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SYNOPSIS.

The development and use of a wide range 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 a long record of service, failures still

occur 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 steel which is still not widely

appreciated.

In this investigation the brittle to ductile

transi tion has been examined from theoretical consider­

ations and related to a detailed study of the effects

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.

Using the standard Charpy test to determine the

ductile transition temperature of a wide range of

experimental steels, the variation in transition

temperature brought about by tm above elements has

been examined using mUltiple linear regression tech­

niques. It has been shown that the temperature at
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which the transition from ductile to brittle cleavage

fracture occurs can be predicted by a semi-analytical

equation based on the chemical composition and grain

size of the steel, as follows:-

1

T20 = 264(%C) ~ 11.8(d""2) + 28(%Mn) - 140,OOO(F')

+ 3850(%NR) + 18(%Cr) + 50(%A~) + 68(%3i)

+ constant

where F' is a variable dependent on dislocation

locking strength,

The equation has been shown to be applicable to

a 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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CHAPTER 1

INTRODUCTION

1.1 Scope of Thesis:

Sudden, catastrophic failure 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 form during the Second World War follow­

ing the occurrence of brittle fractures in welded Liberty

ships and T-2 tankers. These calamities focused attention

on the fact that normally ductile steels can become

brittle u~der certain conditions, Three basic factors

are known to contribute to this change to the brittle

cleavage-type fracture in anyone steel:-

a) a triaxial state of stress

b) low temperatures, and

c) a high strain rate or rapid rate of loading.

In most steels this transition from ductile to brittle

behaviour occurs over a very limited range of temperature,

called the transition temperature. Changes in this trans­

i tion temperature of over 100°C. can be producted by

changes in the chemical composition or microstructure of

low carbon structural steels, Although these effects have

1.
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long been established on a qualitative basis(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,

niokel, ohromium and some of the Lesser- known elements in

steel, such as nitrogen, oxygen, aluminium and silioon, on

the brittle - ductile transition temperature.

1.2 Classification of Fractures:

Fraoture oan be defined as the separation, or fragmen­

tation of a solid body into two or more parts under the

aotion of stress. Fracture in steels oan be broadly

olassified into the two oategories of duotile and brittle

fractures. Duotile fraotures are characterised by the

occurrence of appreoiable amounts of plastic deformation,

both prior to and during the fraoture process, and in the

vicinity of the actual fracture; whereas brittle fractures

show none of this gross deformation.

Although this olassification of fraotures is oommonly

used to describe fraotures in steels and other metals used

in engineering a further sub-classifioation beoomes

... Numbers in parenthesis indicate references
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Table 1.1

Effect cf metallurgical factors on the transition temperature

behaviour of steel structures.

lower the transition

temperature

Factors which

raise the transition

tempera ture

1. Deoxidation practice

Aluminium residual

Silicon (below 0.25%)

Small ferritic grain size

2. Alloy content

High Mn-to-c ratio

Low carbon

Low phosphorus

Nickel

3. Heat treatment

NoI"lOO.lising

Quench and temper

Rimming practice

High rolling temperatures

Large section sizes

Carbon

Nitrogen

Oxygen

Phosphorus

Boron

Molybdenum

Silicon (over 0.27%)

Annealing

Notches

Temper brittleness

Cold deformation

Chromium has little effect.

From reference 1.
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neoessary to adequately desoribe all fractures. Fatigue

fraoumres, produoed by fluotuating stress conditions,appear

on a maorosoopio scale to be brittle, sinoe the two halves

of the fraoture can be fitted together without any notioe-

able plastio deformation. It is almost oertain however

that most fatigue fraotures ooour by one or other of a

series of' plastio blunting processes, (2,3) where the plastio

4-.

deformation is looalised at the tip of

craok, and oan only be seen on a micro

the advanoing fatigue

scale. (4-)

Brittle fraotures oan also be classified into trans-

granular (clel>vage) and intergranular (stress oorrosion eto)

sub-groups, and ductile fractures into various shear mode

prooesses, the most oommon of whioh is that of microvoid

ooalesoenoe commonly found in polyorystalline metals.(4-)

An eleotron-photomiorograph of a typical microvoid coales-

cence fracture surfaoe is shown in Fig.1-1. This oan be

oompared with that of a oleavage fraoture surfaoe, as shown

in Fig.1-2. A full disoussion of the interpretation and

oharaoteristics of these fraotures has been given else­

where. (4-)

1.3 The Problem of Brittle Fraoture:

Engineering struotures and oomponents are oonvention-

ally designed in suoh a way that the yield strength of the

steel is not exoeeded. Thus the nomill&l working stress in
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Brittle fractures can be classified into trans-

and intelrgr'snull,r (stress corrosion 

sub-groups, and ductile fractures into various shear mode 
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coalescence commonly found in polycrystalline metals.(4) 

An of a typical microvoid coales-

oence f'rac'ture surface is shown in 1-1 • This oan be 

with that of a fracture surface, as shown 

in 1 A full discussion of the interpretation and 

characteristics of these fractures has been given else­

Wh8I'e.(4) 

Engineering structures and cc,m.>oLlerlts are convention-

in such a way that the Id strength of the 

steel is not e~:ce:ec~cl. Thus the stress in 

4. 



5·

Fig.1-1 Ductile type fracture by microvoid coalescence
in aluminium.

Figs.1-2 Cleavage fracture
of dimple rupture

in low carbon steel showing area
(microvoid coalescence) near
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in aluminium • 

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



any member is below the yield strength and the structure

should be safe, this concept usually allowing for the

inevitabillty of local yielding and plastic deformation

around diseontinu1ties, but relying on elastic or tri-

axial constraint to preserve the structural integrity of

a member or framework as a whole. Thi s design approach

assumes that the fracture strength is greater than the

yield strength am does not concern itself with fracture,

and although generally reliable accidental failures do

occur, sometimes with catastrophic results,(5)

Accidental fractures will continue to occur as long as

struotures are built, but it is most desirable that the

structure should give some warning of impending failure

and if possible that the fracture should take place slowly,

since with rapid fractures considerable strain energy is

suddenly released, This can cause the structure to shatter

and this shattering action is in many cases the cause of

the most serious damage. For this reason brittle fractures

which occur without warning and are characterised by a

rapid rate of crack propagation are to be avoided, These

fractures are usually of the transgranular cleavage type

and occur in the bee and cph metals by direct separation of

the atomic lattice along the low index crystallographic

planes in each grain of the polycrystalline matrix.

