow and tuyeres arranged as shown in

Fig. 3.1. Pipes were connected to a compressed air cylinder via a
central junction and the chamber was raised on supporting blocks at
the base to ensure -.uniform gas circulation., After austenitising at
the required temperature, the  air was turned on to a pre-determined
pressure, allowed to stabilise and the specimen suspended in the
centre of the chamber (Fig. 3.1) using a retort clamp attached to the
thermocouple. By the use of an appropriate chart speed, the cooling

rate at various gas pressures and the transformation data were

recorded.

3.2.3.1 Interrupted Cooling

. . . o
In addition, one specimen austenitised at 900 C and 120000
was cooled rapiély in the chamber until the start of the austenite

to pearlite transformation, as indicated on the chart recorder,

when it was quickly removed and allowed to transform in the still air.

This treatment is referred to as "Interrupted Cooling'.

(* pre-transformation cooling rate).
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3.2.4 Heat Treatment to Determine the Prior-Austenite
Grain Size ''Thermal Etching"
. . (115)
Following the approach of Park and Bernstein and
similar to that described by Halliday(1162 a separate heat treatment

was employed to obtain the prior-austenite grain size in fully
pearlitic steels. Small specimens of 0.74 and 0.82 wt.ZC steels
were polished by conventional metallographic methods and sealed in
an evacuated quartz capsule. Specimens were then austenitised at
900, 1000 and 1200°C for 15 to 20 minutes followed by furnace cool-

ing to room temperature. The prior~austenite grain boundaries were

then clearly visible on the polished surface under the optical

microscope.
3.3 MECHANICAL TESTING

3.3.1 Hardness Testing

Although this section is detailed prior to Section 3.4
hardness testing was normally carried out after final metallographic
examination. - This ensured that hardness tests were conducted on
material of which an accurate heat-treatment and metallographic
record had been taken.‘ Using a Vickers testing machine and a 30 kg

load, hardness was measured from ten suitably spaced indentations

traversing the specimen surface. The mean and standard deviation )

were recorded for each specimen. \Care was taken to check the }

accuracy of readings on a standaré test plate prior to testing and (

to avoid decarburised edges during testing. The latter considerat- 1\
b

ion was aided considerably by the fact that most specimens were in .)

the polished and etched condition.



3.3.2 Tensile Testing
Standard Hounsfield No.12 specimens (approx. gauge length
16mm) were machined from the centre of heat-treated blanks. The
average diameter of each specimen was measured to the nearest 0.0lmm

using a micrometer gauge. Specimens were then tested to failure on an

Instron machine at a constant cross-head speed of 0.05cm min ~. Load-
displacement graphs were measured to obtain the percentage elongation,
the stress corresponding to 0.2 (0.27 proof stress), 2 and 5% plastic
strain. As these stresses correspond to deformation at or before the
UTS the engineering strain was assumed to be approx. equal to the true
strain. In only three cases was a slight yield point detected and this

was recorded. “Finally, the reduction in cross sectional area was

gauges from broken test pieces using a standard tensometer instrument.
To avoid non uniform cooling along the length of the specimen, a size
restriction (i.e. 60mm long) was placed on tensile blanks for cooling
chamber experiments. As a result, only one tensile test could be con-

ducted on specimens which had undergone forced air cooling. In all

other cases the average of two tests was taken.

3.4 METALLOGRAPHIC EXAMINATION

To ensure microstructural measurements were conducted on
specimens for which an accurate temperature record existed, metall-—

ographic specimens were cut from one end of the bar to a depth of
approximately 25mm (i.e. close to the prior position of the end of
the thermocouple probe). Specimens were polished and then etched

in 27 Nital, and a number of metallographic parameters were measured,
depending on composition and heat treatment. Although random field

selection was ensured for most metallographic measurements, some
care was taken to conduct measurements within a close proximity of

the specimen centre where tensile test specimens would be taken.
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This avoided the complication of any effect on metallographic para-

meters of more rapid surface cooling rates, particularly in forced

air cooled specimens.
3.4.1 Optical Metallography
The following parameters were measured using optical

microscopy.

3.4.1.1 Ferrite Volume Fraction (Va)

The volume fraction of pro-eutectoid ferrite was obtained by
systematic two dimensional point counting on a Zeiss Ultraphot II
projection microscope using a rectangular grid. 20 fields were

taken for each specimen amounting to approximately 2000 counts.
Care was taken to select an appropriate magnification to ensure that

no two points fell within the same phase area. The relative error

in point counting is then given by(117),

SlDI -~ _]_-__ (1‘“'_ V ) 4 (3 1)
V P o . '
Q Qa

where S.D. is the standard deviation of the determination, Va 1S

the volume fraction of the phase being counted (ferrite) and Pa 18

the total number of intersections on the grid falling in the phase
of interest. In most cases this gave*' a relative error of =i57.
However,in near fully pearlitic microstructures, where fewer counts

are taken per field of view the relative error is =*10Z.

3.4.1.2 Grain Size Measurements

Prior-austenite grain size (iY): In specimens of hypo-
eutectoid composition , the grain boundary network of pro-eutectoid
ferrite allowed the relatively simple determination of the prior-

austenite grain size by a linear intercept technique. 1In fully'
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¥

pearlitic microstructures, measurements were made on thermally-etched

specimens and compared with values obtained from decarburised edges.

