The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



THE EFFECT OF CHEMICAL COMPOSITION

VARTATIONS ON _THE BRITTLE-DUCTILE

TRANSITION TEMPERATURES OF STEELS.

A thesis presented for the degree
of Master of Science in Engineering

in the University of Cape Town

by

o e e -

The copyright of this thesis is held by the
University of Cape Town.

Janmuary 1971 | Reproduction of the whele or any part
may be made for study purposes only, and
not for publication.

LA, ERASMUS




(1)

SYNOPSIS,

The development znd use of a wide rangs of new
constructional materials has taken place in the last
decade, Steel remains however the most widely used
and cheapest material available to the engineer,
Despite & long record of service, fallures still
peour in major steel structures due to a lack of
understanding of its basic properties. Sudden and
catastrophic failure by cleavage fracture is one of
the properties of stesl which 15 s5ti1l not widely

appreciated.

In this investigation the brittle to ductile
transltlon has been sxamined from theoretical considar-
ations and related to a detailed study of the sffects
of carbon, manganese, nickel, chromium and some of
the lesser known elements such as oxygen, nitrogen,
aluminium and silicon on the propensity of steel to

cleavage fracture,

Usging the standard Charpy test to determine the
ductile transition temperaturs of a wide range of
experimertal steels, the variation in transition
temperature brought about by the above slements has
been examined using multiple linear regression tech=

niques, It has been shown that the temperature at



which the transition from ductile to brittle cleavage
fracture occurs can be predicted by a semi-analytiecal
equation based on the chemical composition and grain

size of the steel, as follows:=

Tog = 264(%C) - 11.8((1"’32“) + 28(%Mn) - 140,000(F")
+ 3850(%Ng) + 18(%Cr) + 50(%Aly) + 68(%51)

+ constant

where F' 1is a variable dependent on dislocation

locking strength,

The equation has been shown to be applieable to
& wide range of eXperimental steels, commercial steels

and to steels used in published research papers.

A modification of the above equation has been
produced for the comparison of steels in the normalised
condition where grain size measurements are not

available,
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1.1

CHADPTER 1

INTRODUCTION

Scope of Thesals:

Sudden, catastrophic fallure of structures due to
unexpected brittle fractures has been a problem and of
concern to engineers ever since the introduction of low
carbon steel as a structural material, This problem was
raised in an acute ferm during the Second World War followe
ing the occurrence of brittls fractures in weldsd Liberty
ships and T=2 tarkers. These calamities focused attention
on the fact that normally ductile steels can become
brittle widsr certain conditions, Three basic factors
are known to contribute to this change to the brittle
cleavage~typs fracture in any one steeliw
a) a triaxial state of stress
) low temperatures, and

¢} a high strain rate or rapid rate of loading,

in most steels this transition from ductils to brittle
behaviour occurs over a very limited range of temperature,
called the trensition tempersture, Changes in this trange
ition temperature of over ﬁGGOC, can be producted by
changes in the chemlcal composition or microstructure of

low carbon structural steels, Although these effects have

1.



1.2

long been established on a gqualitative hasis(1)*(see Table
1.1) few attempts have been made to assess the effect of
chemical composition and microstructure quantitatively,
The purpose of this thesis is therefore to make a
quantitative study of the effects of carbon, manganese,
nickel, chromium and some of the lesser known elements in
steel, such as nitrogen, oxygen, aluminium and silicon, on

the brittle - ductile transition temperature,

Classification of Fractures:

Fracture can be defined as the separation, or fragmen-
tation of a so0lid body into two or more parts under the
action of stress, Fracture in steels can be broadly
classified inte the two categories of ductile and brittle
fractures, Ductile fractures are characterised by the
occurrence of appreciable amounts of plastic deformation,
both prior to and during the fracture process, and in the
vicinity of the actual fracture; whereas brittle fractures

show none of this gross deformation,

Although this classification of fractures is commonly
used to describe fractures in steels and other metals used

in engineering a further sub-¢lassification becomes

* Numbers in parenthesis indicate references



3.

Table 1,1

Effect of metallurgical factors on the transition temperature

behaviour of steel structures.

Factors which

lower the transition raise the transition
temperature temperature
1, Deoxidation practice Rimming practice
Aluminium residual High rolling temperatures
Silicon (below 0,25%) Large section sizes
Small ferritic grain size | Carbon
Nitrogen
2, Alloy content Oxygen
High Mn-to-C ratio Phosphorus
Low carbon Boren
Low phosphorus ¥olybdenum
Nickel Silicon (over 0,25%)
Annealing
3, Heat treatment Notches
Normelising Temper brittlensss
Quench and temper Cold deformation

Chromium has little effect,

From reference 1,



necessary to adeqguatelv desceribs all frectures. TFatigue
fracteres, producsd by fluctuating stress conditions,appear
on & macroscopie scale to be brittle, since the two halves
of the Practure can be fitted together without any notice-
able plastic deformation, It is almost certain however
that most fatigue fracturss occur by cne or other of a

serdes of plastiec blunting proees&ea,(gﬂﬁ} where the plastie

Adaformation is loecalised at the tip of the advancing fatigue

(&)

crack, and can only e seen on 2 micro seale,

Brittle fractures can also be c¢lassified into trans-
granulsr {clesvage) and intergranulsr {astress corrosion ete)
sub=groups, and ductile frastures intc various shear mode
processes, the most commpon of which is that of microwvold
coalescence commonly foumd in polyerystallire metals.(@
An elsotron-photomicrogrash of a typical microvoid coales-
gence fragture surface is shown in Fig.i1=1, This can be
compared with that of & cleavage fracture surface, as shown
in Fig,1-2. A full discuasion of the interpretation and
characteristica of these fractures has been given else-

(4)

where,

The Problem of Brittle Fracture:

Engineering structures and components are convention-
ally desigred in such a way that the yield strength of the

steel ls not exceeded, Thus the pominal working stress in

l".



Fig.1=1 Ductile type fracture by microveid coalescence
in aluminium.

Figs.1-2 Cleavage fracture in low carbon steel showing area
of dimple rupture (microvoid coalescence) near



any member 15 below the yleld strength and the struclure
should be safe, this soncept usuvally allowing for the
inevitablility of local yielding and plastic deformation
srownd discontinuities, bubt relying on elastic or tri-
axial constzaint to preserve the structural integrity of
a mamber or framework as s whole, This deslen spprosch
assumes that the fracture strength is grealter than the
yield strength andl does not concern itself with fracture,
and although gererally reliable aceidental fallures do

(5)

peour, sometimes with satastrophie results,

Acoidental Fracturses will continue fo goocur as long as
strusturss are bulld, but it is most desivable thet the
structura should give some warning of Impending fallure
and if possible that the fracture should take place slowly,
gince with rapid fractures considerable strain energy is
suddenly released, This can cause the structure Lo shatler
and this shatitering action is in many eases the cause of
the most serious damage, For this reason brittle fractures
which ooour withou! warming and are characterised by a
rapid rate of crask propagation are to be avoided, These
fractures are uswally of the transgranular cleavage type
and oeewr in the bee and oph metals by direct ssparation of
the atomic lattice along the low index erystallogravhie

planes in each grain of the polverystallire matrix,
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During the Second World War brittle fractures of this
type were experienced in epproximately 296 of the w&ilv
welded® Liberty ships constructed in the S.S.A,{ﬁ} of
4,694 ships of this type, 1,289 structural failures were
reported, 233 being catastrophic and the vessels ware gither
lost or considered unsafe, These failures led to consider-
able ressarch effort being concentrsted on the problem of
brittle fracturs in low carbon steel plate, zo that this
thenomena has probably been more extensively studied than

(é)

any other fracture mode,

Fragture by Cleavazge:

Cleavags fracture can be described as the transgranular

#

splitting of & metal along certain low index orvstallogravphic
planeg, ¢alled cleavage planes, The 2ﬁ60} planes have been
shown to be the common cleavage planes in the bee metals,
€.8., V, Or, Mo, W, Fe and most steels, and the 59991; planes
in the cph metals, e,g., Mg, Zn, Sn, ete, Cleavage fracture
dogs not normally coccur in the foo metals. In a pmlya?yst%lm
lins metal such as low carbon steel, the cleavage fracture
surface appears bright, or granular, owing‘to light being
reflected from the flat "cleaved” surface of each grain,
Since cleavage is the pulling apart of atomic planss as
opposed to the shearing of these planes across each other as
in shear fractures, fracture is governsd by the tensile stress

normal to the fracture plane, Cleavage fracture is therefore



more likely in components or siructures whers the ratio of
tensile stresa ¢§ to shear stress T is high, That is
triaxially stressed structures arve morse likely fo fail by
eleavage than uniaxially stressed structures, which in
turn are more suscepbible than torsionally stressed
strustures, see Fig.i=3, The cohesive strength of the
crystal structure can therefore be expected to have a cop~

trolling influence on oleavage Tracturs,

Theoretical Cohesive Strengihs

On an atomie scale the cleavage strength of a wetal
will depend on the strength of itz ztomic bonds, Reference
to Fig,i~4 shows that the resulisnt tensile fores belwsen
atoms increases as they are pulled apart, so that the

attractive forcs belween atomz inoreases to a4 paximam O

nax

which is the theorebical cohesive strength,

& good approximation of cohesive strength can be
obtained by assuming the cohesive foree to be represented
by 2 sine ourve as in Fig,i=hk, and assuming x to be
measured from the atomfs equilibrium distance apart 8,

then

Q“sz}

0= G sin é 3

@ww@&&Eqn@ﬁ§'?
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O Attraction

Mohr's stress circle for components:-

(@) in torsion, £ =10

(b} in uniaxial tension, € =2-0
(c) with triaxial stress, o
eg. a sharp notch, T =60

Repulsion

Dispiacement

Variation of force with distance
between two atoms.
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The substitution of reascnable values for the
guantities involved in equation 1.5 results in the
prediotion of cohesive strengths between 1 x mézhg,fmg andl
5 % 10°1bs/in (6,900 N/m® to 20,700 N/mi). This is 10
to 100 times greater than the cobsarved fracture strengths
of commereial metﬁéaﬁi?}

This wide discrepancy between the caleulated and
ghserved fracture strenghths implises thet there is some
mgohanime in ordinsry metels that concentrates the appiisd
stress, so that over some small region the theoretieal

values of claavags fracturs stress iz reaghed,

The Concentration of Stress Around an Elastiec Crack:

IT a tensile styess (O 1s applied across s thin plate
of an elastically isotropic material containing a small
#lliptical hole, where the major axis of length 2c¢ 1is
perpendlevlar to the applied stress, the maximum tensile

stress, iﬁﬁagﬁ at the end of thia hole can be szhown to b@<8>

" 2
@mm w3 é’% + W) @Mm,%?kgﬁ?%@ig»



1.

where 2¢ is the length of the elliptical hole and 2Zh

its helght.

For an ellipse the minimum radius of curvature at the

major axis ls

Z
o m%m a@wﬁ@@Eqnﬁﬁﬁﬁ
A
2
# e Z gm;c;mx}
e " maE o % * e
and for ¢ >3
1
o 2
@mx % 2 @ E‘"E’ﬁ“? @@@&@agﬁgﬁ‘@ﬁsé

If e >»>h the elliptical hole can be considered fto Do a
erack of length Zeo and tip radius p, For the propazation
of this elastic orack the maximum tensile stress at iis tip

must sxoeed or egual the thaorstizal ccheslive stress,

Therefozre from egquation 4.3

1 1
R - B
o
P ﬁg “‘
P ZE Y r "
o ﬁ@ — TE«Q iﬁaaz @@@aﬁ@ﬁiqmﬁﬁa?

whers ﬁ@ is the eritical stress required to produce

fracturs,



This relation applies only for completely elastic~brittle
materials wnder plane stress conditions and where no miere-

plastic strain ocours at the crack tip,

An expression of this form was originally derived by
AL, &rﬁffithcg) on the basis of thermodynamic consider=
ations, He argued that the work done to extend an existing
erack, that is to create two new surfaces, must be provided
either from extermal sources or from the elastic energy
stored in the body of the material, If the material is
tough and ductile, a great deal of work has to be expended
in dnereasing the fracture area, ard the rate of crack propa-
gation 1s correspondingly slow, However, if enocugh energy is
stored in the loading device and in the specimen itself to
complete the fracture, since this is supplied by relaxstion
of the stress as the crack increases in length, then the
crack will propagate at high speed, deriving its energy from

the se sourses,

Griffith assumed that the brittle amorphous materials
with which he worked (glass and fused silica) contained many
small invisible cracks of flat elliptical profiles and length
2¢, Assuming these cracks to be perpendicular to the applied
stress in an infinitely wide plate, he used Englis(a} caleu-
lated stress distribution near the end of the major axis to
determine the strain energy released as the initially present

crack grew, For plane stress conditions he found that

12,



sess.eBom. 1.8

Thiz can be seen to be identical to equation 1.7 where

r o 38 Both equations 1,7 and 1,8 must be satlsfied
for unstable fracture to ocour, so that when v @i~,§&@ the
stress for unstable crack propagation is given by equation 1.8

and whan » 2 3a@ the fracture stress 1z glven by eqution

1,7

If appropriate values of modulus of @1&§ti@i@yggkﬁy
and the surface energy for the clesvage plans, Y , are used
in the Griffith squation, critical cpack lengths of the order
of 1 = 101, are obialned for low carbon steels, OSince
cracks of this slze are less then s grain dlameter in length,

it could bs argued that they could well go undetected,

On the other hend conaiderablie experimentsl evidance has
been accunulated indicating that olsavage fescture is always
precedsd by intense localised plastic &eformatiaﬂQQ%Q}
Cleavage eracks produced in the edge of a low carbon stesl
plate 2t the temperature of Ilquid nltrogen failed to prope-
gate diveetly by cleavage when the plate was later fractured
in tension at room temperature, Intense plastic deformation

always developed around the crack root before a new clsavage

erack formed and propagated,



In addition to this, plastic work is also expended by
the propagating crack in forming the characteristic river
patisern(i*} shown in Fig,i=2. Further plastic deformation
also oocours at the grain boundaries in polyerystalline
metals, where the crack is required to change its direction
of propagation across the boundary to follow the change in
erystal orientation, There is also considerable evidence
to suggest that cleavage fracture in polyerystalline metals
requires the nucleation of new cracks in each grain as the

(11)

crack propagates across the grain boundary,

This led to & wmodification of the Griffith equation as

(12) (10)

suggested by Irwin and Orowan, These worksers recog-
nised that when plastic deformation cceurs near the tip of
the orack a certain amount of plastic work, ’YP’ is
expended during crack propagation, in addition to the
elastic work, Y s required to ereats the two new fracture

aurfaces,

The Griffith theowy in its originel form, should not
therefore be expected to apply to cleavage fracture in
metals, The modified version of the Griffith equation as
suggested by the above authors includes the term YP

expressing the plastic work required to extend the crack:-

1
28(Y + Y ) |2
0 = P
& HR p-oaooE§n¢'§-9




4
_1e2rY Ypi|?
or 0 = T{c(i + Y ) esavesboqn,1,10

When the orask velocity is high, the temperature low, and
the material intrinsically brittls, Y . is relatlvely low,

1,80, “\g’@ < 40 “‘gﬁ

When Xf@mﬂi

RS s P P

When plastic deformation cocurs mear the crack tip it blunts
the orack and thereby relaxes some of its concentrated
stresses by increasing the tip radiuve, r, This is apparent

when comparing equations 1,7 and 1,11, slnce

4

| 22Y (Yo |®
T

Hence local plastic flow at the crack %ip can increase the

toughness of the material,

?ar}carify } estimated that cracks would have to be of the

order of 2 mn long in low carbon steels, where %{? = ‘Eﬁﬁ Y,

for unstable fracture, Although defects of thiz size may
oceasionally exist in fabriecated structures, in most

instances these would not zo undetected,

15.