6.
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During the Seoond World War brittle f'rac ture a of this

type were experienced in approximately 25% of the "all

welded" Liberty ships constructed in the U.S.A. (5) Of

4,694 ships of this type, 1,289 structural failures were

reported, 233 being catastrophic and the vessels were either

lost or considered unsafe, These failures led to consiaer-

able research effort being concentrated on the problem of

brittle fraoture in low carbon steel plate, so that this

7.

phenomena

any other

has probably been more

fraoture mode.(6)

extensively studied than

1.4 Fracture by Cleavage:

Cleavage fraoture can be described as the transgranular

"splitting of a metal along certain low index crystallographic

planes, called cleavage planes. The {100J planes have been

shown to be the common cleavage planes in the bcc metals,

e,g., V, c-, Mo, W, Fe and most steels, and the {OOOi} planes

in the cph metals,' e,g" Mg, Zn, Sn, etc. Cleavage fracture

does not normally occur in the fcc metals. In a polycrystal-..
line 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 planes as

opposed to the shearing of these planes across each other as

in shear fraotures, fracture is governed by the tensile stress

normal to the fracture plane. Cleavage fracture is therefore
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opposed to the of these across each other as 

in shear fractures, fracture is governed by the tensile stress 

normal to the fracture fracture is therefore 



more likely in components or structures where the ratio of

tensile stress a to shear stress -r is high. That is

triaxially stressed structures are more likely to fail by

cleavage than uniaxially stressed structures, which in

turn are more susceptible than torsionally stressed

structures, see Fig.1-3. The cohesive strength of the

crystal structure can therefore be expected to have a con­

trolling influence on cleavage fracture.

1.5 Theoretical Cohesive Strength:

On an atomic scale the cleavage strength of a metal

will depend on the strength of its atomic bonds. Reference

to Fig.1-4 shows that the resultant tensile force between

atClll!s increases as they are pulled apart, so that the

attractive force between atoms increases to a maximum 0
max

which is the theoretical cohesive strength.

A good approximation of cohesive strength can be

obtained by assuming the cohesive force to be represented

by a sine curve as in Fig.1-4, and assuming x to be

measured from the atom's equilibrium distance apart a
o'

then

8.

••••••Eqn.1 .1
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~ =2· 0

o""f ::: 6·0

," 1·3"':ii- Mohr's stress circle for components:­

(a) in torsion, ~ =1,0
(bl in uniaxial tension.
(c) with triaxial stress.

ego a sharp notch,

Displacement
o

c
,g
.!!!

"a...a: "-- -'

c
,Q­ue--
«+--t-~~~=d

Variation of force with distance
between two atoms.
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•
• • A = o

max

10.

and substituting in equation 1.2

°max = •• o •••Eqn.1.3

The substitution of reasonable values for the

quantities involved in equation 1.3 results in the

prediction of cohesive strengths between 1 x 10
6lbs/in2

and

3 x 106lbs/in2
(6,900 N/mm

2
to 20,700 N/mm

2).
This is 10

to 100 times greater than the observed fracture strengths

of commercial metals.(7)

This wide discrepancy between the calculated and

observed fracture strengths implies that there is some

mechanism in ordinary metals that concentrates the applied

stress, so that over some small region the theoretical

values of cleavage fracture stre ss is reached.

1.6 The Concentration of Stress Around an Elastic Crack:

If a tensile stress 0 is applied across a thin plate

of an elastioally isotropic material containing a small

elliptical hole, where the major axis of length 2c is

perpendicular to the applied stress, the maximum tensile

stress, 0 max' at the end of this hole can be shown to beeS)

o '"max o."o.,Eqn,1.4
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• 
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and 
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( 7' , ) 

between the calculated and 
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values of fraoture s tre sa is 

If a tensile stress a is d.~'P~~"U across a thin plate 

of an ma terial O():nT~n a small 

where the major axis of length 20 is 

pe.rp'~n(iic,ular to the applied stress, the maximum tensile 

stre S8, a max' "t the end of thi s hole can be shown 

a 
max 

10. 

8) 



where 20 is the length of the elliptical hole and 2h

its height.

For an ellipse the minimum radius of curvature at the

major axis is

11.

and for e »r

2 0 !rC)~°max <=

••• D ••Eqn.1.5

••••••Eqn.1.6

If c» h the elliptical hole can be oonsidered to be a

crack of length 2c and tip radius r. For ths propagation

of this elastic crack the maximum tensile stress at its tip

must exceed or equal the theoreti~al cohesive stress.

Therefore from equation 1.3

•
°c " [2;oY (~: ~t••

or 0c = [~b~~t •••• ".Eqn.1.7

where 00 is the oritical stress required to produce

fracture.
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where 20 is the of the elliptical hole and 2h 

its 

For an the minimum radius of curvature at the 

.6 

If c »h the el.l.~p',:Lcal hole can be considered to be a 

craok of length 20 and tip radius r. For the propagation 

of this elastio craok the rraximuOI tensile stress at its 

must exoeed or the the or", ti C}a.l cohe 81 ve 

There:Eo:x"e f'rom 1 

or 00 

~'~ 

(f-~t 
where 0.: is tb.e critical stress required to produce 

11. 