In all cases a minimum of 500 grains were counted per specimen.

The 957 confidence limits 1n grain size determination is then

given By(117),

957 Confidence limits = * l‘f‘l (3.2)
n

where n, 1s the number of grains counted. Values were therefore
accurate to *67Z.

Ferrite grain size (da): In some specimens having a
large volume fraction of ferrite, pro—-eutectoid ferrite was not

confined to the prior—austenite grain boundaries and the ferrite

erain size, da,was obtained from(117),
LV
O
d, = w— | (3.3)
oL -~

where Va is the volume fraction of ferrite and Na 1s the number of

ferrite grains in a total traverse line of length L. If the error 1in

evaluating d, is assumed to be the sum: of the error in measuring
V_ and that arising from the number of intercepts counted, then the

a
957 confidence 1limit i1n the determination of da is =*16%Z.

3.4.2 Scanning Electron Microscopy

A -Philips PSEM 500 scanning electron microscope was used
to measure the pearlite interlamellar spacing from polished and

etched specimens. The minimum observed, § , , average mlnlmum
min

interlamellar spacing gﬁin and the mean random intercementite spac-

ing S .were measured within the pearlite.
Y r?

S in values were obtained by a method similar to that used
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by Brown and Ridleycga) whereby a thorough examination of the speci-
men was made to locate pearlite colonies of minimum lamellae spac-
ing . Using the adjustable horizontal line generated on the SEM
screen together with the scannéd image rotation and tilt. correction
features, such areas could be traversed perpendicular to the lamellae
by a test line of known length. This was performed at a suiltable
*magnificatién to give complete resolution. The number éf cementite

lamellae intercepts was counted along the test line and the maximum

number of lamellae counted from 20 separate fields was used to cal-

culate S . from,
min

- L1
S = x £ (3.4)

min

where n 1s the total number of cementite lamellae counted and M 1is

the magnification. The average of the 20 . Smin determinations gave

the value of §ﬁin' Care was taken in hypo-eutectoid steels to

w —r

avoid areas near the pro-eutectoid ferrite,where carbon concentrat-

. . . . 94
lon gradlents can influence spac1ng*measurements( ).

The mean intercementite spacing,sr,waS*measured in the

pearlite by a random linear intercept technique. Forty randomly

selected fields were measured at magnifications between X1250

and X20,000 resulting on average in approximately 1200 inter- N

In contrast to the § . measurements, no select-

c ecime
epts per specimen, nin

ion of fields was made and cementite lamellae were traversed at

randomly occurring angles. In addition, no attempt was made to avoid

regions on non-lamellar pearlite of areas close to pro-eutectoid
ferrite. To assess the accuracy of pearlite spacing measurements it
was assumed that the errorsinvolved were similar to those incurred

in grain size determination. The statistical significance of
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measured values was then obtained from the number of intercepts

using equation 3.2, The values of S . , S . and S are therefore
4 min’ min T

: expre.ssed with 957 confidence limits of =%207, *57 and *4Z% respect-

1lvely.,
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CHAPTER 4

RESULTS

Heat treatment and transformation data together with
corresponding microstructural measurements and mechanical test

results are recorded in Tables 4.1 to 4.8. These tables can be

found at the end of Chapter 5.

4.1 COOLING CURVES AND TRANSFORMATION DATA

As expected, cooling curves were characterised by re-
calescence and temperature increases during transformation of up

0 | : . .

to 40 C were recorded. Concsequently the cooling rates given in

Tables 4.1, 4.3, 4.5 and 4.7 are those for the temperature range
85000 to 67OOCsprior to transformation.
| (69) .
Gensamer et al have shown that during recalescence

the austenite progressively transforms to pearlite, It is clear,

therefore, that under more ''continuous" cooling conditions the

transformation temperature is variable. As it 1s then inappropriate

to assign a single transformation temperature to reactions shdwing

recalescence both the minimum (T . ) and maximum (T - ) trans=-
min max

formation temperatures were recorded (see Fig. 4.1).  These tenper-

atures are given in Tables 4.1, 4.3, 4.5 and 4.7.



TEMPERATURE (T)
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| l . :
start finsh
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Fig 4.1 Schematic diagram of a typical cooling curve

in a high-carbon pearlitic steel showing recalescence.
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The occurrence of recalescence also permits the transform-

ation time to be measured,as shown in Fig. 4.1. By assuming that
the cooling curve is linear before and after recalescence tangents
can be drawn as indicated, and the time taken for the transformation
to go to completion measured. These times for all heat treated

specimens are given in Tables 4.1, 4.3, 4.5 and 4.7.
In all cases, except possibly specimens cooled slowly
o.~1

at 0.5°C ",high austenitising temperatures resulted in lower trans-

formation temperatures for a given cooling rate, with samples cooled

from 1200°C transforming (both T ., and T ) approximately 15 to
min max

20°C lower than those cooled from.900°C. Such an effect 1s to be

expected due to the influence of prior-austenite grain size on the

nucleation of pearlite.

In general, faster chamber cooling rates resulted in

lower transformation temperatures and shorter transformation times

- s

as would be expected. In specimens which had been cooled rapidly
until the start of transformation and then removed from the cooling
chamber (interrupted cooling) the transformation times were 5 sec-
onds longer than those for equivalent rates of continuous chamber

cooling. ( c.f.specimens4A9 - 4A13, 5A1 - 5A6 and R8 -~ R13).