Even Lf cracks of this size existed in the steel, 1t ls
Jikely that plastle Tlow would ceour during loadlng at the
erack tip o blund the crack, In fact 1t i now recognised
that it is this looalissd plastic sirain at the root of the
notoh or crack in metals which causes the orack to grow, =0
that cleavages fracture in metals iz plastically induced. It
follows therefore that s cracke-free metal should not fracture
at o stress below its yield strength, This is supported by
Law§s<§§> axpveriments which showed that s steel broke by
cleavage in tenslon, or flewsd plastically in compression, at
identical stresses irrespective of grain size, In the
presenes of notehes or cracks the siress reoulred to producs
localised yilelding at the root of the notch becomes equal to
the slsavege fracture stress, Cleavage fracture can thers-
fore be consldeved as a two-step process consisting firvst of

the initiation stage, and secondly that of unstable crack

propagation,

The Tnitiation of Cleavage Crachks:

A number of mechanisms of crack initiation by plastic
deformation have besn postulated and some of these obssrved,
These are summarised below, and have been described In detail

(14)

glsewhers,

16,
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Four majtor methods of crack initiation have been

guggested =

a)

The intersectlion of a deformation twin with a grain
boundary, a hard second phase particle or a second
twin could form a cleavage crack, At high strain
rates or at low tempersiures, twinning is the
praferred mode of deformation in boe metals, Decsuse
deformation twins spread more rapidly than slip
bands, Little relawation of stress is sble to ccouwr
wﬁ@n,a twin is blocked by some chstecle, and cone
sequently the twin has sufficlent energy ioc nucleate

# olesvage crack,

Dislocations piling up at & strong obstacle such as a
grain boumdary during plastic dsformation could
soalesoe and thus form a crack. This can be most
sloply vizsualised by consldering the coslescence of a
series of edge disluvsations fusing together against
some such obstacle., Other s1lip bands and twin inter-
faces are also thought to act as dislocation obstacles

sausing cleavage cracks,

If a low angle tilt boundary is shearsd through by
slip approximately perpendicular to the boundary, the
ilgeal normal stress can equal the cleavage strength
and 8 crack ean be nucleated, This mode of crack

initistion 1s common In the oph crvetal astructure metals



1,8

where the {000@ planes are both the primary slip planes

and also the cleavage planes,

d) Dislocations on intercepting slip planes may glide
together to coalesce along the line of interception,
thereby changing to a cavity dislocation, If a tensile
stress, O, 1is applied to a single grain in a poly-
erystalline matrix; slip would occur along the planes
of maximum shear stress at 450 to the applied stress,
These intercepting planes would then form a cavity
dislocation on a plane of maximum normal stress, This
ig significant since after the crack attains a critical
size it would propagate as a Griffith crack under the
influence of the normal stress

e)ﬂu/é_)/ n//é,,/.-ze—&/zzf €

Summary: — /0

Although the above mechanisms and equations do much to

explain how cleavage cracks, once formed, can become unstable

and propagate at a low fracture stress, many of the character-

isties of fraoturing metals are not explained by these
equations, For example, cleavage occurs readily in the bee
and cph metals, but not in the fee metals, Furthermore, the
ductility of the bee and cph metals is very sensitive to the
temperature of deformation, the propensity to fracture by
cleavage increasing as the temperature is lowered, It is
necessary thereforz to examine in greater detail the process

of cleavage crack initiation and propagation,

18,



2.1

CHAPTER 2,

THE BRITTIE-DUCTILE TRANSTTION

The Transition Temperaturs:

Many crystalliine maﬁeréals whose flow stress rises
rapidly with descreasing temperature and with inecreasing
strain rate exhibit a fracture mode transition when the
temperatwre 1s lowered. Above the transition temperature
the fracture is predominantly dustile and oceurs by micro-
vold coalescence or one of the shear mode processes, Below
this temperature fracture is by cleavage with its charscter-
istic brittle appearance, JTonic salis such as NaCl, AgCl,
Mz0, the beo and cph metals and pariicularly low carbon
steels show this transition in fracture mods, This tran-
sition temperature is a function of stress state and strain

rate, and in the low carbon steels occurs relatively sherply,

The varlation of yield stress, fracture stress, duetility
and microtrack formation with temperature for low carbon steel
has been dotermined by Hahn et all'?) and is shown in Pig,2-1,
In the region A& a tensile specimen failed with a ductile
sup and cone=type fracture. The reduction of area at fracture
was of the order of 50-60%. In region B the fracture was
stlll predominantly ductile, but areas of cleavage were found
in the cuter rim where the crack propzgation rate had besn

high enough %o nucleats cleavage eracks, A sharp transition
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from duntile te brittle fracture cocurred at the fransition
temperaturs Tﬁg and was indlcated by & drop in the
reduction of arga at fracture to practically a zero valus,
Below Uunis transition temperature fracture was by cleavage,
although some areas of miwed microvoid coalescence~cleavage
fracture were still observed at the {ransition temperature Tﬁa
Aecompanying this dustllity transition was a large decreass
in the fracture stress. The percentage of greins conteining
mioroeracks dnecrsased rapidly in reglon € &t temperstures
Just below T&@ However, some microcracks were found above
§ﬂ§ indiceting  that the duetiliiy {ransition oocurred
whan the conditions wers sultable for the growth of
misrocracks into propagating fr&c%ar@s; Apparently the
irditiation of microcracks was not therefore a sufficlent
criterion for fracture, Wicrocracks were observed oanly in
the reglons of the specimen which had unée?g@n@ discontinuous
yielding, As the temperature was lowered further in the
region €, the fracture stress dropped to the extrapolated
lower yield stress, so that in region D the fracture stress
and the lower yield stress coineided, In the region E
cleavage fracture occurrsd abrupily at the extrapolated upper
vield stress, presumadly at the first area to undergo dlscone
tinvous yielding, erd plastic deformtion and the fracture
propagated from the first microcraeck to form, Finally at
very low temperatures, in region F, fracture was initiated

by deformation twins, The fact that cleavage Practure was



shown in this work 4o occur at the yield stress can be cone
sidersd as further svidence that plastic deformation is.

necessary Tor the nucleation of cleavage eracks, ¥

Cottrell and ?etchﬁ16} have both suggested fracturing
laws to explain the transition temperaturs on a basis of
dislocation pile~ups, This development requires that the
Griffith equation be written so that the energy of a dis-
location pile=up can be eguated to the surfzce energy of &
erack, The ensrgzy of the plle-up is given by the product

of the applied stress and the displacement between the crack
faces, Henee

Ona = 2Y coesesBQN, 2,1

number of dislocations

wer: n
a = interatomic spacing
0 = applied stress

The magnitude of the total displacement can also be expressed

as
noa s d @@@@&@Eqnﬁgﬁg
where L = L 6 = effective shear stress
T = applied shear stress
E@ = friction stress
& = length of slip band containing

dislocations and taken as half
the grain diameter in polycry-

atalline mebtals.

G = shear modulus
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(17

By analogy with the Petsh egquation

1
= ‘E -+ k* daﬁ ocooooE nnzo
Ty ° y W.2.3
where ‘Ey = ghear stress at yield
k¥ * = & measure of the contribution of

grain boundaries to the shear

strength of polycrystalline metals
and when the fracture and yleld stress are approximately
equal, by substitution in equation 2.2
krat

na = “'xé_"""_ ooon.vKnozall'

If crack propagation is more difficult than crack
initiation, the competitive processes on the application of
a lcad are yielding and crack propagation, Now since cleavage

eracks propagate under normal stress, O , rather than shear
21

stress, a factor B which equals zan be introduced,

where B 2 for torsien

it

= 4 for tensicon

for notches in tension (see Fig,1-3)a

o=

Therefore at the yield poini, equating equations 2.1 amd 2.4

1
Oy ky dE = BGY ooooooEqnczaS

where k = contribution of grain boundaries to the strength
of polyecrystalline metals in tension, If in equation 2.5, the
IHS is smaller than the RHS, dustile yielding results, If the

LHS is greater than the RHS; cleavags fracture results,



Thiz equation makes fracturing a function of grain zize
4 and stress state 3 . Cottr*eﬂ(%) originally assumed
that the temperature dependence of this equation came aboutb
through the temperature sensitivily of ky' This factor E{y
has ainee been ghown to be constant for slesls in the
normlised c::ﬂ:lé}_‘i“I:ia:ﬁn.,“8> ?etch(‘gé) on the other hand
stated that terperature influenced fracturs by affecting ths
frigtion stress G@, and suggested thas 0@ was made up
of two parts, a temperature independent friction O o* and
a temperazture dependent G{:o The former, thought to arise
from the resistance of rendom solute atoms, fine precipitates

+

and lattice defects to dislocation movement, and that O,

rgpresentsd an appreciable Pelerls-Nabarro stress, The

temperature dependence of U!f zan be given by an expression

of the fam( ¢ 6}

. e
ﬂ; = K a”& coosoeBQlla 2.6

where K apd O are constants and T the tewperature,
Provided ¢ _*  is not too large, the whole 0, approxi-~

metes to a simllar relationship.

P

Now zinge squation 2,5

(‘1?:! U = G + k dm
¥ o F

can e rewritten;-

1
0 ky az 4 3@, 2 = @ G‘Y @ 0o Ee @Eqnﬂzﬂ?

4
then =0,T + lmg;ﬁ €K,kyﬁﬁ?] = lagn[ﬁi}y “}gy;’?]

P By
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or at the transition temperature, T e

P 2

-, = leg y
c n 5
Kolyod

Bey

1
- - =z
lognK - logn ky ky 105n d

.
o

L]

o]

°

z)

o
H

cooocoBne2s8

Less accurately, where the temperature range is not too

wide, the temperature dependence of 00+ can be taken

as linear
ie, 00+ = = LT
where C and )Z are constants
,Bo OO = 0@* + € = XT R ooooooEqno209

By substitution in equation 2.7

BeY )-1
- k a2
X
- y

zT :0*-!—(}_
c Q

aoooooEqn0201O

The similarity between equations 2,8 and 2,10 and
Petch's original @quationa(16) can be readily seen, and the
relationship can be reduced %c

1
w3

Tc oL M logn d

or less accurately

—

? 2
chx M 4
and Tcoc NQ #®

where M, M' and N are constants
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Tre development of the above sguaticns dees not account
for the coourrence of transiticon ferpsratures in boe and cph
metals and its absences in foo metals, However, Johnson et aiiﬁg}
have recently suggested that oph meials, which exhibit few
slip systems, 28 well ag bec metals which slip on several
systems but in which cross—slip is difficuli, will tend to
have high values of kyy and will therefore be nore suscep~
tibls to cleavage frasture than the foo metals with many
degrees of freedom 4o slip, The effect of discontinuous
yielding,as oceurs in low carbon steels, must also be
effective here, since when ons dislocation bresks away from
its precipitate, an entire avalanche of dislocations can glide
behind it on the slip plane, When thess encounter an obstacle
their high velcoity does not allow the initiation of new dis-

location sources which would relax the strese by plastic flow,

and a crack is formed instead,

Tests for Claavage Fracture:
i

During the past 50 years numsrous tests bhave besn developed
for the purpose of assessing the suscephibility of metals, and
steels in particular, 1o cleavage fracture, bfhﬁse tests have
VPeen summarised in detail elaewhere,(h’ﬁ’& 20) and some of
these are detailed in I.3,0, and other standard specifications,
Since the temperature at which the transition from ductile to

cleavage fracturs ooours is dependent oo the stress state and

applied strain rate, it i8 naturmal that the transition
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temperature, as determined by the various tests, should vary
according to the specimen size, the size and shape of the
notch and the loading rate, e.g., as in impact or slow bend
tests, The seven most common tests used for assessing
susceptibility to cleavage fracture are summarised in Table
2.1, and references to more detailed descriptions of these
tests are also given in the table, Basically these tests can
be divided into tests that are comparative, e.g, tests 1 = 3
in Table 2,1, and tests that are specifie, e,g,, tests 4 =7
in Table 2,1, Comparative tests should be reproducible,
simple to operate and as far as possible, inexpensive,
Specific tests on the other hand are used to obtain infor-
mation that may be directly incorporated in structural design,

and tend to be expensive,

In research projects in the nature of those reported
here, simplicity, reproducibility and low unit cost are
essential requirements, dus to the large number of test
specimens involved, OSince the experimental steel was also
to be produced in small ingots, it was considered necessary
to select a test where the specimens were small enough to
allow sufficient hot working from ingoet form for the stsel
to be representative of a fully wrought material, For this
reason the standard Charpy test was chosen for this investi-
gation, This choice had an additional advantage in that it

allowed comparisons toc be made with published data, which




Table 2,1

Some of the most widely used transition temperature tests,

Test Designation

1,Charpy V-Notch

(21)

2.Van Der Veen
(slow bend test)
(20, 22)

Test Procedure

A square,notched
bar is broken as
a simple beam in
impact bending

at varicus temp-

eratures,

A notched bar
with a shallow,
cold pressed
notch is broken
in static bend-
ing at various

temperatures,

Criteria for Assessing

Translition Temperature

1)

ii) Temperature which

iii)Temperature which

ii)

Temperature which
corresponds to a
certain fibrous
fracture appear-

ance, €.g. 50%,

corresponds to a
certain energy
level, e.g.

20 ft,1bs.

(27 Joule)

corresponds to a
certain lateral
contraction or

expansion at the

noteh,

Nominal bend

strength,

Temperaturs which
corresponds to a
certain amount of

shear fracture,

Cule 50%

28,



Teast Designation

Test Procedurs

Criteria for Assessing

2,{Cont*d)

3.,Pellini Drop
Weight
(Drop Weight Test)

(22)

4 . Robertson Test
(Brittle crack-
arrest test)
(20, 22)

A rectangular
plate contain=
ing a weld crack
is deformed; by
a dropped weight,
in bending toc a
strain corres-
ponding to
incipient yield-
A notch is
ground in a short
longitudinal bead
of brittle weld
deposited on the

tension surface

ing,

to initiate
fracture,

A wide plate with
a temperaturs
gradient across
the width is
loaded in tension
t¢ a given stress
level, A cleavage

crack is initiated 41) The critical stress

by impact at the

Transition Temperature

3i1)Temperature which

1)

corresponds to a
certain lateral
contraction at

root of noteh,

The temperature
above which frac-
ture will not
propagate easily
ag¢ross an
elastically loaded
specimen.

Nil ductility-
trensition (N,D.T.)

Tepperature above
which a crack will
not propagate at a
given stress level
i,e, the crack
arrest temperature
(C.A.T,)

for a cleavage

29,
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Test Designation

Test Progedure

Criteria for Assessing

4.(Cont'ad)

5.Esso(S0D)Test
(Standard 0il
Development)

(22)

6.Explosive Bulge
Tests
(20, 22)

cold end and
travels across
the specimen
until it

reaches a temp-
erature zone
where plastic
flow is high
enough to

arrest the crack,

A plate specimen
at uniform temp=-
erature is

loaded in tension
to a given stress
level, A cleavage
erack 1g initiated
at one edge by
means of an impact

loaded wedge.

A square plate,
with a brittle
weld bead on the
underside is
placed on an open
die and an explo-
sive charge is
detonated over the
plate,

Transition Temperature

fracture at a given

temperature,

i) The critical stress
for cleavage frac-
ture propagation
at a given temper-

ature,

i} The fracture tran-
sition temperature
for elastiec load-
ing (F,T.E.,) Below
this temperature
the fracture will
propagate only
through elastically

lozded regions,

30.