This relation applies only for completely elastic-brittle

materials under plane stress conditions and where no micro-

plastic strain occurs at the crack tip,

An expression of this form was originally derived by

A.A, Griffi t.h.(9) on the basis of thermodynamic consider-

ations, He argued that the work done to extend an existing

crack, that is to create two new surfaces, must be provided

either from external 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 increasing the fracture area, ani the rate of crack propa-

gation is correspondingly slow, However, if enough energy is

stored in the loading device and in the specimen itself to

complete the fracttrre, since this is supplied by relaxation

of the stress as the crack increases in length, then the

crack will propagate at high speed, deriVing its energy from

the se sources,

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

2c. Assuming these cracks to be perpendicular to the applied

stress in an infinitely wide plate, he used Inglis(8) calcu-

lated stress distribution near the end of the major axis to

determine the strain energy released as the initially present

crack grew, For plane stre ss conditions he found that

12.
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This relat;'on for elastic-brittle 

materials under plane stress conditions and where no micro-

strain occurs at the crack 

An expression of this form was originally derived by 
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He ar·gued that the work done to extend an 
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either from external sources or from the elastic energy 
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of the stress aathe crack increases in length, then the 

craok will propagate at high its energy' from 

G-riffl th assumed thst the brittle amorphous materials 
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inll'isible cracks of flat profiles and length 
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crack grew. For stress conditions he found that 



a
c = ••••••Eqn.1.8

This can be seen to be identical tc equation 1.7 where

r :::::: 3a I>
- 0

Both equations 1.7 and 1.8 must be satisfied

for unstable fracture to occur, so that when I" <. 3a the. 0

stress for unstable crack propagation is given by equation 1.8

and when r > 3 a the fracture stress is given by equatione

If appropriate values of modulus of elasticity,. ,E,

and the surface energy for the cleavage plane, Y , are used

in the Griffith equation, cntical crack lengths of the order

of 1 - 10 ~ are obtained for low carbon steels. Since

cracks of this size are less than a grain diameter in length,

it could be argued that they could well go undetected.

On the other hand considerable experimental evidence has

been accumulated indicating that cleavage fracture is always

preceded by intense localised plastic deformation.(10)

Cleavage cracks produced in the edge of a low carbon steel

plate at ths temperature of liquid nitrogen failed to propa­

gate directly 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 cleavage

crack formed and propagated.
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a = 1.8 
c 

This can be seen to be identical to equation 1.7 where 

r :3 Both equations 1.7 and 1.8 must be satisfied 

for unS1;!'DJ.e fracture to so tha t when r 3 the 

stress for unstable crack is by eouauon 1.8 

and when r > 3 the fracture stress is given equation 

1 

If ap,lro]Jri,!l,te values of modulus of , ... E, 

and the surface energy for the • Y , are used 

in the Griffith eri tical crack lel"""'" of the order 

Since of 1 - 10 Il are obtained for low carbon 

cracks of this size are less than a ~"'~i!l diameter in 

it could be al"I<U,"u. tm t they could well go undetected, 

On the other hand considerable evidence has 

been accllillulate(! the t C iea,\Ii'I;e fracture is always 

10) preceded by intensa localised D~aS,Ll,C 

crack" in the of a low carbon steel 

at the of liquid lll, ,L"O failed to propa-

by when the was later fractured 

in tension at room Intense deformation 

always developed around the crack root before a new 

crack formed and pr'Dpilget'te'C! 



In addition to this, plastic work is also expended by

the propagating crack in forming the characteristic river

pattern(4) shown in Fig.1-2. Further plastio deformation

also occurs at the grain boundaries in polyorystalline

metals, where the crack is required to change its direotion

of propagation across the boundary to follow the ohange in

crystal orientation. There is also oonsiderable evidenoe

to suggest that cleavage fracture in polyorystalline metals

requires the nucleation of new cracks in each grain as the

orack propagates across the grain boundary. (11)

This led to a modification of the Griffith equation as

suggested by Irwin(12) and Orowan~10) These workers recog-

nd sed that when plastic deformation occurs near the tip of

the crack a oertain amounb of plastic work, Yp' is

expended during crack propagation, in addition to the

elastic work. Y, required to create the two new fracture

surf'aces,#

The Griffith theory in its original 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 authers includes the term Yp

1

to extend the crack:-

~ •••• oEqn1' 1.9
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In addi ticn to this, plastic work is also 

the orack in the characteristic river 

pattern(4) shown in -2. Further plastio deformation 

also occurs at the ","oLLU boundaries in polycrystalline 

metals, where the crack is '''',!U''''-''U to cna.nge its direotion 

ot' propagation a:>ros s the to follow the in 

There is also considerable evidence 

to suggest that fracture in polycrystalline metals 

the lluclea tion of new oraoks in each graC.Ln as the 
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This led to a modification of the Griffith equation as 

suggested by Irwin(12) and orowan~10) These workers recog-

nised that when plastic deformation oocurs rear the of 

the crack a oertain am0unt of Y ill p' 

in addition to the 

elastic • ,,,,"we,,,,',, to the two new fracture 

surf'aceS<i# 

The Grif'fith ="ory in its original form, should not 

therefore be expected to apply to fracture in 

metals. The modified version of tr.e Gl'iffith equation as 

expre 

b,,' the above aathCI'B includes the term Y 
J P 

a = o 

".L'<~ "~,, work re,'UlLre,u to extend the crack:-

1 



or o =
c [

2EY (1 + ~)] ~
Ttc Y olle •••Eqn.1.10

15.

When the crack velocity is high, the temperature low, and

the material intrinsically brittle,

Y < 10 Yp s

When Y »Y
p

=: [2EY (.J.:L)] ~
0c - rt c Y

Y is relatively low,
p

"•••••Eqn.1.11

When plastic deformation occurs near the crack tip it blunts

the crack and thereby relaxes some of its concentrated

stresses by increasing the tip radius, r. This is apparent

when comparing equations 1.7 and 1.11, since

[2EY (.L.) ]~ = [nY (..Y.E)] ~
rt e 3 ao Tto Y

so that r = .J.:L
3a Y0

Henoe local plastic flow at the crack tip can increase the

toughness of the material.

parke/5) estimated that cracks would have to be of the

order of 2 mm long in low carbon steels, where Y p == 103 Y ,

for unstable fracture. Although defects of this size may

occasionally exist in fabricated structures, in most

instances these would not go undetected.
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or .:::,;::;...!... (1 + 

\Vhen the crack velocity is the 

the material bri ttle, 

. , y < 10 Y 
p s 

When »Y 
p 

1 

" 

1 

" 

Y is 
p 

1.10 

and 

When n"~ RlGH' deformation QCcU1'a near the crack tip it blunts 

the crack and the relaxes some of its concentrated 

stresses the r. This is apparent 

when comparing 1 and 1. 11. since 

so that 
Y 

Hence local plastic flow at the crack tip can increase the 

toughness of the 

parke/5) estimated that cracks would have to be of the 

orOOl' of 2 rnm in low carbon steels, where Y "'" 10
3 Y p - • 

for unstable Although defects of this size may 

exist in fabricated in most 

instances these would not go undetected. 