\
4,2 MICROSTRUCTURE
4.2.1 General Observations
The typical ferrite-pearlite and fully pearlitic micro-
- structures of air cooled specimens of 0.42, 0.59 and 0.82 wt.ZC
steels are shown in the optical micrographs in Fig. 4.2 to 4.4.
In agreement with a number of similar studies(82’84’90), the volume

fraction of pearlite increased with increasing carbon content for a
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Fig 4 Fig 4.3 Optical micrograph of
a 0,42wt%C steel air cooled a 0.50wt%ZC steel air cooled

from 1200°C.(Specimen 4A11) ¢rom 1200°C.(Specimen 5A11)

N B - "
Fig 4.4 Optical micrograph of
a 0.82wt7C steel air cooled of a thermally etched specimen
from 1200qC. (Specimen 5Bi1) (Specimen R7, Austenitised IOOOQC)




Fig 4.6 SEM micrograph of non-lamellar

pearlite in a vermiculite cooled specimen

of 0.,59wt9C steel. (Specimen 5A5 )

Fig 4.7 Two-stage replica of non-lamellar

pearlite in a rapidly cooled specimen of

0.74wt9C steel, (Specimen R2)
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given cooling rate. In addition fast cooling rates in the hypo-
eutectold compositions,0.42 and 0.59 wt.ZC, resulted in lower trans-
formation temperatures and higher volume fractions of pearlite. The
occurrence of dilute pearlite in rapidly cooled hypo-eutectoid alloys
1s well documénted(BZ’BA’go).

Increasing the austenitising temperdtures as expected re-

sulted in an increase in the prior-autenite grain size, this feature

being independent of cooling rate. As mentioned earlier, the prior-
austenite grain size 1in fully pearlitic microstructures was obtained
from thermally etched specimens. A typical example of the micro-
structure resulting from this heat treatment i1s shown in Fig. 4.5.
The general trends in microstructure as a result of varying the aus-
tenitising temperature and cooling rate can be obtained from Tables
4,1, 4,3, 4.5 and 4.7.

As the pearlite colony size has little bearing on the
strength of pearlitic steels, this microstructural feature is not

recorded, However, the variation of colony size with austenitising

temperature and cooling rate is discussed in Part 2.

4,2,2 Pearlite Morphology and Interlamellar Spacings

The pearlite morphology was in general lamellar, although

non-lamellar regions were identified in both slow and rapidly cooled
samples of all compositions. In addition,the occurrence of such
areas varied with the carbon content of the steel, with the lowest

carbon level (0.42 wt.ZC) steel least likely to exhibit a fully

lamellar microstructure.
Very slow cooling rates (i.e. in vermiculite 0.500_1)
resulted in areas of non-lamellar pearlite which closely resembled

an annealed or spheroidised microstructure. A typical example in
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a hypo-euntectoid steelis given in Fig. 4.6. Rapidly cooled speci-
mens, on the other hand, produced carbide dispersions similar in

appearance but considerably finer than non-lamellar regions in slow

cooled specimens (Fig. 4.7).

Mean random pearlite spacing measurements varied between
approximately 170 and 800nm, depending on composition and cooling
rate (Tables 4.1, 4.3, 4.5 and 4.7). In generél a decrease in the
carbon content of the steel gave coarser pearlite for a given cool-
ing rate, particularly at low transformation temperatures. This is

in agreement with the isothermal transformation studies of Cheetham
and Ridley(3o). In accordance with many published studies on pear-
litic steels,a faster continuous cooling rate resulted in finer
pearlite, as shown in Fig. 4.8 for the case of 0.59 and 0.82 wt.ZC
steels. This effect appears to be independent of prior-austenite
grain size. Not included in Fig. 4.8 are the results for specimens

which had undergone "interruptéd cooling'. The measured pearlite

spacings for these specimens were in most cases characteristic of

slower rates of continuous cooling.

4.3 MICROSTRUCTURE, HARDNESS AND STRENGTH

As would be expected, increased carbon content resulted

in higher hardness and strength levels for a given cooling rate.

Within each composition increasing the continuous cooling rates

1 1

O - ] L & ]
to 18 C s resulted 1n a non-linear increase 1n

from 0.5°C s
hardness and strength (Tables 4.2, 4.4, 4.6 and 4.8). The effect

of cooling rate on the 0.27 proof stress is shown in Fig. 4.9. As

anticipated from the pearlite spacing results, the strength (and




985 3 31V¥ 9NIT003
0c g1 gl A ¢l Ol 8 g 14 ¢ 0

dur1009 pajdnaaaju]

%

=
AV,
AN
U
AJ
-
)
11
S
003
M
U
0oL )
=
1331S J%28 "0
T M _ 1331S JZvL0+-008 =
13315 2765 0O N

1334S Jict "ol

Fig 4.9 The 0,2% proof stress as a function of the cooling

rate prior to transformation,(All data)




400

100

\ S
__H_""' O\l
V.. ¢
-+ <>
& =
< ]
[-]
D (-
] =
-+ -
T
-
e
; ]
NG g
T O o~
a1
i L
W N N §
S8 S :
~3- U o0
o0 o
0 + S
= S =h
m o\d -—