Test Designation

Test Procedure

Criteria for Assessing

6.{Cont'd)}

7.C.0,D, Test
(Crack opering
displacement)
(23)

Full plate
thickness
netched
specimens are
broken in
static bending
or tension and
the crack open~—

ing measured,

Transition Temperature

ii) The fracture tran-

sition temperature
for plastic load=~
ing (F,T,P.) Above
this temperature
cleavage fractures
caennot propagate,
i,e., there is
extensive deform=-
ation without

brittle cracking,

Temperature which
corresponds to an
arbitrary C.0.D,

at fracture,
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in most cases also used the Charpy test for the evaluation

of the effest of alleoying additions on the transition temp-

erature of steel,

Interpretation of Charpy Test Results:

Full destails of the Charpy V-notch impact test are given
in British Stapdard 131, Part 2, {1959). Briefly the standard
Charpy speoimen consists of a 10 mm souare beam, 55 mm long,
containing a 2 mm deep Venotch with a2 root radius of 0,25 mm
at its mid length, and is supported at its ends in a horizon~
tal position, The test specimen, after being coolsd or heated
to the ﬂﬂsﬁ?&ﬁ test tempersturs, is placed on the mechine
suppords and an impact load is applied via & striker on a
swinging pendulum at specimen midspan opposifte the notch, The
results can ba expressad as the enersy absorbed in fracturing
the test spacimen or by asssssing the proportion of the
fracture surface showing a granular {cleavage fracture) or
fibrous {microveid coalescsnce) appearance, Ooccasionally the
lateral conmtraction at the root of the notch is also used as
an assessoent of ductility, These results become mosit
mearingful when the tests are conducted over a range of temp-
eratures to show the Impaect fransition temperature, sse
Fig.2~2, It will be seen from this figure that a similar type
of curve is obtained for each of the above criteria with
change in tsmperature., The impact transition can be assessed

in various ways using the above criterla, e.g.,
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Fig. 2.2 Effect of temperature on the impact energy,
percentage fibrous fracture & notch root
contraction for Charpy V notch specimens
of 31% Ni low carbon steel. (Ref. 7)
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i} +he tempsrature corresponding to some arbitrary

value of impact energy such as 20 £t.1bs (27 Joule);
i1)  the 70% or 50% granular fracture temperature; or

131} +the tempsrature corresponding to some arbitrary

value, say 2%, lateral contraction,

Refors zelecting some such arbitrary criteria for the
transition temperature, it would seem beneficial to examine
in detail the deformation and fracture mechanisms which occur
in the Charpy test, so that the exact fundamental material
properties which are being compared are kmown, The instru-
mented Charpy %@gﬁ(zhg has been of great importance here,
and successful dynamic measurements of the load-=time relation-
ships during fracture has provided information on the defor-
mation process and the fracture mechanisms, A typical series
of resulis measured over a range of temperatures ls shewn in
Pig, 2=3, The clese similarditiy between this figure and that
of the tensile test, shown in Fig,2-1, i3 immediastely obwious,
Hoticeable deviations oecour in the region CIUE of Fig, 2-3
whers the section OD corresponds more closely with the upper
yield stress then with the lower yield stiress az found with
tensile tests, There is, however, some difficulty in disting-
ulshing clearly both the upper and lower yield points due to

the stress varistion across the specimen section below the

noteh in bending, The lower yield stress is consequently

34
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replaced by a “general yield® line, and experimental scatter
indicates that some of the line CD could coincide with the
extrapoliated general yield iinagigag The ductility ftransition
temperature (Td in Fig, 2-1) is also less clearly defined,
the line DE dropping more slowly with decreass in temperaturs
than that for the uniaxial tensile test, On the other hand,
tests conducted on Charpy Venobch specimens in slow three point
bending(zﬁ} indicate a well defined ductility transition temp-
erature, as shown in Fig, Z=4, This transition is clearly
defined on both the load-temperature and the hend angle-
terperature curves, these curves row being slmost identical
to those for the uniaxial tensile test, If the siriker
velocity is assumed constant during the dynamic Charpy test,
then the curve for "time to brittle fracture-temperature” in
Fig, 2=3 should be identical to that for "angle of bend to
brittle frecture-temperature® curve shown in Fig, 2-4., The
observed diffevence In these ouwrves san be atiribuied to the
fellowlng causes;—

1) differences in the behaviour of the steels dus to

chemical composition differences;

41) errors in assuming constant pendulum veloeity

in the dymamic tesb;
ii1) errors in the dynanic recording system,

Since a wide range of steels were t@sﬁed(zaé with the
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ingtrurented dynamic test, and all showed similar curve forms
to that shown in Fig, 2-3, it seems likely that the section
CDE of this cwrve iz in srror due %o errors (ii) and (iii)
abowe, and that the actual curve form should be along the

dotied lines CGUE and JK in this figure,.

Based on this assumption the ductility transition temp-~
erature would appear to colincide with a low walue of lateral

noteh strain, Fig, 2-2 (assuming that this is proportional

to the bend angle at brititle fracture) or alternatively, within

the lower portion of the energy transition curve, Fig, 2=2,
From published reguits{ahg of instrumented tests on steels of
similar composition to those being tested in this investi-
gation, the arbitrary low level of 20 ft,1bs (27 Eeuiﬁ)

of energy absorbed in fracture would appear to coincide with
reasonable lismits with the dustility transition temperature,
That i3, the temperaturs corresponding to a value of 20 ft.lbs
(27 Joule) of energy absorbed in fracturing the specimen
corresponds to that where conditions are suitable for the
microeracks, initiated during discontinuous yielding, to grow
into propagating fractures. Above this temperaiture fracture
is by wierovolid coalescencs, although cleavage is s4ill
possible when the ductile crack propagation rate is high enough
to initiate cleavage. 3Below this fransition temperature
cleavage fracture is ipitiated from the first ares below the

notch to underge discontinuous ylelding, and at lower

38.
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temperatures still cleavage fracture is also initiated by

daformation twins,

It must be emphasised that the 20 ft,1bs(27 Joule)
trangition temperature is an arbitrary value whilch appears
to coineide with the ductility transition temperature of
simlilar stesls tested using the instrumented Charpy test,

It is, however, mors readily determined than some arbitrary
low value of lateral contraction at the root of the notch,
Transition temperatures based on &n assesament of macro-
scople or visual fracture appearance are not favoured, since
conziderable areas of microveid vcoalsazence can be found on

fractures considered to be fully granular, e.g,, see Fig,i-Z,

Correlation of the Charpy Erergy Transition Tempersture

With Other Fracture Testa:

Tariouvs types of test give different trensition tempe
eratures begause they are made under different conditions of
strees and sirain rate, and are svaluated by different
eriteria, In general, howsver, laboratory tests evaluate the
tendency for steels to fall by oleavage and classify these

materials in the same ordsr of suscepbtibility.

Ememggmhmaﬁwm1ﬁm%fm*%mhm%mm%mmesmmls
in the as~-pr¢lled and heat treated conditions, the relation-
ship between the ND T temperature and the Charpy Venstch

transition temperature can be given by



NDT = 0.15 (V,5) - 4°C. R° = 56,3%

H

and NDT 0,48 (v25) - 10%, R®° = 76.4%

where V15 andﬁV25 correspond to the Charpy V-notch
transition temperatures at 15 and 25 ft,1bs (20 and 34 Joule)

and B? is the fraction of variance removed by the correl-
ation,
Similarly it has been shown(27) that for low carbon

pressure vessel steels, the Robertson crack arrest temperature

(CAT) is approximately 33°C, above the NDT,

The followlng relationships can therefore be assumed to

be reasonable approximations

NDT

1

0.47 (V) = 7°C,
CAT = 0,47 (V,,) + 26,

where Véo = Charpy V=noich 20 ft,1b transition temperature,
Empirical relationships of this type are often useful in
interpreting results, but too much importance should not be

attached toc them,




CHAPTER 3

THE EFFECT Ov METALLURGICAL FACTORS ON THE DUCTILITY TRANSITICN

TEMPERATUEE -

The Tow Carborn, Low Alloy Steels:

Ferritic-peariitic steels account for most of the steel
tonnage produced today. These are ircn-carbon alloys contain-
ing from 0,05% to 0.25% carbon and a =small percent of other
alloying elements added to increase the yield strength and
toughness, They are generally used in the "hot rolled" or
normalised conditlors, where the structure consists of bce iron
(ferrite) containing about 0, 01% carbon and soluble alloying
elements, and FajC (cementiic), The FeBC exists as carbide
particles along the ferrite grain boundaries in steels of very

low c¢carbon content, and in the form of grains of a lamellar

struecture consisting of alternating lavers of Fe,l and forrite
&) g ¥ 5

{(peariite) when the carbon content is above aprroximately C,C8%,

In these steels the size and strength of the ferrite
grains, and the volume and spacing of the carbide perticles,
would appear to be the most important variables determining
Tracture toughness, Although the pearlite grains account for
up to EO% of the microstructure in steels of 0,253 carten, the
yield strength €. has been shoan to be independent of the

y

amoint ¢f pearlite in steels of the rame ferrite prain size,

(28)

I,
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It would seem therefore that despite their high hardness
pearlite grains in steels of less than 0,256 carson are so
widely dispersed that the ferrite mairix can deform around
them with 11ttle difficulty. However, since cleavage cracks
are initiated relatively easily in carbide particiesiﬂbj and
within pearlite gr&inﬁy(ZQB the volume fraciion of earilite
in the micrestrusture should influence the ductility
transition temperature, Since the volume fraction pearlite
can be assumed to be direstly proporticmal to the carbon
content of low alley steels in the "hot rolled" or normal-
ised conditions, it is likely that its influence on the

duetility transition temperalfure will be seen as 8 function

of the carbon conitent.

1

In addition to the effect of ferrite grain size (&%)

on the ductility transition temperaturs, alloy additions to
low carbon steels which aliter the friction stress ﬁg, or

the grain boundary strengthening constant k, of the ferrite
would be expeceted from equatlon 2,10 %o alter the trensition
temperaturs, These factors are often governed by the alloy

content of the steel,

Summary of the Effect of Various Allovs in Low Carbon

Structural Steels:

All strustural steels contain sulphur and phosphorus as

residual elements, although most specifications limit these



elements to 0,05 maximum, With most modern steelmaking
processes it is possible to consistantly achieve sulphur

and phosphorus contents of 0,02% or less, so that although
(30,31)

both elements raise the transition temperature, their

content in steels can be controlled to levels which do not

normally cause variation in the transition temperature,.

Other residual elements ineclude nitrogen and oxygen,
and when the steel is manufactured from scrap, residual
levels of copper and molybdenum are also encountered,
Nitrogen has been shown(jz) to be an important element so
far as fracture toughness is concerned, and its effect will
be discussed in greater detail in later chapters, Oxygen
has been shown to raise the transition temperature of ferrite
in the absence of silicon or other strong deoxidisers, to
promote intergranular fracture,'’3) Tts effect in steels
containing deoxidisers such as silicon and aluminium is
however largely unknown and will also be discussed in later
chapters, Both copper and molybdenum have been shown to

T ——

raise the transition temperature(zﬁg whern: added to synthetic

steels in amounts greater than normally encountered as
residuals in steels produced using scrap as the raw material,
Little effect is however expected with upper limits of less
than 0,20% Cu and less than 0,10% Mo as is normally found in

steels produced by this process,

43.




Alloying elements such as manganese, mickel,

chromivm, silicen and aluminium are addsd to these steels
specifically 1o alter the properties, In addition fo com~
Winlng with sulphur and preventing the formetion of grain
bourdary iren sulphide filwms, manganese also acts as a mild
deoxidiser. It is however more widely used to increase the
yield and tensile strength, and st the same time appears to
lower the transition tem@@rature@iﬁ&’35) Nickel is the only
other alloy addition widsly used to lower the transition

temperature, although its effect is less marked than that of i

m§§§§§§§e¢(3h} The role of both manganese and nickel in
lowering the transition temperaturz is discussed in detail
in later chapiers, Chromium is often used in conjunction
with nicke?l, and elthough 1t is commonly thought net to
alter the transition temperature (see Table 1,1), it has

{34)

been shown 1o increase the transition temperature of steels,

Silicon i used in amounts varying up to 0,40% in struct-
ural steels, its main role being 4tlst of & deoxidant, In
this role it appears to lower the transition temp@ra%ureg(éa
although it has been shown to inerease the iransition temp—
grature when present in amounts excesding GQQD%a(jaJ Although
aluminium can alsc be used as a steel deoxidiser, its
prineipal role is to produse a fine-grain steel, TIn this

gase 1t i3 added after the steel has been deoxidised with

silivon, The aluminium then combines with the nitrogen in
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the steel %o Form alumindum nitrids, whilch produces a
smaller ferrite grein size by preventing austenite grain

?é}

coaresning during heat treaﬁmgntpij and by the precipie
tate particles acting as nuclel for ferrite grains during
transformation on cooling, The removal of nitrogen from
solid selution to form aluminium nitride is thought to
lower the trensition temperature furthera(ﬁ?) It i3 not,
'however, penerally appreciated that aluminium nitride
decomposes to aluminium and nitrogen in solid solution at
high temperatﬁres,(36} and since their recombination to
aluminium nitrids on sooling is aluggiwh,(§8§ steels in the
"as rolled” condition containing aprreciable amowunts of

(39)

alupinium say yet contaln very little aluminium nitride,

Under these cilroumstances the aluminium addition neither
refines the ferrite grain size nor removes nltrogen from
solid solution, end the transition temperature is conse-

quently net lowered,

Aszessing the Effect of Metaliurpical Fastors:

The relationship beiween grain size (d$%) and the
dustility tvenaition temperature has been proved by many
researchers, and the results of ?Etﬁh<%6) may be taken as
typieal, The alffect of alloving elements on the transition

temperature of steel has also been the subject of much

“investigation, Twe separate, but related approaches have

bzen established by these investigators:-



a) to study the variation in transition temperature
brought about by the addition of separate alloying
(32 & 34)

glements to a8 controlisd base composition,

b} To sorrelate the variaztions in transition tempsra-

(28 & 36,37}

ture with stsei analysis,

The first method, although producing useful qualltative
informaticn, has a number of inherent difficulties, The
affect of only one, or at best two, alloying additions can
be examined at any one time, since variationg in transition
tempegrature brought about by more than two alloying additions
can becoms incomprehensible. I+ is alss often difficult to
hold the base composition of these synthetic steels consiant,
since the planned alloy additions often alter the base
senposition elther by contamimatlon or by altering tle

solubility of other elements in the base steel,

The second method relies heavily on statistical methods
of analysis, In this technique & number of alloy variations
can be made at any cne time, and provided all the possible
variations in the steels are analysed, ths regression analysis
should correct for base compesition variations, This is best
dona therefors on a series of experimental steels where the
prodostion method variations can be kept to a minimum, thus
reducing the total number of variables to be examined, The

lirear regression analysis technigues generally used have several



major limibtalbions, The derxived mathenmatical equations only
include variables which have been includsd in the analysis,
and equally lrportant, this analytical technigue assumes
linear relationships between deperdent and independent
variables, Sinee non=lirsar relationships are not indicated,
the resultant analytical equation will give only a mean slope
te any nen=linear relationship, Some correction can however
be made with prior knowledge of non-linear relationships,
Realistic formulae can in these instances be obtained by
using appropriate functions of wariables which will give
linger relationships. Appreciable unceritainty in the eguation
sgefficients can alse result from iater-related independent
variables, and it is often difficult to avoid chance inter=-
relationships between the independent variables when eXam-

ining a large number of them,

Grouping of resulis 1s also often found when important
variables have not been included in the analysis, e.g.,
vacuum melted steels may glve transition temperature resulis

in a group at lower temperatures than similar air cast steels,

When exzamining the effect of alloying elements on the
ductllity transition temperature, grain size measurements are
necessary in both of the above-mentioned approaches, since
many of the alloy additiona also influence the grain size of
the steel, Some authors have also made use of estimations

/
of pearlits scontent in these steelsﬂ‘ga) Both of these



variables requlre careful metallographic technigque., The
measurement of grain size in siesls is further complicated
by the presence of two phases In the microstructure, In
the low carbon steels (€ < .25%) the pearlite grains are
usually regarded as boundaries betwesn ferrite grains in
much the same way za the normal ferrite grain boundary.
Technically 1% can be claimed that this method of grain
size measurement is misleading, since it virtually assumes
that the pearlite grain size plays no part in cleavags
fracture, Metallographic measuremsnt can be further com-
plicated by widmansimitien structure, and is a2lso unsatipg-

factory when exapining guenched and tempered steels,

In the pressnt dnvestizgaiion the second of the itwo
analysis techniquss was used, i.e,, the linear regression
amalysis technigue, Binee 1€ was alsc intended to compars
the fransiticn tewmperature of quenched and itempered steels
with that of normalised steels, metellographic messurement
was kept to a minimum, and replaced when possible by
chemiceal amalysis; i.e,, all the experimental steels were
analysed for aluminium nitrids, since it has been shown that
grain slze ls dsperndent on the aluminium nitride cmnﬁenﬁ.(&ﬂj
Grain size measuremenis wers however also made where possible
to erable verification of this relstionship, full Cherpy
impact transition curves were drawn for each experimental

stesl, and the 20fi~1b ernergy level temperature was extracted
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from thess cwves and used as the eriterion of transition

ftemperature,

Multiple Linear Regression:

This {form of analysis assumes that the regression can
be referred to in teiyms of one dependent and several
independent variables. Tne regression formulae are not
restricted bo variablies having & dependent-independent
relationship, but merely describe in mathematical terms the
neture of the relatlionship between the variables, However,
in evaluating the degree of the relaticnship, =1l error or
inaccuracy is assuned to b2 in the measuvements of ohe of
the variables, and the other vavriables are assumed to be
precisely known, That iz, the impression is assumed
asapciated with the dependent variable and the independent

variables ere assumed to be the precise variables,

In general, s dependent veriable v may be expressed

in terms of the independent variahles

Xys Hpp Xy

Foom B o b
¥ a+ b, X, + bz Xy * b3 X3

ﬁ@&@usEqn$§@1

whers bﬁy é?$ bﬁ’ - o= e o= o - - are the respective
regression ceefficlents, IT the degree of fit of 2 multiple

lirear regression is measured by the sum of the squares of

L5



deviation of the observed from the predicted values, then

in a mammer directly analogous +to that for a simple linear
regression, an expression for the constants in equation 3.1
can be obtained, A detailed description of linear regression
techniques are given by Volk(hﬁ) and‘Williams(bz). Xost of
the analysis reported here was carried out on an I,B,N,360/44
Computer using a standard program (REGR) from a Scientific
Subroubine package,(hs) Some of the early multiple regress-
ion analysis was carried out using an I,B,M, preogram modified
to suit the reduced memory storage of the smaller computer
available ai that times, This reduced the rumber of variables

which could be handled +to texn,

A sample of the printout from the I,B.M.360/44 is shown
in Table 3,1, The significance of the multiple regression
mey be tested by comparing the Variance ratio (F in Table 3,1)
with tables of Filsher's FG(ALJ In the example shown in Table
3,1 compariseon of the Variance ratio with Fisher's F tables
shows that the multiple regression is significant at the 0,5%
probability level but net significaut at the 0,1% probability
level, That is, we can say with 99.5% certainty, but not
with 99,9 certainty, that thers is a correlation, The right-
hand ecoiumn of Table 3,1 can also be used to determine the
significance of any particular regression coefficient, In
this example there are 29 sets of data and the computed T

values can be compared with ¢ +test tables for the analysis
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TABLE 3,1 = I.B,M, 360/LL PRINTQUT