1 



Even if cracks of this size existed in the steel, it is

likely that plastic flow would occur during loading at the

crack tip to blunt the crack, In fact it is now recognised

that it is this localised plastic strain at the root of the

notch or crack in metals which causes the crack to grow, so

that cleavage fracture in metals is plastically induced, It

follows therefore that a crack-free metal shculd not fracture

at a stress below its yield strength, This is supported by

Low1s(13) experiments which showed that a steel broke by

cleavage in tension, or flowed plastically in compression, at

identical stresses irrespective of grain size. In the

presence of notches or cracks the stress required to produce

localised yielding at the root of the notch beccmes equal to

the cleavage fracture stress, Cleavage fracture can there-

fore be considered as a two-step precess ccnsisting first of

the initiation stage, and secondly that of unstable crack

propagation.

1,7 The Initiation of Cleavage Cracks:

A number of mechanisms of crack initiation by plastic

deformation have been postulated and some of these observed,

These are summarised below, and have been described in detail

elsewhere, (14-)

16,
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Even if cracks of this size existed in the steel, it is 

likely that plastic flow would occur during ~u'<w.ng at the 

orack tip to blun"t the crack. In fact it is now sed 
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notch or crack in metals which causes tr~ crack to grow, sO 
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follows therefore that a crack-free metal should not fraoture 

at a stress below its yield strength. This is by 

which showed that a steel broke by 

in or flowed plastically in at 
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presence of notches or cracks the stress to 

localised ~U1n"g at the root of the notch becomes 

the oleavage fraoture stress. fracture can there-

fore be conai dered as a process consisting first of 

the ini tia tion and secondly that of unstable crack 

propaga ti on. 

A number of mechanisms of crack ini tiation by c 

deformation have been and some of these 

These are surmarised below, and have been described in detail 

elsewhere. (14) 
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Four major methods of crack initiation have been

sugge sted:-

a) The intersection 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 temperatures, twinning is the

preferred mode of deformation in bcc metals, Because

deformation twins spread more rapidly than slip

bands, little relaxation of stress is able to occur

when a twin is blocked by some obstacle, and con­

sequently the twin has sufficient energy to nucleate

a cleavage crack,

b) Dislocations piling up at a strong obstacle such as a

grain boundary during plastic deformation could

coalesce and thus form a crack, This can be most

simply visualised by considering the coalescence of a

series of edge dislocations fusing together against

some such obstacle. Other slip bands and twin inter­

faces are also thought to act as dislocation obstacles

causing cleavage cracks.

c) If a low angle tilt boundary is sheared through by

slip approximately perpendicular to the boundary, the

local normal stress can equal the cleavage strength

and a crack can be nucleated, This mode of crack

initiation is common in the cph crystal structure metals

17,
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where the i0001) planes are both the primary slip planes

and also the oleavage planes.

d) Dislocations on intercepting slip planes may glide

together to coale see along the line of interception,

thereby changing to a cavity dislocation. If a tensile

stress, 0, is applied to a single grain in a poly-

orystalline matrix, slip would occur along tre planes

of maximum shear s tz-e s s at 45 0
to the applied stress.

These interoepting planes would then form a cavity

dislocation on a plane of maximum normal stress. This

is significant since after the cr-ack attains a critical

size it would propagate as a Griffith crack under the

18.

Summary;1.8

influence of the normal stress :J.

e)~/2-J~~~
...-=. ;P~.

":f . .l;r c

Although the above meohanisms and equations do much to

explain how cleavage cracks, once fOI'IDed, can become unstable

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

istics of f'rac tur-i.ng metals are not explained by these

equations. For example, cleavage occur-s readily in the bcc

and cph metals, but not in the fcc metals. Furthermore, the

ductility of the 'bee and cph metals is very sensitive to the

tempeI'ature of deformation, the propensity to fracture by

cleavage increasing as the temperature is lowered. It is

necessary therefore to examine in greater detail the process

of cleavage crack initiation and propagation.
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CHAPJ'ER 2.

THE BRITrLE-DUCTlLE TRANSITION

2.1 The Transition Temperature:

Many crystalline msterials whose flow stress rises

rapidly with deoreasing temperature and with increasing

strain rate exhibit a fraoture mode transition when the

temperature is lowered. Above the transi tion temperature

the fraoture is predominantly ductile and occurs by micro-

void coalescence or one of the shear mode processes. Below

this temperature fracture is by cleavage with its character-

istic brittle appearance. Ionic salts such as NaCl, AgCl,

MgO, the bee and cph metals and particularly low carbon

steels shcw this transition in fracture mode. This tran-

sition temperature is a function of stress state and strain

rate, and in the low carbon steels occurs relatively sharply.

The variation of yield stress, fracture stress, ductility

and microcrack fOrm9-tion with temperature for low carbon steel

has been determir£d by Hahn et al(15) and is shown in Fig.2-1.

In the region A a tensile specimen failed with a ductile

cup and cone-type fracture. The reduction of area at fracture

was of the order of 50-60%. In region B the fraoture was

still predominantly duotile, but areas of cleavage were found

in the outer rim where the crack propagation rate had been

high enough to nucleate cleavage oracks. A sharp transition

19.
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Many materials whose flow stress rises 

with decr'ea,si.ng +.ArnT:Arature and with increasing 
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Above the transi tion 

ductile and oocurs by micro-

void coalescence or one of the shear mode processes. Below 
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istic brittle appearance, Ionic salts such as Ha 

MgO, the boo and cph metals and low carbon 

steels show this transition in fracture This tran-

sition temp,erut,uz'e is a function of stress state and strain 

rate, and in the low carbon steels occurs relatively 

The variation of stress~ fracture ductility 

and micrccrack formation with tem~e!~t;u:~ for low carbon steel 

has been determined by Hahn et and is shown in 

In the region A a tensile specimen failed with a ductile 

cup and cone~type fracture. The reduction of area at fracture 

was of the order of In B the fracture was 

still p~ldo'miJlan ductile, but areas of were found 

nr'aTae'l!. ,;1rln rate had been in the outer rim where the crack 

to nucleate A transition 
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from ductile to brittle fracture occurred at the transition

temperature Ta, and was indicated by a drop in the

reducticn of area at fracture to practically a zero value.