SSANOEYH SHAMIIA

Fig 4,10 Vickers hardness as a function of the mean random

pearlite interlamellar spacing,

(nm)

S

PEARLITE SPACING

r



1 J_1_1

Lejtastadtel [-]

TTINTIRY]ET,

—— — —

DLW WL

BIBIRIE [-]

T E ® 2

O\ O <t (\J

i LN ™~ OO

OO O
O - o O O -
- o - - - -
O ~ O T < 'SP

_wuN SSIHIS 400¥d %2 0

200

Fig 4,11 The 0,2% proof stress as a function of the mean

random pearlite interlamellar spacing.,

700 600 SO0 400 300 200 100
PEARLITE SPACING

800

800

S, (nm)



_56..

hardness) levels of specimens which had been cooled in the

interrupted manner were similar to those cooled continuously at

slower rates.

It is clear from Fig. 4.9 that a more substantial in-

crease 1in strength of each steel occurred in the cooling rate range

o. =1 . . . . .
*0,5 to4 C s prior to transformation. This 1s consistent with

the results given in Fig, 4.8 for the effect of cooling rate on

As S decreases non-linearly.with increased

pearlite spacing. -

cooling rate,and pearlite spacing primarily governs both the hard-
ness and strength,it is not surprising that a linear relationship
1s obtained for a plot of §r against both these properties (Fig.

4,10 and 4.11). However, the fact that the results for each com-

position fall on separate lines. demonstrates that Sr does not fully
describe the microstructure-strength relationship over the range of

compositions. It 1s anticipated that other features such as the

e

carbide thickness and particularly the amount of pro=eutectoid
ferrite should be taken into account when correlating microstructure .
with the strength and hardness of pearlitic steels. Such con-

siderations form: the main body of the discussion which now follows.
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CHAPTER 5

INTERPRETATION AND DISCUSSION OF RESULTS

5.1 PEARLITE MORPHOLOGY

The occurrence of non-lamellar pearlite in hypo-eutectoid

and eutectold steels 1s discussed in Chapter 1, Section 1.3,
The observation in the present study of an increase in the degener-
acy of the pearlite as the carbon content of the steel decreased

1s 1n good agreement with the work of Cheetham and Ridley(Bo)

and others(24). As discussed in Section 1.3 Cheetham and Ridle

§30)
argue that the formation of dilute pearlite in hypo-eutectoid steel
will result in a lower volume fraction of cementite than in a

eutectoid alloy. This may then give rise to a transitiﬁon from
lamellar to aligned discontinuous or "rod like" cementite,as observed
in specimens in the present study, This form of pearlite 1is, however,
distinct from non-lamellar pearlite formed in specimens cooled
slowly in vermiculite (see Fig. 4.6).

The pearlite morphology of these specimens is undoubtedly
the result of the prolonged reaction time (up to 5 minutes) and

the slow cooling after the transformation has reached completion,

This will render the lamellar morphology unstable and result in
cementite spheroidisation. The driving force for this post re-
action morphology change is thought to be the decrease in inter-

face boundary area giving a decrease in interface boundary energy.

As Chadwick(l) has pointed out, even though an orientation
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relationship exists between the eutectoid phases,and despite the

fact that the interfacial boundary_energy is possibly of the order

2

of only 0.1 Jm , this 1s sufficient to render the primary eutectoid

microstructure unstable.

Such an explanation 1s clearly acceptable given that some
of the lamellae in vermiculite cooled specimens were observed to

be only partially spheroidised, resulting in parallel rows of
spheroidal carbides. This type of microstructure is then dis-
similar*to that previously described for dilute hypo-eutectoid

steels in that the former is a result of the pearlite growth and

the latter due to a post-transformation morphology change.

The non-lamellar pearlite formed in the rapidly cooled
high carbon (0.74 and 0.82 wt.7C) steels (e.g. Fig. 4.7) was,
in some cases, similar to the transitional pearlite discussed by

Smith and Fletcher(ZG) and others(27)_ This decomposition product

may be due to insufficient diffusion of carbon to maintain con-

. . . 14,15.,.16 .
tinuous tEtementite formatlon( »15,16) at the low transformation

temperatures and high transformation velocities. Alternatively,
: 2) . .. :
as H111ert( ) points out, transitional pearlite may be the result
of a 1imited degree of coherency being established at the austenite-

pearlite interface thus preventing satisfactory cooperative growth,

of ferrite and cementite.

The observations of the present study therefore suggest

that a fully lamellar microstructure forms only within a limited

i

range of cooling rates and transformation temperatures,and 1s

dependent on the carbon content of the steel. Large amounts of
non-lamellar pearlite form preferentially in low carbon hypo-

eutectold steels, High carbon near eutectoild or eutectoid steels
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. on the other hand give predominantly lamellar pearlite,although
both very slow and rapid cooling rates can lead to degenerate
microstructures.