Multiple linear regresslon analysis of form ¥ = a + b X, *+ b Xy b3 XS b % w w =m w o o= om o= om
Variable No,6 = & . (mm 2 2) {dependent variable)
Variable No,2 = % €
Variable Ne.3 = % Ma
Variable No, &4 = % Ni
Variable No.7 = % “AIN
VARIABIE STANDARD  CORRELATICN REGRESSICN  STD.ERRCR CONPUTED
{x} MEAN DEVIATION x vs y COEFFICIENT(b) OF REG.COEF, T VALUE
V. 0,17433  0,04845 -0,23658 1,83335 3.88608 O, 47477
3 0.66L48  0.24797 0,16855 0,98478 072740 § o 36572
& 0.05517 0,20293 0,14609 0.99694 0.77431 1.28753
T 0,00568  0,00405 0, 562704 167.59799 40, 85549 L,10242
DEPENDENT( v)
6 B.87795  1.,03043
Intercept (a) 6,A5819
Multiple Correlation, R 0,57914
8td . Errer of Estmat@\s; 0.81638
Analysis of Variance for the Regression
DEGREES SUM CF MEAN
SOURCE OF VARIATICN OF FREEDOM SQUARES SQUARES F VALUE
Attributable to Regression (k) 4 i3,71124 3,42780  5,13564
Deviation from Regression(Nek-1) 2k 16,01889 0.66745
TOTAL 28 29.73%010
From Fisher®s Tables, FO‘,O‘I 2k = 4,22
F0.005,4,2 = 4,89 .°. The regression is significant

at 0,5% but not at 0,1%

F0.001,4,25 = 6,59

*i4



of variance using (N-k-1) degrees of freedom, From such

tables(hAJ for 24 degrees of freedom

gignificance

50%
105
b
%%
1%
0,1%

Referanes

% test value
0.685
1,318
1.711
2,064
2,493
2,797
3.745

to Table 3.1 shows that carbon content has

1_
no significant effect on grain size {(d 2), The correlation

1
of Mn with 4 2

ig significant at the 10% level, but not the

q

5% level, and that N has the best correlation with d 2

AIN

being significant at the 0,1% probability level, Carbon

could therefore be removed from the multiple regression

without much effect on the overall significance of the

regression eqguation,

The multiple correlation coefficient, R, and the

Variance ratio,

F, are related by the following equation

Fo= BZ (N-1-1)

(1-R%)

where N

x

w00 aooEqno_5¢2

nunber of data sets

nnmber of independent variables,

(44)
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The confidence limits for the regression line may be
determined about y (mean) as + t,s where t is
selected at tre proper degrees of freedom and the
desirzd prebability level and s 1is the standard error
of estimats,

In the example shown in Table 3,1, the 95% confidence
Iimits for 24 degrees of freedom is found from the t test

tables 2,064

®,05,24

it

Froam Table 3.1 vy = 8,678 s 0,817

8,678 + (0,817 x 2,06h)

2"« 95% confidence limits

1]
H

8,678 + 1.688
i.8., We cau say with 95% confidence that all value of ¥y

will be within + 1.688 of the regression line.

One further facter needs brief mention here, that of
the “"fraction of variance"., This usually means the fraction
of variance accounted for by the correlation and is equal to
Rza This function is also sometimes referred to as the
“"percentage of total variation in the dependent variable

explained by the regression equation,”
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CHAPTER 4

REIPERIMENTAL PROCEDURE AND RESULTS,

Experimental Steels:

Initially 42 separate 1-cwt casts of steel were produced
in smell high frequency induction furnaces, Sixteen of these
casts were produced by vacuum melting, and the remaining 26
ingots as normal air casts. The ingots, initially 3-inches
square, were forged to g-inch diameter bar before heat treat-
ment, Sixteen standard 2mm Vee notch Charpy specimens were
produced from the heat treated bars and a full impact trans-
ition curve determined for each condition., Broken Charpy
specimens from each cast were used for the chemical analysis
and for metallographic measurement of grain size, pearlite
grains being considered as grain boundaries for this measure-
mend, Sinde 1t was not practiscal to determine grain size on

the quenched and tempered sieelis, metallographic measurement

was only made on the normalised and slow cooled test specimens,

The chemical analysis, the reciprocal of the root mean ferrite
grain diameter (mm”%), and the Charpy 20ft-1b energy level
transition temperatures are given in Appendix A', Table A1,
for the vacuum melted steels and in Table A2 for the air cast
steels, Some of the high manganese steel bars and a series

of bars from the nickel steel group were also furnace cooled,

These resulis ars shown in Table A3, A further group of bars

54,
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from the carbon-mangansse and nickel steel casts were oil
quenched from 890°¢, and tempered at 680°¢, These results
are shown in Table A4, together with the nickel-chromium
steel series which was 0il quenched from 85000. and tempered
at 680°%. ALl normalising and furnace cooling was carried

out from 89000, or 90000°

Statistical Analysis of Data:

The above tests yielded 52 complete sets of data for
examination by computer using linear multiple regression
analysis techniques, In order fo obtain realistic formula
from the regression equations, the variables were reduced to
functions which, it was hoped, would give linear relation-
shipas, The funections initially examined as variables are
shown in Table 4,1, This table also shows the rangs of
variation in each of the examined functions, The following
definitions apply to the terms shown in this and other tables;-

N

AIN = Nitrogen combired as aluminium nitride
determined by the Beegley(h5) process,

Nsol = Acid soluble nitrogen,(hs) which includes
nitrogen as aluminium nitride, in solid
solution or as iron nitride,

Ninsol = Acid inscluble nitrogeng(as) and includes

the more stable nitrides such as titanium
ritride, vanadium nitride and possibly

silicon ritride,



R1301

Alﬁnsol

!
b

20

4

5é,

Residual nitrogen in solid solution or
r ¢ 5 e 4 3 e ¥ e
combined as iron nitrids hsml ﬁﬁiﬁ

(46)

Apid soluble aluminium® and includes

the aluminius in solid solution and

combined as aluminiwn nitride,

(46)

Acid inscluble alumirnium and oconsidered

to be.AEEOBQ
Residual alumintium in solid solution = &lsol o Alﬁlﬂ

Total oxygen content,

Oxygen assumed combined with 51 as 5162== OT - 0&1205

e : y
whare tha Qaggﬁﬁ is saleowlated from the Alingg%

content,
Total siilcon content,
=51 dus i content = 81, = 541, i

Residual 51 conten ng 8131() whare Sng@

2 2
1z the silison assumed in combination with oxygsn
and caleulated from the 0540 content,

mre

Reciprocal of the root mean ferrite grain sisze,

;
(o™},

The temperature in °¢ at which a minimum of
20ft-1bs of energy ave absorbed by the 2mm Vee

noheh Charpy specimens,



TABLE &.1

Summary of the variables in the initial £7 seis of data

sxamined by regression amlys.s

Mindmun
Carbor A 0,09
3ilicon % 0.07
Mangarese % 0.32
Nickel % o4
Chrosivm % 0,04
Oxygen % 0. 0010
Np1w % 0 0000
Ny % ¢ 0000
Aly % 9.000
Nigsol ¢ 0.0000
“inscl % 0.000

T20 (%) R

0.0003
0.00453

571,10

Meximum

€
8
1.39
5.93
0,99
0,0289

[

Oa
]

Ao

L

0,0140
0,0095
0.195
0,003
0.014

5
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The rsgression analysis of the 52 sets of data yielded the

following equation: -
Tpo = 322(%C) = 59(%Mn) - 18(%L) + 25(%Cr) = 1753(%N, 4 )

+ 196@{%ﬁn) + ?2?(%A1&} « K,

aoaoorE§n04a1

The constant K, has the value =63 for steel normalised from
890°c,, ~15 for steel slow cooled from 8907C., and ~90 for

steel oll qusnched and tempered at 680°¢C,

Equestion 4,4 is significant at the 0,1% level, i,e,,
such a high degree of correlation will only occcur by chance
pnee in one-thouserd times, ALl the regression goefficlents
except NR &nﬁ,ﬁlR were significant at the 0,1% level and
these two factorszs at the ‘100% siprnificance level, The
correlation coefficient is such that 9%% of the total
variation in iransitior tempereture 1s explsined by the
equation; 4.e,, only 5% of the total variation in transition
temperature has to be sccounted for by unconsidered factors
and experimental errcor, The 20ft~1b ductility transition
temperature, calouwlated from sguwation 4.1 is plotted against
the actual transition temperature of the 52 expsrimental

steels in Fig.b~1, Also shown on this figure are lines

representing the 99% confidence limits of + 16,8%,
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~ig. 41 Calculated and observed transition temperatures for
experimental steels using equation 4.1.
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The inclusion of other factors such as total oxygen
content, total silicon content, Ninsol and Alinsol only
rajsed the percentage of the total variation in transition
temperature explained by equation 4.1 to 955 and since these
individual factors were all of low significance they were
dropped from the equation, An attempt was made to improve
the significance level of these functions by subdivision of
total oxygen inte oxygen combined as Si 02 and A12 O5 and
toetal silicon inbto silicon combined as Si 02 and silicon in
s0lid solution, These new functions did not, however, give

ary improvement in the significance of these terms.

On examivation of Flg,4=1 a mincr degree of grouping of
results on the quenched anl tempered steels can be seen, i,e,,
although these results cverlap those of the normalised steels
wo some degeee, they could influence the general form of
equation 4,1 since all these steels have transition tempera-
tures at the lower ernd of the range. When these results are
replotted using equation 4.1 with K, = =53%, but without
altering the constant term te compensate for the various
heat treatments, sce Fig,h-2, three parallel lines are pro-
duced corresponding to the various heat treatments, It can
therefore be concluded from Fig. L=2 that the grouping of the
quenched and tempered spesimen results in Fig,4-1 has had an

ingignificant effect on the coefficients of equation 4,1

60,
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The graln size term d@% was not included in the above
regression analysis since grain size measurements were not
possible on the quenched and tempered steels (Table Ak},
For this analysis it was assumed tat there would be a
correlation between d"% and the NAlN content so that any
effect of 41"12- would be shown in the NA].N coefficient,
However this correlation between d’% and NAlN would not
necessarily exist in those steels with very low NA]N
contents, The amdlysis was therefore repeated using only
that data with N, contents in excess of 0,0010%, The
45 sets of date which satisfied this criteria gave the

following regression equation:=-

Tpo = 212(%C) ~ 65(Blr) « 18(fANi) + 31(Cr) - 1941 (7A, 1)
+ 1239(AN,) + 135(%A1,) + K,

ooooo-EqnoLI‘o2

The constant K, has the value =33 for the normalised material,
5 for the slow cooled material and -66 for the oil quenched
and tempered matertal,

The abeve equation can be seen to be very similar to
equation 4.1 with only minor alterations in some of the
regression coefficients, Equation 4.2 is significant at the
0,1% significance level and all the coefficients with the
exception of Np and Al, are significant at the 0.1% level,

The coefficient for NR was only significant at the 10%
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level and Aly at the 4,07 level, The correlation coeffic-
ient of equation 4,2 is such that only 93% of the total
variation in transiftion temperature 1is explained by this

sguation, Simee this is slightly Izss than the percentags

variation explaired by equation 4.7, equation 4,1 is preferred,

The exelusion from equation 4.1 of terms relating to grain
gize or volume fractlon pearlite makes this equation suitable
for the somparison of transition temperatures belween steels
in the guenched and tempered condition as well as the normale
isged condition,

To determine the effect of the reciprocval square rood
grain size, ﬂm%F on e ductility transition temperature,
a further subdivislon of e sbove data was made, For this
data on the quenched and tempered steels (Table AL) was
exgluded from the regressicn analysis, The remaining 40 sets
of data all sontain measurements of d%%ﬁ and gave the

following squation: -

& mj_‘
Tpo = 315(%C) - 32(%Mn) - 5.65(372) + 4.5
Oooo,‘EQﬁgha}

This equation is significent at the 0,1% significance level
but with the coefficient for Mn enly significant at the 1.0%
level, The coefficients for Ni, Ny, and 41, proved to be
of Jow significance and were consequently excluded from the

gquation, Whern this analysis was repeated including NAJN
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as an independent variable, the significance of the carbon
coefficient wus reduced to the 1,0% significance level and the
goefficient for dw% reduced to the 2,0% level without any
appreciatle alteration to the coefficlents. The coefficient
for Eg}m also had a very low signifisance level, This
suggasts a definilte correlation betwsen dw% and the EﬁIN
and ¢arbon contents, Regression analysis of ths data sets
from Tables 41 and AZ {(normalised steels only) using ﬁW%

as the dependent vardable and ¢, Mn, Ni anﬁ.ﬁAIN as

independent variables gave the following regression equation

a“"%‘ = 1,83(%C) + 0,98(%Mn) + 1,00(1) + 16?,66(?7@IA1N)
W 6,70

“.--aEq‘n-hch

This equation is significant at the 0,56 significance level
and the signiflizsspes of the various csafficients agre -
Ny-ppo 0,4%; Mn, 20%; Ni, 306, Although equation h.k
eonfirms the sorrelation suggested above, the significance
of the coefficient for carbon is very low ard this coeffice

ient could therefore be excluded from sguation h.h.

The 20£%t~1b transition temperature, caleulated from
eguation 4.3, is plotted sgaipst the syxperimental transition
temperature in Fig,h-3 for the 40 mets of data used in the

regression amalysia, Alss shown is the 996 confidence

limlts of + 30.3°C,
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This data was agiin medifded $o irciude only that date

with NAE% contents in excess of 0,0020% thus dividing the
data into a2 high 3?&1& series and a low vﬁﬁIN series, In

an sndesaveur to ilmprove the regression analysis further data
waz accunulated at this stage., This is shown in Table A6 of
Appendix 'A' which yrovided a further elight sets of data for

the Iow W series and two sebs Por the high E&iN deta

AN
series, AlL cf these steels were produced in the manner

deaoribsd irn paragraph 4.1, the low NAIN series being pro-

duzed by vacuan melting,

The followinz regression equation was obtaipned from the

Ceap el

53 sets of data with N,.. contents in excess of 0.0020%

LA ;L —
TQG = 292{%0) A 39{%151113) - 15.5(4 2) + 15'??(%3?3-)
- 6E(FSL,) + 724

de ES e:EQnali‘ﬁﬁ

This equatiion 15 again significart at the 0,1% significance
leysl, althouph only the &“% gpefficient proved to have a
signlficanse level of better than 0.1%,., The coefficient for
carbor was beziter than 1,0%, that for menganese better than
2,00, and that for silicon betisr than 5,0%, The scosffio-
ient for N, was only significant at the 30% level ard
could be neglected, Fig,h-h shows the 20Ft-1b transition
tewperature calevlated from equation 4.5 plotted against

the erperimental transition temperature, with the 994
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Calculated and observed transition temperatures for
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confiderce linits of + 29.47C,

Multiple regression analysis of the 17 sets of data
with N, contents of less than 0,0020% was not success-
ful, the regression coefficients contrasting with those of
equations 4.1, 4.2, &%, and 4,5, and in general having
very low signifileance levels, 1In every case the Variance
ratio, T, showed the resulting regression equation to
have sigrificance levels of 10% or less, When this date is
used in equations L1, 4.3 and 4,5, the resultant graphs,
given in Pigs.&~B, 46 and L~7 respeciively, show con~
siderable variation beyond the %ﬁ% gonfidenee limits, This
error is to be swpscted when using equation 4,1 on these
steels of low N,y content, see Fig,h-5, since the grain
gize of these stesels will be independent of the Ngr&
content, and equation 4.1 contains no term for ﬁ-%»
Equations L,3 and 4.5 do however contain coef'fisients for
éf% instead of NAJNQ and the resultant regression
sguations should conseqguently be applicable to the steels
of low NQEN content, The wariation in calculated transition
temperaturs beyond the confines of the 95% confidence limits
In Fig.4~7 i3, however, appreciable despite equation 4,5
containing a cesfficlent for ﬁf%g This variation is less
obvicus in Fig.L-6, principally because some of the steels

with low Nﬁ contents were included in the original

w

regression apalysis which resulted in equation 4.3,
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I+ would appear from the above that the steels of low