Below this transition temperature fracture was by cleavage.•

although some areas of mixed microvoid coalescence-cleavage

fracture were still obaer-ved at the transition temperature Td•

Accompa~ing this ductility transition was a large decrease

in the fracture stress. The percentage of grains containing

microcracks increased rapidly in region C at temperatures

just below Td• However. some microcracks were found above

Td, indicating that the ductility transition occurred

when the ccnditions were suitable for the growth of

microcracks into propagating fractures. Apparently the

initiation of microcracks was not therefore a sufficient

c~terion for fracture. Microcracks wer:e observed only in

the regions of the specimen which had undergone discontinuous

yielding. As the temperature was lowered further in the

region C, the fracture stress dropped to the extrapolated

lower yield stress, so that in region D the fracture stress

and the lower yield stress coincided. In the region E

cleavage fracture occurred abruptly at the extrapolated upper

yield stress, presumably at the first area to undergo discon­

tinuous yielding, and plastic def'ormtion and the fracture

propagated f'rom the first microcrack to form. Finally at

very low temperatures, in region F. fracture was initiated

by deformation twins. The fact that cleavage fracture was

2'
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shown in this work to occur at the yield stress can be con-

sidered as further evidence that plastic deformation is­

necessary for the nucleation of cleavage cracks• .(

Cottrell and petch(16) have both suggested fracturing

laws to explain the transition temperature 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 equated to the surface energy of a

crack, The energy of the pile-up is given by the product

of the applied stress and the displacemant between tho! craok

face s , Hence

2

an a =
where n = number of dislocations

a = interatomic spaoing

a = applied stress

The magnitude of the total displacemant can also be expressed

as

na = .o.o ••Eqn.2.2

where 1-1 = effective shear stre ss
0

1 = applied shear stress

1 = friotion stress
0

d = length of slip band oontaining

dislocations and taken as half

the grain diameter in polycry-

stalline metal s,

G = shear modulus
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sidered as further evidence that deformation is-

necessary for the nucleation of 
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By analogy with the Petr:lh( 17) aqua tion

=
1

+ k" d"'l!
Y

oefJoeoEqn,,2,,3

where 1: y = shear stress at yield

k >10 _. a measure of the oontribution of
y

grain boundaries to the shear

strength of polyorystalline metals

and when the fracture and yield stress are approximately

G
na

equal, by substitution in equation 2.2
1-

k" d 2
Y

If orack propagation is more difficult than crack

initiation, the competitive processes on the application of

a load are yielding and crack propagation. Now since cleavage

cracks propagate under normal stress. a • rather than shear

stress, a factor ~ which equals 2t
can be introduced,

(J

where p = 2 for tors:en

:::;: 1 for tension

_ -;- for nobche s in tension (see Fig.1-3).

Therefore at the yield
1

a k {£2 =
Y Y

point. equating equations 2.1 and 2.4

where = contribution of grain boundaries to the strength

of polycrystalline metals in tension. If in equation 2.5, the

illS is smaller than the RHS, du~tile yielding results. If the

illS is greater than the RHS. cleavage fracture results.
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This e qua td.cn makes fracturing a function of grain size

d and stress state p e CottreU(16) originally assumed

that the temperature dependence of this equation came about

through the temperature sensitivity of kyo This factor k
y

has since been shown to be constant for steels in the

normalised condition.(1S) petch(16) on the other hand

stated that temperature influenced fracture ~ affecting the

friction stress 00' and suggested that 00 was made up

of two parts, a temperature independent friction O. ando

a temperature dependent +°
0

, The former, thought to arise

from the resistance of random solute atoms, fine precipitates

and lattice def'ect.s to dislocation movement, and that

represented an appreciable Peierls-Nabarro stress. Tn.

tempera ture dependence of

of the forme 16)

0+ '" K e-CT
o

° + can be given by an expressiono

where K and C are constants and T the temperature.

Provided o· ~ La not too large, the whole
o

mates to a similar relationship,

00 approxi-

Now since( 17)

can be rewritten;-

o
y

(J
o

1

+ k d"
Y

equation 2.5

and if

+ k 2
y

.• K a-CT

o e o •• eEqn.2.7
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d and stress state 13 
16) 

ori assumed , 

that the dependence of this came about 
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0 
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0 

." K e 
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k 2 
'" y 

-CT 

[Kokyo 

o 
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] '" 
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or at the transition temperature, To

-CoTc = It'gn [tGY 9 k/]
K.ky.d

2

[~(N
}logn

1
• - k d-'•• C.T e = lo~ - lo~ ley y

~ooQooEqn;208

Less accurately. where the temperature range is no~ too

wide, the temperature dependence of o + can be taken
0

as linear

ioe. 0+ = C - LT
0

where C and L are constants

• • o
o a •o

By substitution in equation 2.7

LTc = 0 o. + C _ ( (3~Y

The similarity between equations 2.8 and 2.10 and

Petch's origina.l l;-quations( 16) can be readily seen, am the

relationship can be reduced to
1

T ex M l(l~ d-'
c

or less accurately
1

T ex. M' d-'
c

and T 0( NO·c

where M, M' and N are constants

Univ
ers

ity
 of

 C
ap

e T
ow

n



The development of the above equatdcne does not account

for too occurr-ence of transiticn temperatt:res in bee and cph

metals and its absence in fcc metals. However, Johnson et al(19)

have recently suggested that cph metals, which exhibit few

slip systems, as well as bec metals which slip on several

systems but in which cross-slip is difficult, will tend to

have h'Lgh values of ky' and will therefore be more suscep­

tible to cleavage fract'll...,"", than the fcc metals with many

degrees of freedom to slip. The effect of discontinuous

yielding,as occurs in low carbon steels, must also be

effective here, since when one dislocation breaks away from

its precipitate, an entire avalanche of dislocations can glide

behind it on the slip plane. When these encounter an obstacle

their high velccity does not allow the initiation of new dis-

location sources which would relax the stress by plastic flow,

and a crack is formed instead,

2 02 Tests for Cleavage Fractuxe:

During the past 50 years numerous tests have been developed

for the purpose of assessing the auaceptdbd H ty of metals, and

steels in par-tacu'lar-, to cleavage fracture. These tests have

been s umrrar-Lsed i" detail elsewhere (4,5,& 20) and some ofs

these are detailed in I.S.O. and other standard specifications,

Since the temperature a t which the transition from ductile to

cleavage fract""", occurs is d9per,den"\; 0:). the stress state and

applied strain rate, it is naturaL that the transition

26,
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temperature, as determined by t11e 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

susceptibili ty 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 specific, 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, due to the large number of test

specimens involved. Since 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 ingot form for the steel

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 to be made with published data. which
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Table 2.1

Some of the most widely used transition temperature tests.