Rough estimates of the proportion of non-lamellar regions
in the microstructure of each specimen gave values between 07 and
20%Z. An attempt was made to categorise the decomposition products
formed in each specimen in terms of the amount of lamellar pearlite,
spheroidised pearlite, transitional pearlite and upper bainite.
However, comparison with the many published micrographs of non-
lamellar pearlite and upper bainite made unambiguous identificat-
ion of each of the forementioned two phase ferrite-—cementite
mixtures difficult. From an examination of transformation data in
relation to CCT and TTT diagrams it would seem unlikely that
substantial amounts,if any,of upper bainite would be found in some
of the microstructures investigated. Nevertheless, strengthen-

(90) (78) _ . p.:oc . (81,118,119,120)

ing in pearlite , spheroidite
are similarly considered in terms of their carbide spacing. The

microstructure-strength analysis considered in Section 5.3 should,
therefore, be relatively unaffected by the fraction of non-lamellar

structure,provided due care is taken in the method of quantifying

each microstructure. .
5.2 THE RELATIONSHIP BETWEEN THE PEARLITE SPACING

AND THE TRANSFORMATION TEMPERATURE
The role of transformation temperature in determining
the pearlite interlamellar spacing is well established(sg).

Reducing the transformation temperature, by either accelerated

continuous cooling or lowering the isothermal bath temperature,



results in a refinement of the interlamellar spacing. According

to the work of Marder and Bramfitt§46) and the theoretical predict-
(39)

ions of Zener this effect should be independent of prior--

austenite grain size or transformation mode and® should instead be

solely dependent on the degree of undercooling.

- The effect of continuous cooling-rate on the pearlite
spacing was highlighted earlier (see Fig. 4.8). The fact that
increasing the cooling rate resulted in finer pearlite,irrespect-
ive of the austenitising temperature, 1s surprising given the fact
that specimens of a large prior-austenite grain size transform

to pearlite at lower temperatures (=15 to ZOOC) and should there-
fore give finer pearlite. This effect is made clear in Fig. 5.1.
A comparison of the mean random spacing with the average trans-

formation temperature, taken to be the mid point between Tmin and

Tmax’is shown in Fig. 5.1 for the 0.74 and 0.82 wt.ZC steels.

Although the general form of the relationship is in agreement with
the work of Marder and Bramfitt(as) the apparent effect of prior-

austenite grain size is clearly inconsistent with the results of these

authors and the theory of Zener(39). If the §£va1ues of the

0.82 wt.ZC steel were converted to Smin values using the approxi-

- - - (92)

mate relationships S =2 S and S = 1,65 S . , and then \
r t t min

plotted against the degree of undercooling on Fig. 1.7 all points'
would appeaf to fall within the scatter band of Marder and

Bramfitt(Aﬁ). This is not surprising however, given that this

scatter band may contain data with the same undercooling but Sﬁin

values which differ by as much as 100%.
Specimens which had’ﬁndergone interrupted cooling did

not always have pearlite spacings which were characteristic of their
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transformation temperatures, For example, although specimens 4A5
and 4A6 have essentially.the same mean transformation temperatures,

§¥‘va1ues are respectively 751nm and 308nm. Similar differences

occurred between specimens 5A5-5A6 and R3-R6. However, when the

time taken for the transformation to go to completion is examined,
it-is clear that this variable is important in determining the
pearlite spacing. Specimen 4AS transformed to ferrite and pearlite
over a time interval of approximately two minutes whereas in
specimen 4A6 the transformation was complete over the same temper-
ature range 1in afound 17 seconds. In fact when the mean random
spacing values are compared with transformation times a satisfact-
ory agreement 1is obtained for all data,irrespective of the prior-
austenite grain size or the cooling mode (interrupted or contin-
uously cooled samples). This torrelation’between transformation
time and pearlite interlamellar spacing is illustrated in Fig.5.2

i

for the case of the 0.74 and 0.82 wt.ZC steels.

Thus it seems that the mean random pearlite spacing is
determined by the time available for the transformation to go to
completion, i.e. the transformation velocity. ' In continuous cool-
ing this velocity is governed primarily by the transformation
temperature but does not always appear to correspond to it. The

s
present study suggests that, although the transformation temper-
ature 1n specimens of large grain size austenite are lower for a
given continuous cooling rate, the cooling rate (particularly for

chamber cooled specimens) rather than the transformation temper-

ature determines the velocity of the reaction which controls the
pearlite spacing. In the specimens which have been cooled rapidly

to low transformation start temperatures and then allowed to cool
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in still air, the pearlite spacing values were characteristic more
of the transformation times than of the temperatures.

Both these observations suggest that the growth rate
determines the time available for the diffusion of carbon which in
turn dictates the pearlite interlamellar spacing. A decrease in
the growth rate as a result of slower continuous coollng rates
increases the time available for diffusion. This enables carbon
to diffuse over greater distances thus promoting a coarser inter-
lamellar spacing. This conclusion 1s obviously cohtrary to the

theory of Zener(39) which states that interlamellar spacing con-

trols the growth rate. More work is therefore needed on contin-

uously cooled pearlitic steels to verify these conclusions. Never-

theless, the main body of the present study is concerned with the
relationship between microstructure, hardness and strength. As
both these*mec@gnical properties correlate well with measured
values of péarlite spacing within a given composition (see Figs.
4,10 and 4.11),considerable confidence can be placed in the accur-
acy of mean random spacing measurements. The remainder of this
discussion will now consider in some detail the role of micro-
structure in determining the hardness and flow stress of pearlitic
steels. A number of microstructural features are defined and used,
throughout the next section. To aid the reader a general summary

of symbols and definitions can be found at the beginning of the

thesis.