N sontent have transition temperatures controlled by

AIN
factors other than those expressed by equations L., 4.3
and L, 5B for ateels of high NAE% content, One noticable

feature of the steels of low NAEg content ia that many

of them have bzen produced by vacuum meliing and have
consequently low nitrogen (Nsol) comtents, Although it is
generally recogrmised that wanganese lowers the duetiliity
transition temperature, see Table 1.1, manganese has also
been shown to raise the lower yield stress by 2.1 tons per
inchg per 1% weight after compensating for changes in grain
gize and volume fraction peariiteﬁ(28> Since alloying
elements in =0lid solution in ferrite usually incrsase the
vield stress by raising the temperaturs independent friction
stress, C%z it would be natural to expect manganese to
ralse the transition tempsrature in low carbon steels,
Peﬁsh(%?) has sxplainad the lowering of the transition
temperatures by mangansse as a two-fold effect, brought about
partly by a refivesent of graln size and partly dus 4o &
weakening of dislocation locking, If, as Petch suggests,
dislocation locking in steels is mainly by nitrogen, armd
dislocation locking raises the transition temperature very
merkedly, the overall effect of manganese would be to lower
the transiticn temperature, Nitrogen-free steels would

however be expacted to show an increase in transition temp-

erature with increasing manganese content dus to its effect

7.
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onn the friction stress alone,

The Low Nitropen Steels:

To determine the exzpected increase In the duetlility
transition temperature brought about by mengeness in the
absence of ritrogen, a further series of vacuum melied
steels was produced with the manganess content varving
from 0.2% to 2.0%, Bightesn 50-1b ingots were produced and
rolled to %—é insh{ = 20mm) diameter bar for heat treatment,
Twelve standard 2mm Ves notch Charpy srpecimens were pro-
duced fram the heat treated bars and the lower end o the
impact transition curve determined for each condition,
Ssotions of the heat treatsd bars wepe used Tor chemleoal
aralysis and Troken Charpy svecimens woere used for wmetello-
graphle measuremsnt of graln slze, In this instance the
pearlite gralns were also counted zs Individual grains,since
the parlite gzrain size was approximately equal to the
ferrite grain size in mny of the ztesls in this series,
Four of these cast were rejected from the initial amalysis
becauss of a banded Fferrite-pearlite microstruscture, thought
to have resulted from a low rolling temperature., The
chemlecal analysis, the reciprocal of the root mean ferrite
grain dlameter Qm‘“’%) and the Charpy 20ft-1b energy level
transition temperatures ave given in Table A6 (Appendix TAY)
for the fourtesn satisfactory steels and the above date for

the four rejected casts iz inecluded in Table A7,

73,
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Linear multiple regression analysis of the data from
Table A6 showed that there was no linear increase in
transition temperature with increasing mangasnese content,
When the tranzition temperature was correcsted for variation
in carbon content and af% by using coefficients from
equation 4,3, examination of the data indicated that the
transition temperaturs decreased with increasing manganese
content up to approximately 1% Mn, and that further increases
in manganese contsnt increased the transition temperature,
This increase in transiticn temperature was most noticable
on the data with high manganese contents and very low nitrogen
contents, e.g., NR = 0,0008%. It seemed therefore that the
riirogen content of this series was not low enough to deter-

mine the sole effect of manganese.

It was azsumed therefore that some factor combining the
manganess and nitrogen contents should be included in thes
regression analysis to account for any interaction betwsen
these two elements, After a number of attempts using
different combined factors and fitting the cwves to the
experimental results, the following combined squation was
selected for determining the coefficients for manganese and

nitrogen: -

AT, = xﬁ(%zan} + K#(?\) + K () + K,
ogaeerqn*‘&"é



L (dam) ()
mhere ¥ = (ZnyeE,AL)

KE, K, and K5 are regression coefficlents and

L

Kﬁ & oconstant,

This equation satisfies the expected limiting conditions of
ATQG = I«;}(%zﬁn) wheye Np—s=0 and A’fg{) = KBC%NR}
where Mn-——s= O,
If the vegression coefficient Kzi_ i3 negative and large

enough, intermediate values of Mn and NR will show the

overall effect of Mn as a negative coefficient,

Tha constant E{n wag found by trial and srror to give
the best variance ratioc values when it had values in the

range 1200 to 1500,

Using Kﬁ = 1500, regression analysis of the 14 szets

of data shown in Table A6 gave the following equation:-

T, = 116(%C) - 13,3(32) + 33(%un) - 158,856(F" )
v 22576(N, ) + 4B5(%BLy) - 32
co;!l.ggni‘h‘.?

This equation is significant at the 1.0% significance level,
4

but most of the individual coefficients, except 4 2 (30%

significance) and the factor F* (5% simificance), had low

significance levels,

75
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Final Regsression Analvsis:

For the fival regression analysis of all the accumu~
lated data, the data was sectionalised into groups, each
data group consisting of data of similar independent
variables, These regresaion subgroups are shown on the

tables in Appendix ¥A' and theilr classification iz as

followssz=
Regresaicon Group Data Ho,Setls
1 Low N_, AER = 0 14
2 High Np,Nyq < 0.0020% 7
3 Low Ny, Al, > 0 8
I Ny = 0,0020% 30
5 Sip > 0.3%% b
9 Commercial and others 14
11 Quenched and Tempered 12

The ebove regression groups were analysed separately
and in coubiration, bubt Iin gensral regression analysis was
not completely successful because of inter-correlations
between independent variables and in some cases due to

limited variation rangss in certein independent variables,

These regression equations are summarised in Table 4.2
which also shows the significance level of each coefficient
and the equation as a whole., It can be seen from this table

that the addition of data from regression group 1 to date



TABLE 4,2

Regression Equations,

Regression ] Regression Ccefficients and Significance Levels ) L‘Equation
Group c oz Mn F* Ne AlR S Constant No,
142 311 -11,9 27 =130,614 ~2588 359 ~21 o8
(0,1%) (1.,0%) (20%) (<20%) (0.1%) {207%) {2.0%)
4 26 -1h,3 =30 ~9,360 1835 =20 =11 52 b.9
(0, 5%) (10%) (2.0%) (<a0p) (<=<2gt) (<20%) (<<20f) (<<L20)
44244 112 ~11, 26 =141 ,826 960 =475 81 4,10
(0,1%) (10%) (. 17) (2.0%) (0,4%)  (<20%) (1.0%)
1424344 146 -12,9 27 “144, 317 328 =276 86 4011
(0.1%) (2.0%) (0. 1%) (2,0%) (0.3%)  (<<20%) (5,0%)
243+l 272 -1, =20 -h8,320 959 Sk 33 bo12
(0,1%) (1.0%) (o, 1% (< 20%) (<20%) (<<20%) (<< 20%)

‘L
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from groups 2, 3, and 4 seriously affects the coefficients
for carbon and residual aluminium, e.g., comparing equations
4,11 and 4,12 the addition of data from group 1 reduces the
coefficient for carbon from 272 to 146 and the residual
aluminium coefficient is changed from 54 to =276, despite
the group 1 data having zerc aluminium, It was consequently
assumed that the different technique used for measuring grain
size on the low nitrogen steels of group 1 was responsible
and that data from group 1 should therefore be analysed
separately, In view of the low significance levels of many
of the coefficients resulting from regression analysis of
data from regression group 1, the transition temperature,

T of this data was corrected for variations in carbon

20°
1
and d 2, using regression coefficients from equations
derived from data of groups 2, 3, and &, Coefficients for
carbon ranging from 264 to 320 were chosen for this analysis,

ol
with the coefficient for 4 ¢ = 11,8,

The best Variance ratio for the resulting regression
equation was obtained with a carbon coefficient of 264,giving

the following equation:-

AT, = 28(%Mn) - 140,000(F" ) + 1, 452(4N;)
+ L2A(7siy,) - 36
ooooooEqn°h"13
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This equation is significant at the 2,5% significance level
and the coefficlents for FY and Mn significant at the

104 and 96 levels respectively. The vemaining coefficients
had significance levels of less than 20%, The close
gimilarity of the cceflficients for ¥Mn and F* with those shown
in Table 4.2 led to the use of these coeffliclents Tor the
correction of T?G for the data in regresgion groups 2, 3,

and 4. When the coefficient for Mn was taken as 26 and that
for F' as =-144,000, the following regression equation was

obtained using date group 2 + 3 + &,

Aty = 280(%6) - 11.6(47F) + 3530(7N) + 38

FhES @@gi}imﬁig’"&ﬂg‘é’%“

This equation is sienificant at bebter than the 0.1%
slenificance Jevel, the coefTlelenis for carbon and ﬁw% having
significance levels of 0.1% and N, a significance level of
1.0k, &laﬁ 3;3 and {% all have low sipgnificance levels

and have consequently been excluded from equation b,1lh.

Re-examination of the originel 52 sets of data used 4o
determine equation 4,1, but correcting TQG for €, Kn and
FY by using 264, 26 and ~144,000 as the respective

coeffisienta, the Tollewlng regressien equation wae obtained

&% = w{3{ENL) & 18(%0r) - m%{%%w}
+ 536008 ) + 73(RAL,)

- THFS ) *+ K
K 6 PR 1 T .



where ﬁgTQQ is the corrected ductility transition temperaw
ture and K. iz a constant with values =50 for the normale
ised steels, -20 for the slow cooled steels, and -92 for

the gquenched and tempered steels,

The above regression equation is significant at better
than the 0.1% significance level, and the significance level
of the individual coefficients are, Ni and Ny, 0.1%: Cr, F:
Blgs 10 N,y 20%: and Alg, 30%. The ecoefficient for On
had a very low significance level and has consequently bsen

excluded from equation 4,15,

For the fiml series of regression analyses a rangs of
coefficients, suggested by the above equations, were used to
correct the transition temperature for the various independent
variables, The following regression equation gave the best

Variance ratio, F, for all the coefficients examined:-

T,y = 264{%C) - 1‘5‘,8(&%) + 28(%Mn) -~ 140,000(F" )
+ 585&{%3\?3) + 18(%Cr) + 68(%3%}

+ 50{FAL) + Ky

g@@@@@ggm@‘%’w‘%é

The constant K? has values of 53,9 for data from regression
group 1 and 17,6 for data from regression groups 2, 3, and L.
It was found that equation 4,16 could be used for data from
regression group 11 {quenched and tempered steels) if a

4
correciion was made for d 2 by using the cosfficients for
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N Mn, and Ni from equation 4.4, The constantl(7

AN’

has a value of -29,7 in this instance,

The Variance ratio, F, for equation 4.16 is 33 for
the 14 sets of data from group 1, 180 for the 41 sets of
data analysed from group 2 + 5 + 4, 282 for the 55 sets
of data amalysed from group 1 + 2 + 3 + 4, and 37 for the
12 sets of data from group 11, This equation is conse~
quently significant at better than the 0,1% level, and very
much better than this for the combined sets, The data is
shown in Figs,4~8 and 4-9 with the 95% confidence limits of
* 2508. determined from regression group 1 + 2 + 3 + 4, All
the coefficients in equation 4,16 except those for Aly and
S:‘T were significant at the 0,1% significance level, The
coefficients for A].R and SiT had low significance levels and
the coefficient for S:'LT could be excluded without much alter-
ation %o the Variance ratio for the equation, When equation
4,16 is used in conjunction with data from regression group 5,
the constant K7 is found to equal ~22.6, 8ince the steels
in this regression group have silicon contents in excess of
0,35% and in one case up to 0,645, it would appear that
silicon contents of this magnitude lower the transition temp=
erature, However, when the data from group 5 was added to
that of groups 2, 3, amd 4 no significant effect of silicon
was found, Table 4,3 summarises the full range of variables

used in analysis,




TABLE 4.3

Summary of the variables used to determine equation 4,16

Carbon
Silicon
Manganese
Nickel

Chromium

%
%
%
%
%
Oxygen %
%
%
%
%
%

Minimum

0,04
0,07
.25
0,01
0,01
0.0006
0,0000
00,0000
0,000
0,0000
0,000
4,42

=107

Mean

0,1612
0,2188

00,7481
0.2866

0.0179
0,0051
0,0035
00,0024
0,0208
0,0008
0,0048
8,3288
-29,5932

Maximum

0,27
0,32
1.39
3.93
0.12
0.,0380
0.0140
0.0095
0,195
0,0034
0,014
11,80
26
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CHAPTER 5,

DISCUSSION OF RESULTS,

The Regression Ceoefficient for Carbon:

From eouations 4.15 and 4,16 it can be seen that an
inerease of 0,01% C will raise the ductility transition
temperaiture (TQ@) by 2.60(3g When the lowezt carbon
content steels { group 1) are excluded from the analysis,
this dncrease in duetiliity transition temperaturs with
o04% increase in carbon content becomes 2,8°C,,{equation
L,14), These figures compars mell with data extracted from
the work of Burnsg and ?ickez*iﬁgigg) where 0,01% C raises the

transition temperaturs (TED) by approximately 2.90%

(34)

The work of Rinebolt and Harris is also in good
agreement with the figure predicted for carbon by equations
4o, 4,15, and 4,16, These authors found that the 15ft-1b
transition temperature wes increased by §430Gg for steels
of more than 0,%0% carbon, and by 2,6°C, for steels of less
than 0.3% carbon for each 0,01% increase in corbon. The
figure for the low carbon range was however influenced by a
larger than average grain size in their 0.01% carbon stesl,
When allowing some correction for this and plotting the
best £it line through their complete carbon rangse these

authors obtained a value of 3.0%, per 0.,0%% carbon, In

this caze all the steels wers nowmalised Pron %GOC,

85,



Bovlger and Hansemﬁ 26) used Iinear multiple repression
analysis techrigues to determine the effTecte of several
elements on transition temperatures by NDT and Charpy Vee
notch tests on 2in, thick plate steel, For the 27 steels
examined the NDT transition temperature was increased by
1,2%, per 0,01% C, ard the Charpy 15fi=1b, 25ft-1b, 30% and
50% shear fracture transition temperatures by 1.8°C., 2,5%C.,
1,9%. , and 2,5°C,, respectively per 0,04% C. Groziert*®)

reported the 50% shear fracture transition temperature for

sub-standard Charpy Vee nolch specimens to be ralsed by 2,&08.

per % pearlite, or assuming the eubectoid composition equal
to 0,8 ¢, by 3,0°C, per 0.0 C, Pickering and Giadman,(?a}
using the same definition of transition temperature, but f‘cr‘
standard Charpy Vee noteh specimens, computed a 2.206, rise

in transition temperature per % pearlite, or based on the

above assumption, a 2,7°C, rise per 0,01% C,

Although different eriteria have been used as the
transition temperature in determining the above increases in
transition temperature with incressed carbon content, the
results are in general agreement with the copefficients of

squations L4, 4.15, and 4.16,

Petch and Hesisp{iﬁ) have shown that the equation for

the lower yield point

9
==
Gﬂ-rigyé.

£,
i
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can he extended to ascount for solid solution hardening in

alloys of iron to give:-

4
q = O+ k' (% alloy) + k, az
coco:quns 5o‘§

At constant temperature this equation can be rewritien in

the form

+ ® > -k
g, = G + |0 +%x(% alloy) +§:yé

o]

'y seﬁEan 5¢2

&
where ﬁ; + % (% alloy) represents the temperature

independent friction stress for solid solution alloys and

LY
k" 4is a conztani,

This modified tempersture Iindspendant friction stress
can now be substituted into equation 2.10 to account for the
effect of 301id solution alloys on the duetility tramsition
temperature, Although small variations in carbon content can
have s lerge effact on this friction stress tern in single
phaze iron alleys,igg} the main effect of earbon variation
in the range considsred here will be to alier the proportion
of second thase {pearlite) present in the steel, For the
normal range of heat treatments used in practice and in this
investigation, the carben in so0lid solution in ferrite

probably remains fairly constant.
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The variation in volume fraction pearlite is not
divestly accountsd for in equation 2,10, since this sguation
e derived from theoreilcal considerations for a single
vhase material, Although the volume fraction pearlite has
been shown to have no significant effect on the lower yleld

, . N - (28)
strength in stesls of up to 0,23 carbon, Burns and

! . {29) . : A :
Pickering have shown an increase in yleld strength of

o I ol © 3 .

approximately 22,0 tons/in.,” per 1.0F C in steels with the
range 0.9% %o 0,5 C, If this inerease in vield strength
ie consldered to te brought about by en increasse in an
Fequivalent friction stress®™, this "equivalent friction
stress” can be uvsed in equation 2,10 to give a corresponding

change in trangition temperature,

{29)

The above authors have shown that the initiation

of' cleavage cratks in pearlite appears to ocour with relative
zase, but that the propagation of these cracks through the
peariite cecurs with appavent difficulty. They suggest that
the inerease in ifransition temperature with inecressing carbon
corbent could result from the initiation of eracks in pearlite

due to one of the fellowing reasons:e—

) @ high dislocation density is produced in the

b

pearlitie ferrite at low overall sirain values
resulting in local resistance to plastic

deformation;
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41} the fracture of cementite lapellse leading

to notsh effecds;

the oreation of volds at ferrite-sementiie

}te
i
e

gt

interracas resulbing in the generation of
dialocation at the inlerfaces and thus

roviding nuclad for cracks,

At fipst sight one 1s inclined to reject the first
twe suggested reasons, since equations L.4, 4,45, and 4,16
suggeat that carbon is equally erfegtive in raising the

ransition bemperasfure in quenched anl tempered stsels,

et

whers the cartide will be in smell discrete particles,
Trhis may however be an erroncous conslusion since all the
guenchsad and tewpered steels have very similar carbon
sunkents, Pigs, L2 and L9 thersfore only show predicted
angss ip tramsition temperature in ihe guenched and
temperad steels dus to variations in slemeniz other than

carbon,

¢
Recent W@rkéjg} e fracturs in psarlitic steels las
shown that cracks develop in the cementite lamellae trans-
versed by slip plenes at overall strains of approximately

Pt

z lerndivg support to the suggestions (ii) and (iii) above.