28.

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 various temp­

eratures"

A notched bar

with a shallow,

cold pressed

noteh is broken

in static bend­

ing at various

temperatures.

Cri teria for Assessin!

Transi tion Temperature

i) Temperature which

corresponds to a

certain fibrous

fracture appear­

ance. e. g. .50% et

ii) Temperature which

corresponds to a

oertain energy

level, e ..g.

20 ft.lbs.

(27 Joule)

iii)Temperature which

corresponds to a

certain lateral

contraction or

expansion at the

notch.

i) Nominal bend

strength.

ii) Temperature which

corresponds to a

certain amount of

shear fracture,

e.g. 5afo
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Test Designation

2.(Cont'd)

Test Prooedure Criteria for Assessing

Transition Temperature

iii)Temperature which

corresponds to a

certain lateral

contraction at

root of not-ch,

29.

3.Pellini Drop

Weight

(Drop Weight Test)

(22)

A rectangular

plate contain­

ing a weld crack

is deformed, by

a dropped weight,

in bending to a

strain oorres­

ponding to

incipient yield­

ing. A notoh is

ground in a short

longitudinal bead

of brittle weld

deposi ted on the

tension surf'ace

to initiate

fraoture.

1) The temperature

above which frac­

ture will not

propagate easily

across an

elastically loaded

specimen.

Nil ductili ty­

transition (N.D.T.)

4-.Robertson Test

(Brittle crack­

arrest test)

(20, 22)

A wide plate with i)

a tempera ture

gradient aoross

the width is

loaded in tension

to a given stress

level. A cleavage

crack is initiated ii)
by impaot at the

Temperature above

which a crack will

not propagate at a

given stress level

il)e. the crack

arrest temperature

(C.A.T.)

The critical stress

for a oleavage
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Test Designation

4.(Cont'd)

Test Procedure

cold end and

travels across

t.he spscimen

until it

reache e a temp­

erature zone

where plastic

flow is high

enough to

arrest the crack.

Cri teria for Assessing

Transition Temperature

fracture at a given

temperature.

30.

5.EssO(SOD)Test

(Standard Oil

DeveLcpmerrt]

(22)

A plate specimen i)

at uniform temp­

erature is

loaded in tension

to a given stress

level, A cleavage

crack is initiated

at one edge by

means of an impact

loaded wedge,

The critical stress

for cleavage frac­

ture propagation

at a given temper­

ature,

6.Explosive Bulge

Tests

(20, 22)

A square plate.

wi th a brittle

weld bead on the

underside is

placed on an open

die and an explo­

sive charge is

detonated over the

plate,

i) The fracture tran­

sition temperature

for elastic load­

ing (F,T.E.) Below

this temperature

the fracture will

propagate only

through elastically

loaded regions.
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Test Designation Test Procedure Criteria for Assessing

Transition Temperature

16. ( cont ' d) ii) The fracture tran-

sition temperature
,

for plastic load-,

ing (F.T.P.) Above

this temperature

cleavage fractures

cannot propagate,

i"e. there is

extensive deform-

a tion wi thout

bri ttle cracking.

7.C.O.D. Test Full plate i) Temperature which

(Crack opening thickness corresponds to an

displacement) notched arbitrary C.O.D.

(23) specimens are at fracture.

broken in

static bending

or tension and

the crack open-

ing measured,Univ
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in most cases also used the Charpy test for the evaluation

of the effect of alloying additions on the transition temp­

erature of steel,

2.3 Interpretation of Charpy T63t Results:

Full details of the Cr~rpy V-notch impact test are given

in British standard. 131, Part 2, (1959). Briefly the standard

Charpy speci~en consists of a 10 mrn square beam, 55 mrn long,

containing a 2 rom deep V-notch with a root radius of 0.25 mrn

at its mid length, and is supported at its ends in a horizon­

tal position. The test specimen, after being cooled or heated

to the desired test temperature, is placed on the machine

supports and an impact load is applied via a striker on a

swinging pendulum at specimen midspan opposite the notch. The

results can be expressed as tlE energy absorbed in fracturing

the test specimen or by assessing the proportion of the

fracture surface showing a granular (cleavage fracture) or

fibrous (microvoid coalescence) appearance. Occasionally the

lateral contraction at the root of the notch is also used as

an assessment of ductility. These results become most

meaningf'ul when the tests are conducted over a range of temp­

eratures to show the impact transition temperature, see

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 temperature. The impact transition can be assessed

in various ways using tlE above criteria, e.g.,

3
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i) the temperature corresponding to some arbi trary

value of impact energy such as 20 ft.lbs (27 Joule);

ii) the 7afo or 5010 granular frac ture temperature, or

iii) the temperature corresponding to some arbitrary

value, say ~, lateral contraction.

Before selecting some such arbitrary criteria for the

transition temperature, it would seem beneficial to examine

in detail the deformation and fracture mechanisms whioh occur

in the Charpy test, so that the exact f'undamerrta.L material

properties which are baing compared are known. The instru­

mented Charpy test(24) has been of great importance here,

and successful dynamic measurements of the load-time relation-

ships during fracture has provided information on the defar-

mation process and the fracture meoharn sma, A typical series

of results measured over a range of temperatures is shown in

Fig. 2-3. The close similarity between this figure and that

of the tensile test, shown in Fig.2-1, is immediately obvious.