De3 " THE RELATIONSHIP BETWEEN THE MICROSTRUCTURE
HARDNESS AND STRENGTH

At this point it 1is useful to compare microstructure-
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strength relationships gathered from the literature. Fig. 5.3

shows a number of minimum interlamellar spacing versus 0.27 proof

stress plots for the case of eutectoid 0.82 wt.ZC steels. As

(90,91)

discussed in Section 2.2.4 Gladman et al suggested relation-

ships between the yield (proof) stress of ferrite,cd.and pearlite,

OPrwith composition and microstructural variables to be the.form(glz
-2 : -3

Od (Ntm ) = 53.9 + 32,3 wt.ZMn + 7.7 wt.ZS1 + 17.5 da (5.1)
-2 : -4

O, (Nmm ~) = 178.6 + 63.1 wt.ZSi + 3.8 S, (5.2)

where S0 is the true’ interlamellar spacing and da- is the mean

ferrite grain diameter.

It might be noted that equations 5.1 and 5.2 are the end points
of a more general regression equation at 07 pearlite and 1007

pearlite respectively. If as is implicitly assumed in previous

(84,86,103,104)

, pearlite is to be considered as a very fine

studies
grained ferritic material, then the microstructure-strength relat-
ionship should be compatable with the behaviour of pure ferrite,

For this purpose, using the manganese and silicon contents present

in the steels examined in this study, the line for ferrite volume

fraction Va = 1,calculated from equation 5.1,and Gladman et

a1,3(90,91) 1007 pearlite line vV, = O,calculated from equation

5.2, are included in Fig. 5.3.
Although there is general agreement on strength-structure

behaviour in the normal range of interlamellar spacings in all but
(90,91) .

one case, that of Gladman et al , the long extrapolation to

S-i = 0 leads to a negative value for the friction stress with

consequent theoretical difficulties, This observation is seen to
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be true even when correction 1s made for differences in solid
solution elements between studies.-

It is worth noting that the pearlite spacing values of

(90,91)

Gladman et al were not determined by the method of Brown

94)

and Ridley( as were references 84, 86, 103 and 104, but were

instead measured by the procedure of Pearsall(69). The fact that

these authors obtained a positive friction stress may be due in
part to this, but can also be attributed to the fact that equations
5.1 and 5.2 are derived from a more general regression equation

that covers the entire range of volume fractions of pearlite (see

Section 2.2.4).
- Figure 5.3 clearly illustrates the general inadequacy of

conventional spacing measurements in describing the microstructure-

(53,54)

strength relationship in terms of a Hall-Petch _analysis,

even for the relatively simple case of a fully pearlitic micro-

structure. As negative friction stress values are inconsistent

(84,85,103)

with definition,many experimentérs have postulated a '

proof stress dependence on 5-1. Such relationships are seldom

explained from any theoretical background although an Orowan(71)

dispersion strengthening model may be inferred. A plot of proof

stress as a function of S-1 results 1n a positive friction stress \
together with a good statistical fit for the experimental data(ss).
Apart from the work of Gladman et a1(90,91), the only

other reports found to give positive friction stresses from Hall-

(112)

Petch plots were those of Takahashi and Nagumo and Lang-

ford(121). The common feature of their work i1s that both studies

measured the mean intercementite spacing and this link may give

an important clue to 'the reason behind the many negative friction
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stress values obtained from proof stress minimum spacing correl-

ations.

-

If the ferrite grain size in mild steel 1s assumed to
be measured by a mean linear intercept, it is then of some import-
ance to carefully consider the method of quantifying the micro-
structures of the present study to obtain the corresponding
ferrite 'grain size' in pearlite. When dealing with non-equiaxed

‘grains’ as in the case of lamellar microstructures an uncertainty may

arise as to whether the ferrite width perpendicular to the cemen-
tite lamellae or the average width should be measured. What is

obviously required is the mean slip distance in the ferrite. This

point was appreciated by Gensamer et 31(69), Hugo and'Wbodhead(BB)

and later by Embury and Fisher(SI).

(69)

Gensamer regarded the mean free path as the average

slip distance in ferrite and showed this to be approximately twice

- (81)

the pearlite spacing. However, as Embury and Fisher have

pointed out, this assumes that no orientation relationships exist

between cementite and ferrite, and slip in the ferrite of some
¥

colonies could then theoretically occur parallel to the carbide
lamellae. However, as discussed in Section 1.2,this 1s not the

case and a fixed orientation relationship does exist. In the \

(17)

Pitsch -relationship, the plane of the lamellar particle is

parallel to (00l) cementite planes and approximately parallel to

(521) ferrite planes so that the ferrite slip planes make angles

(81)

from about 20 to 70° to the lamellae . Thus the assumption

(69)

made by Gensamer et al that the mean free distance (or mean

random spacing §¥) is twice the mean true spacing (Et) is quite

reasonable. In fact, as the multiplicity of slip systems 1n the
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bce structure should effectively randomise orientation