=

g

Althpugh the data used to compute equations 4.1 and
L,16 was limited to 0,27 C meximumm, the results from a

Ligh carben experimental casts in two heat treated
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w3

H
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senditions (19384 normalised from 830" C and 19328 normal-

rep 950°C,, see Table A7) are alse shown in Figs.h-5

The agreement between the caloulated and experi-
menial values of T, using pquation 4,16 can be seen from
Fig. ke to be exzeellent, Sinece grain size was diffiounlt
o destermine on this high carbom stesl, equation 4.h was

e
used bo detsroine an equivalent value of 4 2 for

uhstitutios in equation 416,

£

4
1etents for & 2 and N :
- AN

£

The Repression Confd

Eguation 2,10 prediets that tke ductility transition
k
tarperature sheould be proporiional o 4 2, and that the

Bowever, the consiant kg end

tz the strength of dislocation locking, (47) se that this
soefficient L3 net a gonstant bubt s variable, dependent on
dislecation locking, OSinee locking inm low alley structural
steals should under normal conditions be prineipally due to
siﬂregexgﬁﬁ?} the strength of locking is likely to be some

funetion of the residual nitrogen content, i,e.; the total

n_t)

nitroger eontent minus the nitrogen combined as precipitates
of aluminiam and other nltrides, Conseguently a large
numbe» of fastors, other than the tolal nitrogen content,
Lafivenca the strength of dislecation loesking in structural

Boesla, ©.g,, the TL, V, 5% and Al contents and the heat



(36,38 and 5%)

treatment, Tn addition to the above elements
gsommonly found in steel, manganese is thought to have a large
influence on dislocation locking through its intersction with

(47 and 52}

i troger, (Th&s ism discussed in sectlion 59§}§
This sitwation is further complicated by the precipliated

. - . . Laog
plumdnior nitedde albtering the grain size, {see elso
equation k),

Under the clroumsisnces 1t is not surprising that the

P
i

soefficient for 4 © was found to vary between =15,5 and -3, 65,
depending on the Rﬁ and Mn contents of the data included in
the regresslion analysis, e.g., see eguations 4,7 and 4,5, In
general the smaller coeffislient occurred with the steels of

higher N, content (stronger locking) and the larger negative

i
coelficlient with the low NR sontent {(weaker locking) steels,
although this coelfliclent wes also influenced by the ¥n
contents,

To oyareome this difficulty a coefficlent for the

-t

variable d © was chosen which was representative of the
average coefficient computed on data of group 2 + 3 + L, and
thig roefflcient was then used with the other data groups.
Bince this ceefPicdent wes now belng consldered as & constant,
& further torm had to be added to the regression eguation
which would satisfastorily represent the sirength of disleo-
%

atlon leoking, This veriable, P, is discussed in grealer

detall in ze_cion 5.3,



Y

4

The chosen mean coefficient for d # had a value of
wii,8, where & was the mean grain diameter in mm, Irvine

ot a1t33) (48)

and Grozier uged multiple linear regresaion
technigues to determine ccefficilents of w4t 6 =2,3 &m%insmégﬁﬁe}
and =9,0 {~=3,2 &m%iﬁ5m%j@?g} respectively for this variable,
Neither of the above authors resognised this coefficient as a
variable dependent on the strength of dislocation locking, so
that their coefficients represent average values for the
strength of leeking in the dats exXawmined, These coefficients
are however conslstant with equation 2,10 in that the smaller
negative coefficlient has cocurred with date of high residual
nitrogen @&ntent{&g} {mean 0,0060%), and the larger nepative
coaf'ficisnt has occurred wiih data from normaliised or
ammealed steels containing aluminium nitride and therefore

reducsed residual niﬁr@geneiggj {(Details of the mean and range

of nitrogen content are not published in refersnce 28),

When the variable ém% was excluded from the regression
analysis, it was found that the transition tempzrature could
be adequately described by ineluding a coefficient for the
variable R&iﬂﬁ see sguations 4.1, 4.2 and 4,15, Linsar
maltiple regression amalysis using a”% as the dependent
variable confirmed a relationship between &m% and Ny,
see equation 4.h. The significance level of this equation
cold probably have been improved by using the grain dismster

(40)

d as the dependent variable, but by sacrificing simplicity

I,
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of application,

When equation 4.4 {excluding the coefficient for C
because of its low significance} is substituted in equation
4,186, the following expression 1s obtained for the normal-

ised steelsg:=-

Too = 26B(FC) + 17(%Un) - 140,000(F") ~ 12(1) + 18(%Cr)
- 1980(N, ;1) + 3850(%NG) + 50(%AL)
+ 68(%5im) - 61

aouquEqnﬁ 5#3

The above coefficients compare extremely well with those of
equation 4,15, obtained by regression analysis of the
original 2 sets of data, Ezceptions are the coefficient
for 31, of low significance in squation 4,16 and shown to
be in error when the equation is used with the high SiT data
(see section 4.4, )and szmall differences in the coefficients
fer-SA1§ and NR. Thege differences probably result from
inter-correlation beiween the Npan anﬁANR independent
variables durdng the analysis of data for eguation 4,15, and
equation 5,3 is therefore prebably more correct., Eguation
5.5 can alsc be used on data from steels in the quenched and
tempered condition, where there is some difficulty in
determining ferrite grain =mize, The calculated consztant for
equation 5.3 now becomes = 108, compared with - 92 for

quenched and tempered steelsz in equation k.15 Although



Wt

Wt

egquablon 4.4 L8 not strietly applicable to data from
guanched and tempersd stesls, the transition temperaturs
of these steels is probably influsnced by the austenite
grain sige, which 1s in turn a function of the alumicium

(54},

mliteide ocontent,

The Zeeression Cosfficients for ¥Mn and the Looking

Strength Function zigg’” v Kll) Ko :

The substitubion of the disleocetion lockling strength

variable in equation 2,10 with a constant regression

4
coefficient for 4 © necessitates the inclusion of a further

variable in the regression eguatlion to ascount for
variability of dislocation locking strength, Sincee
dislocation locking in structural steels is thought to be

(47)

and since the effectivensss of

(52)

meinly by ritrogen,
ritrogen locking is controlled by the Nn content, it is
meesssary to consider the coefficients for Mn, N and o
together as shown in equation 4,6, The coefficient K&‘is

of necessity a negative coefficient {confirmed by regression

analysis) so that equation 4.6 can be rewriiten as follows:=

’:?2@ = E%{%Z@m} +

£ ‘ N ‘
- K&m{}? J o+ xgi%rlzaj + ng
@aaﬁaa@zﬁ:q{nx ,5@‘5@“

(7hn) (Fv,)

(lin) + Kmﬁ%ﬁ

wherae F
nt

4,



Although the sbove combined variaeble has no thesoretical
basis, it satisfies the limiting condiiions in that FY tends
to zero as elither NR or Mn tend 1o zero; i.s., the locking
strength variable (within the square bracket in equation 5.4)
becomgs proporiional to the residual nifrogen content in the
absence of manganese, and becomes a constant equal to Kc vhen
locking is by carbon atoms only in the absence of residual
mitrogen, In all cases there is also a positive cocfficient
for manganese {K3) which is equal to the friction stress
constant k¥ in equation 5,2, This represents the increase
in transition temperazture brought about by manganese in solid
solution in the ferrite increasing the temperature independent

friction stress,

Rlthough the coefficients Ky Kh.and Kﬁ were found to
w

vary slightly on regression analysis of different sets of data

(depending on the range of Mn and N_ in each data group), the

R

valugs chosen for these ceeffigients

3

[
]

: equation 4.16 appeared

fairly consistantly when ¥n and ﬁﬁ were varied over a wide

95,

ercugh rangs, see equations 4.7, 4,8, 4,10, 411, 412 and 413,

These cceffleients, when used in equation 5,4, result in the
curves shown in Fig, 5-1 when plotted to show the variation
in transition temperature with manganese content for constant
values of residual mitrogen, I+ can be seen from this figure
thet the transition temperature increases almost linearly with

manganese confent when the residual nitrogen content is low
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(=2 0,0001%). On the other hand the transition temperature
decresses almost linearly with manganese when fhe residual
nitrogen content approaches 0 ,0100%: i.e., the transition
temperature would appesr on linear multiple regression
amalysis of data with hig&‘ﬁp contents to desrease lirearly
with increasing ¥n content, This accounts for the negative

coafficients cbiained by Boulger and %aﬁgmm, 26) ( 33@?M?;>
B @,5(}360%9 {wﬁ@{%ﬁﬁm}}§

andl Rinebolt and Kavrigi%h} { =B6{%MNT Y,

Grmzieria@E on stesl with mean N

Analysis of the original 52 sets of datws, see equations
het and 4.2, alse gave negative coeffigients for menganese,
When the 4 é variable was included in the regression eguation
the coefficient for Mn was reduced te =32 (equation 4.3) and
~30 (equation 4.5), showing that part of the reduction in
transition temperature brought about by ¥n was as the result
of' grain refinement, see eguation 4.4, The ﬁﬁ&ﬁ,ﬁﬁ content
of the dala used for equations 4.3% and 4.5 was approximetely
0,0030%, A cwwe for this nitrogen content is alsc shown in
Fig,5-1, and for Mn contents up o 1.39% (Table 4.1) the
curve gan be ssen to approximate to a linear relationship

with a slope of approximately =35.

Fig, =1 can be replotted Lo show the variation in
trapsition temperature wilh N antent for constant values
of Mn, see Fipg,t-Z, The reason for variablility in the NE

coefficient with different dete groups when regression

97,
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analysis is carried out with the variable F* excluded from

the data can be seen from thiz figure, e.s,,

Regression Mean Regression
Group Mn NR Corrected for Coefficient NR

1( low NR) 1,00 0,0009  264(%C) -11,8(a"‘%) -1,666
1
2(high Ny) 0,66 0,0059 26L(%C) =11.8(a7%) 8,548

,
3(low N 0,52 0,0005 264{%C) -11,8(a7%) ~21,618

?)

The low values obtained for the NR coefficients in

equations 4,1, 4.2, 4.3, and 4,5 can also be explained from

Fig, 52, e.g.,

Table 5,2
Equation No, Mean Mn Mean NR Regression
Coefficient
Lot 0,6254 0,0032 1961 (%)
ko2 0,6254 0,0032 1239(7A, )
4,3 0,6685 0,0032 Not signifi-
cant
b5 0,6988 0,0028 1577(%,)

When the mean NR content lies to the left of the minimum in
the cuxrve for any particular (mean) Mn content, the
regrassion coefficient for NR on linear multiple regression

analysis will be negative, and to the right of the minimum

this coefficient will be positive. When the mean NR content
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lies near the winimum of the appropriate Mn curve in
¥ig. 5-2, the ccefficient for NR will approximate to zero

and the significance level will become low.

The cosfficiant for]NR shown in equation k.16 oould
be a slight underestimation, since this coefficient varied
between 3500 and LBOO on regression analysis from group to
group of the data, This coefficient could alsc be
influenced by experimental errors in the determination of
the gse} aﬂﬁ'ﬁinscl contents, since variations in time and
temperature during initisl chemical solution of the steel
sample can dissolve mors or less of the more stable
ﬂitrides,(ﬁﬁ) This error could be especially large in the
low nitrogen steels (regression groups 1 and 3), The
coefficient for ﬁR iz however unlikely to be as high as

8700, as reported by Irvine et alg(Ej)

If it 45 acsumed that an increase of 1.0 tons/in.° in
in 50* increases the transition temperature by approxi-
mately Saﬂo(g?) the ccefficient for Mn in equation 4.16
represents an inerease in 56* of approximately
5.5 tsns{in,gfﬁ‘q% Mn, This compares reasonably with
approximately 8 tons/ingz at =196°C, and &4 ﬁons/in,z at 18%,
for the ingrease in 0; per 1,0% En,che) The exact
increase in G°$ per 1,0%Mn is however likely to be

difficult to determine, since manganese does not appear to

form an ideal solid solution with ferrite, It has been
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suggested that the manganese atoms form couples within the
ferrite lattice,(52) providing preferential low energy sites
for nitrogen atoms and thus weakening dislocation locking
by the removal of nitrogen from the dislocations. The
increases in Uo* with increasing Mn content is likely
therefore to result from manganese couples, possibly assoc-

iated with nitrogen atoms, as cpposed to single manganese

atcms,

No correction has been made in this analysis for
menganese combined as sulphides or oxides, This correction
may become necessary on commercial steels where the sulphur
content may be considerably higher than that of these
experimental steels, and where the steel may not be fully

deoxidised by the addition of silicon,

The Regression Coefficients for Ni, Cr, Al and SiT:

Although it is generally accepted that nickel lowers
the transition temperature when alloyed with steel, itfs
effect appears to be small, Equation 4,1 predicts & decrease
in transition temperature of 1,8°C, for 0.10% nickel, This
compares with approximately 1,7°C, per 0.10% mickel for the
15£t~1b energy transition temperature as determined by
Rirebolt and Harriso(jh) Manganesa 1s therefore three times
more effective in lowering the transition temperature of

steels containing nitrogen,
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&

It zeemz that there iz no apparent increase in the
lower yield stress of low carbon steels alloyed with nickel
when compensating for changes in grain size and pearlite

volume frac%ieﬁsizgj thus nickel in solid solution would be Y XX

expected to have little effect on the transition temperature,

It would seem from the development of equation 5,3 that the
gmall benefielal effect of nickel stems selely from its
ability to refine the grain size, see equatien L. L, and this
would aceount for the ceoefficlent for mickel no lenger being
significant when the variable df% was inecluded in the

regression analysis, see equations 4.3, 4.5 and 4,16,

Ak chromium addition of 0,10% can be seen from equation
4.1 to raise the transition temperature by approximately
25996, and from equation 4.15 by approximately ﬁ,8DC.
However, only seven sets of the data had significant additions
of chromium, and in all seven cases this additlion amounted to
approximately 1%, The coefficient for chromium is therefore
to be considered with some caution, since these results can
be seen to be grouped in Fig.h-i, This result is however in
agreement with that published by Rinebolt and Harris(ik) who
found that 0.10% chromium raised the transition temperature

by approximately BOGGS,

The mechanism by which chromium raises the transition
temperature is obscured by the fact that the chromium can

exist in a nugber of forms in the steel, e.g., in solid



solution in the ferrite, as a carbide or as a nitride,

I+ scems likely however that the increase in transition
temperature ariges mainly from the increase in the pearlite
voluse frastion brought about by the chromium addition,
since the sold insoluble nitrogen conitent of these steels
is less than the average Tor all the data, and there is
apparently 1ittle if any increase in yield strength brought

(56)

about Ty additions of ehromium bo fereite,

Alumdniur oot combined as aluminium i frdide or as
AEECE gﬁ}imscl} is shown by equations 4,1 and L,2 %o raise
the mmEM$ﬁm'mmﬁmﬁkwm'%famwﬂﬁmmmﬁyﬁi%h when the
residual aluminium is inereased by 0,10%, This is in excess
of the 1 to 2§§® per Qaiﬁﬁ residual aluminium expeeied from
the results of lLacy and Garsam@riﬁé} if the increass in
transition tempsrature i3 attribubted wholly to an inorsase
in the frietion stress resisting dislocatlion movement, On

the other hapnd, aluminium may alier the twinning propensity

of the ferrite, This would raise the trensition tomperature

since twinning has been shown also to initiate cleavage cracks,

Steels with high residual aluminium contents are also
gererally those in which nesrly all the nitrogen is combined
as alwmirium nitride, TIn thess steels manganese will no
longer be able to play any part in the weakening of dislogs
atlon locking, and conseguently only the effect of panganese

on the friction stress would be operatiomal, reising the

103,
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transition temperaturs, This is confirmed by equations
4,15 and L. 16 where the varisble F' was added to the data
for regression analysis so that the coefficlent for ¥n in
these equations represents only the increase in fransition
temperature brought about by the increased friction stress
dus to manganese, The coefficient for.&ia is reduced in
equations 4,15 and 4,16 so that 0,.10% residual aluminium
gives an increase in transition temperature of between