Noticeable deviations occur in the region CDE of Fig. 2-3

where the section CD corresponds mor-e closely with the upper

yield stress than with the lower yield stress as f'ound with

tensile tests. There is, however, some difficulty in disting-

uishing clearly both the upper and lower yield points due to

the stress variation aoross the speoimen section below the

notch in bending. The lower yield stress is consequently

34
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replaced by a "general yield" line, and experimental scatter

indicates tha t some of the line CD oould coincide with the

ex'trapolated general yield line,(24) The ductility transition

temperature (Td in Fig. 2-1) is also less clearly defined,

the line DE dropping more slowly wi th decrease in temperature

than that for too uniaxial tensile test, On the other hand,

tests conducted on Charpy V-notch specimens in slow three point

bending(25) indicate a well defined ductility transition temp-

erature, as shown in Fig, 2-4, This transition is clearly

defined on both the load-temperature and the bend angle-

temperature curves, these curves now being almost identical

to those for the uniaxial te nsi.Le test. If tI:e striker

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 fracture-temperatura" curve shown in Fig. 2-4. The

observed difference in these c~es can be attributed to the

followi~~ causes:-

i) differ13nces in the behaviour of the steels due to

chemical composition differences;

ii) errors in assuming constant pendulum veloci ty

in the dynamic test;

iii) derrors in the ynandc recording system,

Since a wide range of steels were testeaC 24) with the

36.
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instrWlented dynamic test, and all showed similar curve f'orms

to that shown in Fig. 2-3, it seems likely that the section

CDE of' this curve is in error due to errors (ii) and (iii)

above, and that the actual curve form should be along the

dotted lines Cil-HE and JK in this figure.

Based on this assumption the ductility transition temp-

erature would appear to coincide with a low value of' lateral

notch strain, Fig. 2-2 (assuming that this is proportional

to the bend angle at brittle f'racture) or alternatively, within

the lower portion of' the energy transition curve, Fig. 2-2.

From published results(24) of' instrumented tests on steels of

similar composition to those being tested in this investi-

gation, the arbitrary low level of' 20 ft.lbs (27 Joule)

of' energy absorbed in fracture would appear to coincide with

reasonable limits with the ductility transition temperature.

That ie, the temperature corresponding to a value of' 20 ·f't.lbs

(27 Joule) of energy absorbed in fracturing the specimen

corresponds to that where conditions are suitable for the

microcracks, initiated during discontinuous yielding, to grow

into propagating fractures. Above this temperature fracture

is by microvoid coalescence, although cleavage is still

possible when the ductile crack propagation rate is high enough

to initiate cleavage. Below this transition temperature

cleavage fracture is initiated from the first area below the

notch to undergo discontinuous yielding, and at lower

38.
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notoh to un,ae!'go discontinuous and at lower 



temperatures still cleavage fracture is also initiated by

deformation twins.

It must be emphasised that the 20 ft,lbs(27 Joule)

transi tion temperature is an arbitrary value which appears

to coincide with the ductility transition temperature of

similar steels tested using the instrumented Charpy test,

It is, however, more readily determined than some arbitrary

low value of lateral contraction at the root of the notch,

Transition temperatures based on an assessment cf macro-

scopic or visual fracture appearance are not favcured, since

considerable areas of microvoid coalescence can be fcund on

fractures considered to be fUlly granular, e,g" see Fig,1-2,

2,4 Correlation of the Charpy Energy Transition Temperature

Wi t11 Other Fracture Tests:

Various types of test give different transition temp-

eratures because they are made under different conditions of

stress and strain rate, and are evaluated qy different

criteria, In general, however, laboratory tests evaluate the

tendency for steels to fail by cleavage and ClassifY these

rna terials in the same order of susceptibility,

BOulger(26)has shown that fer carbon-manganese steels

in the as-relIed and heat treated conditions, the relation-

ship between the ND T temperature and the Charpy V-notch

transition temperature can be given by

39,
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O 1.0 (v ) _ 10°C.
., .<+V 25

NDT ., 0.46 (V15) - 4°C. R
2.,

56.3%

R
2

., 76.4%NDTand

where V
15

and V
25

correspond to the Charpy V-notch

transition temperatures at 15 and 25 ft.lbs (20 and 34 Joule)

and i is the fraction of variance removed by the correl-

ationo

Similarly it has been shown(27) that for lew carbon

pressure vessel steels, the Robertson crack arrest temperature

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

The following relationships can therefore be aa sumed to

be reasonable approximations

where V20 ., Charpy V-notch 20 ft.lb transition temperature.

Empirical relationships of this type are often useful in

interpreting results, but too much importance should not be

attached to them.
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CHAPTER 3

THE EFFECT OF I&~TALLURGICAL }'ACTORS ON TIlE DUCTILITY 'rRANSITION- .
TEMPERATURE.

'I,' The Low Carbon, Low Alloy Steels:

Ferritic-peariitic steels account for most of the steel

tonnage produced today. These are iron-carbon alloys contain-

ing from 0.05% to 0.25% carbon and a SIT~11 percent of other

alloying elements added to increase the yield strength and

toughness, They are generally used in the "hot rolled" or

no rrnaLi sed cond i. t.rors , where the struoture consis ts of boc iron

(ferrit~) containing about 001% carbon and soluble alloying

elements, dnd F8
3C

(cementi~~). The Fe
3C

exists as carbide

particles along the ferrite grain boundaries in steels of very

low carbon content, a n-l in the form of erains of a Lane TIa r

s tr-uoturc cons i s t i ne; of alterra ting laY8rs of Fe 3C and f'crri te

(pearlite) when the carbon content is above approximately G.. 08}b.