(101)

effects , the mean free distance measurement will be a good

approximation of the ferrite slip distance in pearlite.
s (81) - . .
Although Embury and Fisher employed” a multiplicat-
ion factor of 2 to convert spacing measurements to mean slip dis-
tances this 1s only strictly correct when the measurement of
pearlite spacing is the mean true spacing gt' It therefore does

not apply to measurements of S . , S . , Some measurements of S

min’ min o

and non-lamellar microstructures.
A preliminary investigation was conducted to examine

the relationship between §r’ §t and Smin for the relatively simple

case of air cooled specimens of 0.42, 0.59 amd 0.82 wt.ZC steels

(prepared for Part 2,Section 8.1.1). Conversion of gt to the mean

true spacing using the relationship §? = 2 §t allows a direct com-

parison between S and §t as well as §r (Table 5.1 opposite),

min

Although some agreement was reached between these parameters,
within a given composition, the overall relationship is poor.
Whether this is due to the effect of recalescence producing a large
variation in true spacing, or to the fact that §¥‘measuremﬁnt5'may

incorporate non-lamellar regions, 1s not clear. In isothermally
transformed specimens the variation in spacings might be expected

to be somewhat less than in continuously cooled materials and there-

fore a closer relationship between Et and S . may be fa:mnd..t

min

However as data in this area have apparently not been published a

thorough investigation is obviously warranted.
Measurements of pearlite spacings by the method of Brown

and Ridley(94) are clearly of considerable use in reaction kinetic

S
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studies, on isothermally transformed high purity eutectoid alloys,

where some measure of the true distance between cementite lamellae
i1s required. However, when relating mechanical properties to the
microstructure of commercial alloys and rail steels, particularly
those 'continuously cooled', minimum spacing measurements are
inappropriate, What 1s required is a measure of the mean random
intercementite spacing. This is probably not obtainable from

measurements of Smin which, by definition, are selective and there-

fore avoid non-lamellar regions when present. Such non-lamellar

regions may markedly influence the value obtained for Ef.

Given these limitations, it would appear that the only

truly accurate method of determining the average slip distance in

ferrite is to measure the mean random cementite spacing as in the

(112) (121)

work of Gensamer et 31(69), Takahéshi and Nagumo , Langford

and the present study.

s ol

5.3.1 Mean Free Ferrite Distance Aa

Following their approach, it was decided to treat the

present microstructures in terms of i&} the average mean free dis-
tance in ferrite. In fully pearlitic steels the mean free ferrite

distance (m.f.f.d) is'simply the mean ferrite width, In the case

of a ferrite-pearlite*microstructufe Xa,is to a first approximation,
the volume fraction weighted mean of the m.f.f.d. in the pearlite
and in the pro-eutectoid phase averaged over all orientations,

ia is then easily measured B} a mean linear intercept-along a ran-
dom straight line in a random section. In the present study the

m.f.f.d. in the pearlite was measured and that in the pro—eutectoid

phase calculated from the volume fraction of ferrite, assuming
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this to be distributed as a boundary free network around the prior-

austenite grains.

~

Following established stereological techniques(gg) the

pro-eutectoild m.f.f.d, LaI,can.be expressed by considering a random

line of length L drawn through the structure, Fig. 5.4 (a),'where;

-l

_ total length of pro-eutectoid ferrite
ol number of prior-austenite grain boundaries

LaI

= — . (5.3)
N?

However, the prior-austenite grain diameter,ﬂY,can also be measured

along such a line and:

- L

L = e

Y NY

i-E- N = "'E""" (5-4)
Y L

The volume fraction of pro-eutectoid ferrite Vs is also obtainable

by measurement along the same line,

y -

a L

ie. L, = LV, (5.5)
Substituting equation 5.3 and 5.4 into equations5.5 gives b
i'aI = vaEY' (5.6)
1f EﬁII is the ferrite mean free distance in pearlite then,
iaII = 5 -t (5.7)

where Sr is the mean random pearlite or intercementite spacing and
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tf the average random cementite width. Considering equations5.6

and 5.7 we arrive at an expression for the average m.f.f.d. in the

ferrite-pearlite aggregates

A = - L L
a (1= VLot * Valar
- - - 7 —
or ka = (1 - Va) (Sr - tr) + Va I_.Y (5.8)

Some difficulty may be encountered when trying to obtain

an accurate value for the prior—austenite grain size in fully
pearlitic steels. In hypo-eutectoid compositions ferrite separat-

ion prior to the formation of pearlite clearly delineates the prior-
austenite grain boundaries. Transformation in eutectoid steels, on
the other hand, results in an almost fully pearlitic microstructure
and special etching or a heat treatment is required to outline the

grain boundaries. Fortunately, however, an inaccurate estimate of

EY in the latter case will not seriously influence the value of X&

obtained from equation 5.8. The ferrite volume fraction will be

very close to zero, making Aa ‘in effect entirely dependent on the

mean free distance 1n pearlite.

' 5.3.1.1 Evaluation of Ef

The only parameter in equation 5.8 which 1s not readily .

obtainable is t , the mean random cementite width. Mintz et al (122)

o

have compared values of grain boundary carbide. thickness measured

by scanning electron and optical microscopy. For the case of low
carbon ferrite-pearlite steels, these authors obtained SEM values

which were in general half the size measured optically by Gladman

-, (89) (122)

et al . Mintz and co-authors attributed this discrepancy

to the superior resolution of .the SEM relative to the optical micro-

scope.
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Since optical microscopy would not be suitable for the
fine microstructures of the present study, a preliminary examinat-
1on was made of direct cementite lamella thickness measurements by
scanning electron microscopy. Typical values of ~O0.2um, for the
case of an air cooled 0.82 wt.ZC steel were approximately an order
of magnitude larger than those values calculated by Gladman et