5%. and 7°C. This is still in excess of that expected due

®
to the increase in a so that the possibility of

Q »
increaged twinning propensity due to aluminium cannot be

excluded,

ot T -
None of the variables silicon, oxygen, Ninscl or Alinsel
proved significant, whether examined as a whole or after

breaking into fractions, e.z,,

Sly = 815132 *oSima t Stgay M)

T = gAEZOB(AIinsoE} + 93392 + DOiesia

Although the coefficient for Sin in equation L,16
showed that a 0,10% increase in silicen content would raise
the transition temperature by 6°8QCF, this coefficient had
a significance level of less than 20% and could he excluded
from equation 4,16 without much alterations to the variance

ratlo for the eguation, The addition of data from the high




silicon steels, group 5, lowered the significance level of
the seefficient further, and when this dats was used in
conjunction with equation 4,16 the caleulated transition
temperatures were all higher than expected, see Fig, 49,
That is, silicon either had a negative coefficient or a
zueh smaller positive coefficlent Than shown in equation
4,16, Since a negative coefficient of almost equal magnimw
tude oocurred when amalysing datas for squation 4,15, it
must be concluded that silicon has no significant effect
in fully deoxidised stesls ard within the rangs of silicon
oombtent examined here, Silicon has, however, been shown
to ralse the transition temperaturs by 4,570, per 0,408

(28)

addition in some stesls, Altheugh the oxygen content

never proved to be significant in any of the regression

equations 1t has been shown to raise the transition temperaw

ture and to produece intergranuvlar fracturs in ferrite in
the absence of silicon or vither sirong §&®Xﬁﬁiﬁ&?$@<§§}
The present regression amalysls only cccaslionally indicated
that oxygen raised the transition temperature, bui even if
this variable had been significant the coefficient was so

small as %o have a negligible effect in silicon killed

sheels,

105,
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Errors in Experimental Procedure:

Every effort was made to keep experimental errors to a
minimum by keeping metallographic assessments to a minimum,
Where possible metallographic assessments such as the %
peariite were substituted for by chemical anslysis, and an
engrgy criteria of fransition temperature used instead of &
macro fracture appearance criteria requiring estimations of

the relative proportions of granular to shear fracture,

The measursment of grain slze Dby metzllographic
technigques was however unavoldable, Two different technigues
of grain size measursment were used, the first on steels
from data groups 2,53, and 5, and the second an steels from
data group 1. Tor the firast technique the pearlite grains,
usually much smaller than the corresponding ferrite grains,
weyre lgnored or 3imply counted sz extensions of the ferrite
grain bowundaries., With steels from data group 1 the ferrite
grain size in many of the specimens was considerably finer
than thoss of the sieels in groups 2, 3, & and 5, and in
mary instances approached the size of the pearlite grains,
It was decided therefors to include the pearlite grains in
this assessment of grain size, and to compensaie for this
difference in fechnique by an alteration in the value of
the constant obtained in the repgression equations, e.g.,
as for K? in equation 4,16, In addition to this thers

was the aceunulation of errors asscciated with non-etching



primary and sub grain boundaries, variation froe secticn to
seotion and banding in the mlorestructure, Errors in ths
cherioal analysis wers in gerersl winlmel, exespt for those
assooiated with amalysls forﬂﬁgal and ﬁins&l“ The relative
proportions of ﬁg@l to ﬁinﬁol are dependent on the lteapers
ture during solution and the btime taken to dissolve the steel
sapple in  sulphoris acid, This error would be largest

in those steels of low toial nitrogen confent, and although

every efford s normally made to keep provedurs varisbles

gomstant, some variations alweys occur,

The transition fempersture TQQ was taken from 8 lins
of best £it through the exverdimental peints on graphs of
Charpy ensrgy versus bemperature, In most instences the
experimental results fell within a range of + ﬁ@ﬁgg of this
line, but in & few cases the sxperimental results excesded
this range and were in some instances up ta‘xsﬁéﬁﬁ@ from

the best it curve,

When the above errors are considersd together, the 95%
sonfidence Limits of + 25%, for equation 4,16 seem gulte
reasonable, This means that in 95 cases oul of every 100
the transition tempernture is likely to be within » 25%C,
of that predicted by eguation 4,16 from the chemical
arelysls and grain gize, This renge could be reduced io
+ 209, 1f it was oomsidered aceaptable for 9 cut of every

10 sets of data examined %o fall within this range,

107,
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Fracture appearance assessments were made on all of
the fractured specimens for comparison with the energy-
temperature curve, In general these surfaces showed less
than 5% shear, or 95% granular fracture, at the 20£t-1b

energy itransition temperature,

In some cases the fracture surface, although appear-
ing granular, was uneven, as if a number of parallel
cleavage cracks has propagated across the surface and had
joined to complete the fracture, Eleciron fractography
showed these surfaces to have small areas of miecrovoid
coalescence fractwre, see Fig., 1-2, despite the fracture
appearing gramilar on a macro scale, For this reason a

fracture appearance criteria was not used for the transition

temperature,
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CHAPTER 6,

APELICATION OF EQUATTIONS AND CONCLUSIONS,

Application of Equations 4,15 and L. 16 %o Published Data:

Although a considerables amount of research has been
varried out and published on the effect of metallurgical
variables on the transition temperature, in most cases
insufficient data is recorded to enable equations k.15 or
L.16 to be used, i.e,, in very few instances is data on

H and grain size for each test materiazl published,

aol? NAlN
(53)

Data on ths serles of steesls used by Izxvins et al
has been obtained eisewhefe,{ﬁ?} and the caleulated
transition temperature from this data, using equation 4,16,
is shown in Fig, 6-1 with the 95% confidence limits from
the data used o derive esquation 4,16, In this instance the

data is complete except for data on N,

insol?® Ai:’Lnsol’ and Q?’

but grain size measurements, total nitrogen, NAIN’ and total
aluminium contents are given, The constant term K? was
found to have a value 75,4 for this data seriss, This
difference in constant is probably the result of differences

in the techniques used for grain size msasurenent.

Although these results, shown in Fig, 6=1, show general
agreement with equation 4,16, there is considerable secatter

beyond the 95% confidence limits, This error cccurs in part
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Fig.6-1 Published data from ref. 53 used with equation 4.16 .
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due to these steels, except in two instances, containing
very low SiT centents so that they have not been fully
deoxidised prior to the addition of aluminium, The
positive coefficient for Sl in equation 4,16 should not
therefore be applied to this data, and it is more probable
that any silicon in these steels would lower the transition
temperature, {i,e. have a negative cosfficient), since it
would combine with oxyzen to deoxidise the steel, It is
emphasised again that the coefficient for SiT in equation
4,16 has a low significance level and that the equation has
bean derived from fully deoxidised steels, If to counter-
act this effect the negative coefficient for Sir from
equation 4.15 is used, the corrected values for the calculated

TEO show far betfer agresment with the experiﬁent&i values,

see Fig, 6-2,

Equation 4,16 can also be applied to a few of the results
of Binebelt and ﬁarris(ﬁhj where data on the nitrogen content
of thely experimental stesls is available, Since these
nitrogen contents represent the total nitrogen content, data
on steels containing strong nitride formers was not considered,
Grain size measurements given in this data were obtained by
comparison with A.S,T,M, charts and only the appropriate
A B5.T. M, grain size number recorded. Some error is likely
as a consaquence since each A5.T.M, grain size number covers

1 i
a range of approximately 1,4 4"2 (mm 2) over the range measured,
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x 15 ft.ib. from Ref 34.

7i9.6-2 Published data used with equation 4.16 .



The calceulated transition temperature for the 20f4t-1b energy
level is compared in Fig, 6-2 with the experimental 15ft-~1b
energy transition temperature obisined by Rinebolt and
Harris, 7These resulis, on silicon deoxidised stesls, give
an almost parallel line to that expected from equation L.i6,
with the experimental 150%t~1b transition temperature lower

than that caleulated for the 204~-1% energy level,

Both of the above sets of resulls compare resscnably
with equation 4,16, or equation L.16 modified for steels not
fully deoxidised with silicon, i,e., by using the negative
coeificient f@r~$iT from sguation 4,15, Dy comparison a
very poor correlation betwesen the calculated and experie
mental traensition temperstures is obtained, ses Fig, 6~3,
from data from regression groups 1, 2, 3, and & wvhen used
(53 & 57)

wlth the following equation derived by Irvine et al,

I 70) = -7 + kh{FS1) + 75(%AL) + 8,700(7)
+ 275(%C) - 11.6(a7%)

oe-tnsgqﬂé 6,‘§

In the above equation the term 275(%C) has been substituted
) i s
for the origirel 2,2(% Pearlite), and ~11,6{87%) {m %} for

1 ;
the original -2.3(a <) (insg™®),

Even when the constant in the above eguation is
adjusted to compensate for differences in the technigques

used to measure grain size, a satisfactory correlation

113.
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between the caleulated and experimental 20ft-~lb energy
transition temperature is not obtained, see Fig. 6-4.

Part of this error could be attributed to the fact that
equation 6,1 was determined for the 50% brittle fracture
appearanée transition, using the standard Charpy test,

but it is considered that the largest errors result from
the coefficient for Np in equation 6.1, and the lack of
any variable to compensate for dislocation locking strength

in this equation,

Application of Equations 4,16 and 5,3 to Commercial
and Qther Experimental Steels:

Data from four commercial 110-ton casts of carbon
manganese steel, normalised from 900°¢, as 11 in, diameter
bar, (see Table A7 for analysis) was also examined, The
experimental transition temperatures are compared in Fig.6-5
with those predicted from equation 5,2, These results can
be seen to agree closely with the predicted transition temper-
atures, On the other hand, the four low nitrogen experimental
casts, which showed ferrite-pearlite banding in the mierostructure,
and were therefore excluded from the regression amalysis data
(group 1) and included in Table A7, all show experimentally
determined transition temperatures lower than that
calculated from equation 4,16, Banding in the microstructure
can probably be considered as a form of fibring with alter=-

nating hard and soft layers, so that a lower than expected

T e Ty s
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between the calculated and experimental 20ft-1b energy
transition temperature is not obiained, see Fig., 6-4,
Part of this error could be attributed to the fact that
squation 6,1 was determived for the 507 brittle fracture
appearagée transition, using the standard Charpy test,
but 1t is econsidered tat the largest srrors result from
the coefficient for Ny in equation 6,1, and the lack of

any variable to compensate for dislocation locking strength

in this equation,

Application of Equations 4,16 and 5.% to Commercial

and Other Experimental Steels:

Data from four commercial 110-ton casts of carbon
manganese steel, normalised from 900°C, as 1% in, diameter
bar, (see Table A7 for analysis] was also examined, The
experimental transition temperatures are compared in Fig,6=5
with theze predicted from equation 5,2, These results can
be seen to agree closely with the predicted transition temper-
atures, 0On the other hand, the fouwr low nitrogen experimental
casts, which showed ferrite-peariite banding in the microstrusture,
and were therefore excluvded from the regression arslysis dats
(group 1) and included in Table A7, all show experimentally
determined transi tion temperatures lower than that
caleulated from equation 4,16, Banding in the microstructure
can probably be considered as a form of fibring with alter-

nating hard and soft layers, so that a lower than expected
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transition temperature would seem possible,

Four sample bars from a 110-ton commercial cast con-
taining an addition of 0,022% niobium were also exXamined,
These results are shown in Table A7 and Fig.6=5, The
samples were (0) 11 in, dlsmeter bar normalised from
900°¢,, (D) Z in, diameter normalised from 880°%,, (£) 1% in,
diameter bar in the hot rolled condition and (¥} & in.
diameter in the hot relled condition., It can be seen from
Fig,b6=-5 that the nicbium addition has not significantly
affocted the transition temperature exeept in the case cf
the 1% in, diameter bar cooled from 900°C, In this case
there is a decrease in the transition temperature over that
expected from equation 5,3, Since this equation is indspen~
dent of grain size, and niobium is a known ferrite grain
rafimer§{5?) the lower than csleulated transition fempera-
ture for the normalised niobium steels can be assumed to

result from a grain size smaller than caleulated by souation

dodie

Conclusions:
The brittle {cleavage) to ductile transition temperaw
ture of metals has been shown from theoretical considerations

to epproximate to the squation

(epnoseBam.2,10)

118,



This equation cen be further meodified to include the
effect of alloving additions by using equation 52 =0

that the above eguation becomes

TQ = €§$* + ¥ i%allay}] + 0 - [F%%?i - ky] @f%

ocuese ﬁEQneég’e

where the term in the first bracket represents an equival-
ent temperature independent friction stress which accounts
for solid solution hardening brought about by the alloy
addition, and the term in the second brackest represents the
strength of dislocation locking.

2inse both the strsngth of disloecation locking and the

i
grain size, represented by 4 2, are varied in steels by

the addition of certain alloys such as aluminium and mangarese,

and by the nitrogen content which is a function of the
steelmaking process, the sbove equation requires further
modification so that each term includss only one variable,
This can be accomplished by using a constant, equal to the
mean of the locking strength, with the variable dﬂ%, and by
irveluding & furthesr variable in the equation which w11
account for variations in locking strength, This variable is
likely %o be & function of the residusl nitrogen and the
manganese contents in low carbon =teels, aince these

elements avpear to interast so that dislecation locking by

nitrogen is weakened in the presence of manganese,

19,
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The suggested locking strength variable has the

following fors
- br(F‘ Y o+ KE(%‘\F&} + K

() ()
vhere BC Tmmy TR AT

Equation 6,2 can now be modified to include this variable,
so that for a low carbon stesl with the normal renge of

alloying elements, the equation becomes

T, = k(%) + x  (An) + X (%Cr) + = = = « = = -

)
- &(F‘) + Kﬁ(%ﬁﬂ} - kd(a”'ﬁ‘} + constant

econeebdns 6,3

Lingar multiple regressiocn enalysis of dete covering
a wide range of elements normally found in low carbon, low
alloy strustursel steels resulted in the following equation,
similar to the above, for the ductiliiy transition tempera=-

S

T, = 264(%C) = 11.8( a;""%} + 28(Fn) = 140,000(F")
+ 385@(?'J¢R) + 18(%Cr) + 5@(%@11) + 68(%8%)

+ @{33’15’%&&%& (o¢®§@@oEqn@g“§”a€6)

where the constant Kn.in the variable F equals 1500,



1% was found that this equeiion sould be modified for
steels in the normalised condition by virtue of a relation-
ship between ﬁw% and Mn, Ni and H.. {equation L.4),
go that the variable d~% waz excluded and the equation

heoame

T, = 264{(%C) + 17(mn) - 140,000(F") + 3850(%,)
+ 18(%Ccr) + 50(%&13) + 68{%8&T) - 42{JNL)
i §980(%Nm} - 61 (oaocaaﬁqnaSeﬁ)

This latter equation agreed closely with a similar squation
obtained directly by regression snalysis wlthout the
variable af% included in the data (equation 4,15). The
spefficient for SiT in the above squations has a low
significance level and is only applicable to fully

deoxidised stesls. In steels not fully deoxidized

{ > 0,20% 84,,) the negative coefficient for 81, from equation
T T

415 appears o be more sorrect, although still of low

gignificance level,

The effest of nlekel on the transition temperature ws
shown thus to be purely due to iis effect on ferrite grain

size,

When equation 5.4, representing locking strength, is
differentiated with respect to NR and equated to zero,
the optimur manganese addition for any residual nitrogen

content can be determined, Thie 1s shown in Flg, 6«6 for a

121,
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range of nitrogen contents covered by normal steslmaking
practice, Also shown on this figure is the corresponding
decrease in transition temperature brought about by this
combined manganese-nitrogen content, In steels containing
strong nitride formers such as aluminium, vanadium or
titanium, an appropriate correction has to be made to
Fig., 6-6 to compensate for any reduction in residual

nitrogen content,

The above equations (4,16 and 5,2) have been shown to
be applicable to published results, and to account for the
variation in transition temperature observed in a limited

number of commercial steels,
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TABIE A1 =~ VACUUM MELTED PLAIN CARBON STEELS, NORMALISED FROM 89°C.(Element wt%)