(90) . . . . L .
al for similar compositions and heat treatments. Indeed 1t 1s

rather obvious from close inspection that the SEM greatly exager-

ates the width of the cementite lamellae compared to the ferrite,
with both phases appearing to have equal width. This is believed

to be dueboth to preferential etching of ferrite leaving the cemen—

to
tite protruding and*an enhanced backscattered signal from the

cementite phase,

Therefore, contrary to the findings of Mintz et 31(122)'

the SEM 1s regarded as unsuitable for the measurement of carbide
width in high carbon-pearlitic steels. Although replicas and thin

foils would undoubtedly yield more realistic values of Ei, partic-

ularly for degenerate structures,such procedures are excessively =
time consuming considering the number of specimens to be measured,

the statistical counts required and the accuracy obtainable. It

was therefore decided to calculate the mean cementite width from.a“

knowledge of the carbon content of the steel and the measured

values of Sr and Vdf t_ is quite simply obtained following an

analysis similar to that of Gladman et 31(90).
In the case of dilute pearlite, as in some of the micro-

structures of this study, the eutectoid weight per cent carbon

content(wt.ZC)is not predictable but can be'bbtained from

weight fraction of pearlite. Assuming all the carbon to be in the
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pearlite, the eutectold carbon content wtZ Co is given in terms of

the total alloy carbon contentj-C(iﬁ-wt.Z),and the weight fraction

of pearlite W by,

P
" WteZC )
wt.zcE T (5.9)
p
Vi/e
where w = —P_ P (5.10)
P (1-V ) + V /p
P P
pCl.

Vp is the volume fraction of pearlite and pp and ba are the

densities of pearlite and ferrite respectively.

-3

The densities of ferrite and cementite are 7.86 gcm
and 7.40 gcmf3 respectively. Assuming the density of ferrite,

cementite and therefore pearlite to be the same, equation 5.10

reduces to,

W = V_ - (5.11)
P P

Substituting 5.11 into 5.9 gives,

wt.Z2C. = wt.ZC/V (5.12)
E P

Consider a unit volume of pearlite as represented

schematically in Fig. 5.4(b). Along a random line, the volume-

N\
fraction of cementite in pearlite,
- T ,

Ve = = (5.13)
cem -

S

r
therefore,
t = SV (5.14)
r r cem | |

100 g of pearlite will contain 'g-—]fifl-ﬁ- + 1, wt.ZCE g of
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cementite and the weight fraction or volume fraction of cementite

i
-

1S,
100 (0.15 wt.zcE)
wéem. - Vﬁem._= 100 - 100 (0.15wt.ZQE) + 100 (0.15 Wt-ZCE)
« o V = 0.15 wt.ZC (5.15)
cem E

Substituting equation 5.12 in equation 5.15 gives,

v _ 0.15 wt.ZC (5.16)
cem -V
p
and substituting for Voem into 5.4 gives finally,
- S_0.15 wt.ZC
r Vp

Equation 5.17 differs somewhat from that given in the literature

by Gladman, McIvor and Pickering(go). However, as is shown in

Appendix B,the differences in calculated values of Er are relatively

insignificant given the accuracy limits of S_ and Vb measurements.

Using equation 5.17, Er values were calculated for each

specimen and are given in Tables 4.1, 4.3, 4.5 and 4.7. This

parameter, together with measured iY’ §r and Va*values,can.now'be
\

substituted in equation 5.8 to give the mean free ferrite distance

Aa for each microstructure (Tables 4.1, 4.3, 4.5 and 4.7).

5-3-1-2 Hardness
. - . =1 - -}
Vickers hardness values as a function of Aa. and la
are given in Figs. 5.5 and 5.6. Clearly an excellent correlation

is obtained for the microstructural and compositional range studied.

Although Fig. 5.5 is non-linear, a single linear relationship is
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1s obtained for the Hall-Petch plot. In the case of hardness,

where testing may be viewed as an averaging process, the weighted

-

is obviously useful. A similar study by

mean: approach of la

Jindal and Gurland(123) examined the hardness-microstructure relat-

lonship in a range of tempered and spherodised carbon steels

(0.065 to 1.23 wt.ZC)and obtained an equivalent single linear

relationship of the form,
- Tz }
H H + KHA (5.18)

where H 1s the hardness,Hb and KH.are constants, and A is the carbide

spaqing.

Although differences in heat treatment and microstructural inter-
pretation prevent a direct comparison, it 1s clear that the hard-
ness of spherodised, lamellar and mixed lamellar non-lamellar

carbon steels obey a Hall-Petch relationship when plotted against

the reciprocal square root of the appropriate mean slip distance in

the ferrite.
5.3.1.3 Yield and Flow Stress’

The corresponding 0.27 proof stress Xaf and Xa_i |

correlations are‘given in Figs. 5.7 and 5.8. Although both dis-

play linear relationships, Fig. 5.7 is probably more accurately

described by a curve, particularly at large values of Xa' On

\

this basis it would appear that the Orowan(71) dispersion strength-

ening model is inappropriate for the microstructures of the present

As will be seen later, rejection of thismodel is justified

when large 'grain size' (i.e.‘iafl

study,

-+ 0) data points are included

in the graphs. When ia is regarded as the effective ferrite grain

diameter in a Hall-Petch relationship with the 0.27 proof stress,
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