Be- o ) .,i_<.,
gress= da?®e \ Tzo( OC)
ion -z

Group Cast C 51 S P Mn Ni Cr 0 Nso]. Ninsol Alaol Al‘i:}_snl NA]N (i
2 329 0.09 0,20 0,006 0,006 0,63 0.05 0,02 0,0028 0.0076 0.,0034 0,003 0 0,0020 5.30 56
& 330 0.12 0,23 0,008 0,005 0.64 0.02 0.02 0,0010 0.0096 0,0026 0,015 0,004 0,0045 9,40 ~50
4 331 0.16 0,22 0,007 0,006 0.60 0.02 0,02 0,0017 0,0122 0£.0020 0.015 0,00k 0,0086 9,40 -60
L 332 0,15 0.25 0,005 0,005 0,60 0.02 0,02 0.0023 0,012k 00,0022 0,021 0,014 0,004k 9,40 ~}0
L 333 0,16 0.20 0.006 0,006 0.52 0,02 0.02 0,0031 0,042 0,0018 0,030 0,004 00,0082 9,40 -56
4 33h 0,16 0,23 0006 0,006 0.62 0,02 0,02 00,0028 0,046 0,004 0,038 0,003 0,0128 9,40 -5k
& 33 0,15 0.22 0,008 0.007 0.52 0.0t 0.02 00,0019 0©.,0120 0,0018 0.035 © 0,009% 8,20 =71
L 336 0.17 0,23 0,008 0.00% 0.6 0.2 0.02 0,0015 0.0143 0.0022 0,051 0,003  0.0410 9,40 =55
N 337 0.17 0,23 0.005 0.005 0,52 0.02 0.02 0,00i4 0,044 0.0016 0,055 0 0.,0131 9,60 56
N 338 0,18 0,22 0,007 0,006 0,62 0.02 0,02 0.0010 0.0144 0,0022 0,062 0O 0.0940 9,69 -48
4 339 0.15 0,20 0,005 0.008 0.5% 0,02 0.02 0,0058 0.0478 0.0020 0,029 0,003  0,0091 9,40 46
4 340 0,16 0,23 0,008 0.005 0.6h 0,02 0,02 0,000 0,0164 0.0014 0,098 0,003 0.0400 8,20 <4b
3 53 0,19 0,22 0.006 0006 0.32 0.0 0,02 0,0012 0,0006 0,0004 0.045 C 0 2,40 -28
3 Wiy 0,22 0,22 0.06 2.005 0.61 0.01 0.02 0,0012 00,0008 0,0002 0,078 0.008 0 8,40 <3
Y 345 0,16 0.29 0.007 0.005 0.6% 0.01 0,02 0,0015 0,0068 0.0008 0,018 0,002 0.0058 3,17 -57

i b 36 0,13 0,23 0.006 0,004 0,61 0,02 0,02 90,0015 0,008 0,0010 0,025 © 0.0058 9,40 ~55




TABLE A2 - ATR GAST PLAIN CARBON AND CAREON-MANGANESE STEELS, NORMALISED FROM 890°C,{Element wt% )

Re- 1

gresse ae o

ton 1 T,.(°C)

Group (Cast ¢ 81 S P Mn Ni Cer 0 Nsol Ninsoi]. JM"'sc,'.L AL:L:*Lnsol NA]N (mm 2) 20
2 907 Q.25 0.11 0,006 0,006 0,52 0,02 0,02 0,0224 0,005 0,0002 O 0 0 5.96 5
2 908 0.25 0,41 0,007 0.006 0,54 0,02 0,02 0,0227 0,0050 0,0004 0,006 0,007 O 6,66 =1
2 509 0.2% 0,12 0,007 0,007 0,52 0,02 0,02 0,0098 0,0056 0,0004 0.008 0,005 O 6.96 -5
2 910 0.22 0,17 0,005 0,005 0,53 0,02 0,02 0,0080 0,004k 0,0004 0,009 0,003 O 6,96 -13
I 911 0.2k 0,46 0,008 0,008 0,49 0,02 0,02 0,008 0,005 0,0006 0,019 0,006 0,004 8,93 ~20
L 942 0.23 0,16 0,006 0,007 0.53% 0,02 0,02 0,0078 0,0054 C,0004 0,038 0,005 0.0047 9,42 -27
b 913 0.23 0,16 0,007 0,007 0,52 0,02 0,02 0,0097 0,0058 0,000k 0,085 0,004 0,0060 9.17 -26
L 1919 0,13 0,45 0,010 0,007 0,51 0,02 0,04 0,0092 0,004 0,000h 0,060 0,010 0.,0042 7.67 =43
2 846 0.20 0,23 0,012 0,012 0,5 0,09 0,42 0,018% 0,0085 0,0010 O 0 0 7,58 A
5 1841 0.17 0,38 0,008 0,006 0.62 0,01 0,03 0.0046 0,0074 0.0010 0,170 0,010 0,0071 8,04 =50
N 2080 N 0.17 0,32 0,006 0.006 0,48 4.11 0.0% 0,0052 0,0074 0.,0002 0,043 0,009 0,0050 9.45 =73
2 2081 N 0.13 0,22 0,007 0.007 1,35 0,03 0,01 0,0058 0,0074 0,0020 0,009 0,004 0,0012 7.9 -85
N 2082 N 0.13 0.22 0,007 0.007 1.39 0,01 0,01 0,0046 0,0076 0,0002 0,03 0,009 0,0054 9,26 =107
b 2083 N 0.14 0.27 0,007 0.008 1.27 0.01 0,01 0.0042 0,0072 0.0002 0,069 0,003 0,0069  9.43 -9k
N 2084 N 0.13 0.18 0,008 0.006 0.92 0.01 0.01 0.0056 0,0076 0,0002 0,02k 0,002 0,004 9,43 -1
5 3256 0.2h 0.65 0.007 0.004 0.56 0.01 0.01 0,0051 0,0080 0,0002 0.025 0,003 0,0055 8.8 -3
5 3257 0.2k O.L3 0,006 0.005 0.57 0.02 0.01 0.,0072 0,0066 0.000k 0,048 0,007 0,0055 8,28  -43




TABLE A3 - AJR CAST CARBON-MANGANESE AND NICEKRL STRELS, SLOW COOLED FROM 890°Co£Element wt %)

Re=

gress= L

ion a=® 4 9

Group Cast G Si S P Mn Ni Cr 0 Nsol Ninsol Alsol Alinsol NAIN {mm 2) TQO( )
b 2076 F 0.18 0,24 0.009 04005 0.50 3.92 0.02 0.0057 0,0060 0.,0004 0,013 0,001 0.0034% 9.26 -58-
I 2077 P 0.47 0.24 0,007 0,006 0,50 3.93 0,01 0,0054 0,0070 0,0004 0,035 0,005 0,0037 9.0 -62
I 2078 ¥ 0,17 0.21 0,007 0,006 0,42 3,91 0,01 0,0047 0,0066 © 0,066 0,003 0,0038 9,90 =ub
L 2079 F 0,18 0,07 0,008 0,006 0,3 2,05 0,01 0,0432 0.0060 0.0004 0,013 0,044 0,0024 9,00 <6
b 2080 F 0,17 0,32 0,006 0.006 0,49 1,11 0,01 0,0057 0.,0070 © 0,044 0,009 0.,0044 7.94 =2
N 2081 ¥ 0,43 0.22 0,007 0,007 4,35 0,03 0.01 0,0060 0,008, 0,0002 0,009 0,003 0,0055 6,99 =56
N 2082 F 0,13 0.22 0,007 0,007 1,39 0,01 0.01 0,0045 0,0076 0,0002 0,03 0,013 0,0054 8,69 =60
I 2083 F 0,1k 0.27 0,007 0,008 4,27 0,01 0,01 0,004 0,0076 0,0002 0,068 0,004 0,0065 8,20 -h9
L 2084 F 0,13 0.18 0,008 0,006 0,92 0.01 0.01 0,0053 0,0078 0,0002 0,026 0,010 0,0064 7.9% =38




TABLE AL ~ AIR CAST CARBON-NICKEL AND En 36 STEEL QUENCHED FROM 890°C AND 850°C
e RESPECTIVELY AND TEMPERED AT 680°C,(Element wtd )

Re~

gresse L

ion 5 o

Group Cast c S5i s P Mn Ni Cr 0 Nso]. Ninsol ﬁlsol Al:'Lns.cfj. NA]N ?m_%) TZD( c)
1" 837 0,47 0.20- 0,026 0,012 0,38 3,39 0,87 0,0285 0,0070 C,0006 O 0 0 ese - =08
11 838 0,45 0,21 0,022 0,013 0,35 3.33 0,86 0,0177 0,0068 0,000 0,004 0,008 0O cee =B
11 839 0.16 0,20 0,025 0,015 0,40 3,39 0,99 0,0064 0,0068 0,0010 0,008 0,009 © eoo =96
11 840 0,16 0,23 0,028 0.015 O0.43 3.40 0.99 0.0067 0.0072 0.0008 0,014 0.042 0,0016 ... =91
1M 8y 0.15 0.29 0,027 0,014 0.4k3 3,37 0,96 0,0055 0,0072 0.,0008 0,077 0,008 0,007% .. =91
1 8y2 0.17 0,19 0,028 0,015 0.36 3.37 0.90 0,0045 0,0070 0,0008 0,043 0,008 0,0065 .,. =100
11 843 0,16 0,24 0,026 0.012 0.40 3,35 0,96 0,009 0,0066 0,0008 0,208 0,008 0,0065 ... =72
1 2076 0 0,18 0,21 0,009 0.005 0.50 3.92 0.02 0.0045 0,0060 0,0004 0,009 0,003 0,004 ,.. =126
11 2077 0 0.7 0,21 0,007 0,006 0.50 3.93 0.01 0,0050 0.0070 0,0004 0,034 0,002 0.,0057 ..., =143
11 20780 0.17 0,21 0.007 0.006 O.h2 3.91 0.01 0.006%1 0,0066 0,0002 0,063 0,00k 0,0056 ,.. =437
11 20790 0.18 0,07 0.008 0.006 0.32 2.05 0,01 0.0452 0,0060 0,0004 0,014 0,011 0,0029 ... =75
14 2080 0 0.17 0,32 0,006 0,006 0.49 1.1% 0,01 0,0053 0.0070 0,0001 0,043 0,006 0,0060 ... ~98




TABLE A5 = VACUUM MELTZD LOW NITROGEN CARBON STSELS NORMALISED FROM 90000, (Element wt%)

Re-

gress— .% oc
fon . NN, . Al AL N oy ?
Group Cast ¢ Si S P Mn Ni Cr 0 sol “insol sol insol AIN (oo

5 903 v 0,10 0,33 0,006 0,008 0,56 0.01 0,04 0,0017 0,0008 0.0008 0,009 © 0,0005 7.4 g
3 905 V0,25 0.26 0,006 0.005 0,54 0,04 0,01 0,003 0,0010 0,0006 0,035 O 0,0005 271 3
3 906 ¥ 0,25 0,22 0,005 0.007 0,58 0.01 0,04 0,0018 0©.0004 0,0006 0,062 © 0,0004 50 26
3 907 V. 0,17 0,24 0,006 0,004 0,58 0,01 0.01 0,0024 0,000 0,0008 0,013 © 0,0006 'é-?s h
3 908 V 0.26 0,23 0,006 0,005 0,55 0,01 0,01 0,0019 0,0012 0,0012 0,033 O 0,0006 7.@ 15
3 909 ¥ 0,27 0.23 0,005 ©,009 0,40 0.01 0,04 0,0015 0.0012 0,0006 0,068 O 0,0007 7°88 43
5 975 V. 0.24 0.35 0.007 0,006 0,8; 0,01 0.01 0,0015 0,0028 0,00%4 0,027 0,004 0,0017 7929 13
3 977 V. 0.22 0,27 0,006 0,006 0,51 0.04 0,01 0,0014 0,0016 0,0004 0,089 0,003 0,001 °

e —




TABLE A5

- VACUUM MELTED PLATN CARBON LOW NITROGEN STEELS, NORMALISED FROM 890°C,(Element wt# )

Re-

gress- -1 o

P . N . Al A, w8 Thal0)

Group  Cast C si 5 P Nn Ni Cr 0 sol insol sol insol AIN(mm 2)
1 179 0.08 0,23 0,008 Q,007 0.25 0,01 0,01 0,0380 0,0026 0,0008 0 0 0 6,38 15-
1 1180 0,12 0,24 0,005 0.007 0,25 0,01 0,01 0.0014 0.0006 0,0008 O 0 0 6,28 25
1 1181 o.0h 0,23 0.005 0,007 0,45 0,01 0,00 0,002% 0,0006 0,0008 0 0 0 5,54 10
1 1182 0,10 0,25 0.010 0,007 0,47 0,04 0,04 0,0010 0,0004 0.0008 O 0 0 6,37 -5
1 8 0,44 0,23 0,008 0.007 0,67 0,01 0,01 0,0009 0,0008 0,0010 O 0 0 6.43 -k
1 M8 0,1 0,24 0,004 0,008 0,64 0,01 0,01 0,0029 0,0012 0,0008 O 0 0 6,98 =6
1 1185 0,14 0,23 0,005 0,007 0.36 0.01 0.01 0,001 0,0010 0,0012 0 0 0 7.40 <2
1 187  o0.44 0,26 0,006 0,007 4,13 0,01 0,04 0,0022 0,0008 0.0008 0 0 0 8,60 -12
) 118 0,13 0,28 0,004 0,007 4,32 0,01 0,01 0,0067 0.0014 0.0010 © 0 0 9,05 =15
1 1% 0,05 0,25 0,010 0,007 1.3 0,01 0,01 0,0010 0,0006 0.0006 O 0 0 7.88 =10
1 191 0,14 o0.25 0,005 0,007 1.49 0,01 0,02 0,0007 0,0006 0,0012 0 0 0 10,12 =28
1 9% 0,09 0,25 0,005 0,007 1,76 0.01 0,01 0,007 0,002 0,0004 O o 0 10,20 ~i4
1 1195 0,12 o0.22 0,007 0,007 41.60 0,01 0,01 0,0013 0,0002 0,0006 O 0 0 9,10 3
1 1196 0,07 0.2, 0,009 0,007 1,89 0,01 0,02 0,0007_ 0,0002 0.0008 © 0 0 10,67 -t&




TABLE A7 - COMMERCIAL AND OTHER CARBON MANGANESE STEELS NORMALISED FROM 900°C,(Element wt% )

 Re=

fon : (°c)
on “Zz T

Group Cast ¢ Si S P ¥n Ni Cr 0 N:sc:l Ninsol 1!"‘1.53021. Alinsol NAlN ?mm“‘%) 20
S 3/1431 0,11 0,29 0,026 0,013 4.40 0,15 0.07 0,0048 0.0090 0,0002 0,027 0,005 0,0062 oo “ﬂg;
9 /1443 0,10 0,27 0,032 0,041 4.42 0.23 0,12 0,0026 0,0108 0,0006 0,023 0,002 0,0080 ace 9%05
9 1/2381 0,12 0,30 0,038 0,011 4,44 0,17 0,12 0,0085 0,0072 0,0006 0,042 0,010 0,0043 sece a=24
9 S8A41 0,11 0,25 0,027 0,015 0,54 0,01 0,01 0,008 0,002 0.0006 O 0 0 200 85
% 1/2109 € 0,1% 0,20 0,036 0,019 1,15 0,46 0,40 0,0089 0,0060 0,0006 0,026 ... 0,0052 ooe 70
g 1/2109 D 0,20 0,28 0,029 0,016 1.1k 0.17 0,09 0.,007h 0.,007h 0,0002 0,026 c0s 0,0052 o0 58
9  1/2109 E 0,48 0.0 0,023 0,019 1.13 0,16 0,10 0,0404 0,0062 0,0004 0,029 .. 0,0006 eeo 3
9 1/2409 F 0,20 0,28 0,029 0,016 1,1k 0.17 0,09 0,0074 0,0062 0,000k 0,026 ... 0.0006 oeo 0
9 1938 A 0,55 0.47 0,005 0.007 0,60 0.02 0,02 0.0418 0,0086 0©,0008 O 0 0 see 74
3 1938 B 0,53 0,17 0,005 0,007 0,60 0.02 0,02 0,0118 0,0080 0,0002 O 0 0 iy i
9 1486 V0,16 0.25 0,006 0,007 0.91 0,01 0,01 0,0015 0.0010 ©,0008 O 0 0 8,60 2
9 1188 V0,17 0,25 0,009 0.007 4,12 0,01 0,01 0,0009 0,0008 0,0008 © 0 0 8.42 91
9 4192 V0,10 0,25 0,007 0,007 1.49 0,01 0,01 0,0010 0,0010 0,0010 © 0 0 9,46 A
9 193 YV 0.13 0.28 0,005 0,007 41,70 0,01 0,01 0,0006 0,0014 0,0010 O 0 0 10,00 ~_
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