In the se steels the size and strength of the ferrite

grains, and the volume and spaoing of the carbide particles,

would appear to be the most important variables deter~ining

f'r ac t.ur-e t.oughne ss , Although the pcarli te grains a ccoun t for

up to 30% of the miorostructure in et.ee Ls of' C).25;; car-een, the

e mourrc ct f;car:Iits in steels of' the r ame ferrite: rraln

yield strength Cl has been shoe n to be Lndependcrrty of the

size. (28)
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low carbon steels wr~ch alter the friction stress

It would seem therefore that despite their high hardness

pearlite grains in steels of less than 0.25% carbon are so

widely dispersed that the ferrite matrix can deform around

them with little difficulty, However, since cleavage cracks

are initiated relatively easily in carbide particles(14) and

wi thin pearli te grains, (29) the volume fraction of pearlite

in the mi.crostructure should inf luence too ductility

transi tion temperature, Since the volume fraction pearlite

can be assumed to be directly proportional to the carbon

content of low alloy steels in the "hot rolled" or normal-

ised conditions, it is likely that its influence on the

ductility transition temperature will be seen as a function

of the carbon content,

1

In addition to the effect of ferrite grain size (d""2)

on the ductility transition temperature, alloy additions to

do, or

the grain boundary strengthening constant k
y

of the ferrite

would be expected from equation 2,10 to alter the transi tion

temperature, These factors are often governed by the alloy

content of the steel,

3,2 Summary of the Effect of Various Alloys in Low Carbon

Structura.l Ste~:

All struotural steels contain sulphur and phosphorus as

residual elements, although most specifications limit these

42.
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It would seem therefore that de their hardness 

grail~5 in steels of' less than O. car"aon are so 

wi di "persed tha t the ferrite matrix can deform around 

them with Ii ttle difficulty. However, since cleavage cracks 

are initiated in carbide 14) and 

(29) the fraction of 

in the microstru~ture should inf luenee the 

transition temperature. Since the volume fraction 

can be assumed to be directly proportional to the carbon 

content of low steels in the "hot rolled" or normal-

ised conditions. it is that its influence on the 

ductili ty transition temperature will be seen as a function 

of the carbon contant. 

In addition to the effect of fern te size ( 

on the transition temperature, alloy additions to 

low carbon ~tee13 which alter the friction stress or 

the gra1.Il boundary strengthening constant of the ferrite 

would be ex""~t,,il from equation 2.10 to alter the transition 

temperature. The se faotors are of'ten by the 

content of the 

All structural steels contain sulphur and phosphorus as 

residual although most limit these 



elements to O.O~ maximum, With most modern steelmaldng

processes it is possible to consistantly achieve sulphur

and phosphorus contents of 0.02% or less, so that although

both elements raise the transition temperature, (30,3
1)their

content in steels can be controlled to levels which do not

normally cause variation in the transition temperature,

Other residual elements include nitrogen and oxygen,

and when the steel is manufactured from scrap, residual

levels of copper and molybdenum are also encountered,

Nitrogen has been shown(32) 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 tre transition temperature of ferrite

in the absence of silicon or other strong deoxidisers, to

promote intergranular fracture.(33) Its effect in steels

containing deoxf.df.aer-s 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-
raise the transition temperature(3?4-~ when added to synthetic

steels in amounts greater than normally encountered as

residuals in steels pro:l.uced usd.ng scrap as tm raw material,

Little effect is however expected with upper limits of less

than 0.20% eu and less than 0.10% Mo as is normally found in

steels prod.uced. by this process,

4-3.
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44.

Alloying elements such as manganese, nickel,

chronrlum, silicon and aluminium are added to these steels

specifically to alter the properties. In additicn to com-

b1ni:lg wi th sulphur and preventing the formation of grain

bouz.daz-y iron s u'Lphd.de films, manganese also acts as a mild

deoxidiser. It is however more widely used to increase the

yield and tensile strength, and at the same time appears to

lower the transition temperature. (34,35) Nickel is the only

other alloy addition widely used to lower the transition

temperature, although its effect is less marked than that of ? 7

manganese. (34) The role of both manganese and nickel in

lowering tbe transition temperature is discussed in detail

in later chapters, Chromium is often used in conjunction

wi th nickel, and although it is commonly thought not to

alter the transition temperature (see Table 1.1), it has

been shown to increase the transition temperature of steels.(34)

Silicon is used in amounts varying up to 0.40'fo in struct-

ural steels, its ma.i.n role bei.ng tint of a deoxidant, In

this role it appears to lower tm transition temperature, (6)

although it has been shown to increase the transition temp­

erature when present in amounts exceeding 0.40%.(34) Although

a1uminiUll1 can also be used as a steel deoxidiser, its

principal role is to produce a fine-grain steel. In this

case it is added after the steel has been deoxidised with

silicon. The aluminium then combines with tha nitrogen in
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Alloying elements such as manganese, nickel, 

silicon and alumin:b.ll1 are added to these steels 

1;0 alter the propertieso In addition to com-

b1 with su.cpnur and preventing the formation of grain 

~ilms~ manganese also acts as a mild 

I t is however more used, to increase the 

and tensile and at the same time appears to 

lower the transition tem~'era'Gure, (34, Nickel is the only 

other alloy addition widely used to lower the transition 

temperature, although i t5 effect is less marked than that of ? 7 

The role of' both rranganese and nickel in 

LQWerlug tbe transition is disoussed in detail 

in later Chromium is often used in 

with and although it is commonly thoueht not 

alter the transition tomperature (see Table 1,1), it has 

been shown to increase the transition temperature of 

8i1::00:1 is used in amotmts up to 0,40% in struot-

ural s tee Is, i t8 main role icbat of a In 

this it appears to lower the tr",mlition telTItJ€,ra 
(6) , 

although it has been shown to increase the transition 

erat=e when present in amounts exceeding 0.40%, (34) Al though 

alumini.um can alse be used as a steel deoxidiser, its 

principal role is to produce a steel, In thi s 

case it is ad.ded after the steel r."lS been deoxidized with 

silioon. The aluminium then combines with tha nitrogen in 



the steel to form aluminium nitride, whioh produces a

smaller ferrite grain size by preventing austenite grain

coarsening during heat treatment. (6) and by the precipi-

tate particles acti.ng as nuclei for ferrite grains during

transformat.ion on cooling, The removal of nitrogen from

solid solution to form aluminium nitride is thought to

lower the transition temperature further, (37) It is not,

however, generally appreciated that aluminium nitride

decomposes to aluminium and nitrogen in solid solution at

high temperatures.(36) and since their recombination to

aluminium nitride on cooling is sluggish, (38) steels in the

"as rolled" condition containing appreoiable amourrts of

aluminium may yet contain very little aluminium nitride. (39)

Under tre se c.ir-cumstances the aluminium addition neither

refines the ferrite grain size nor removes nitrogen from

solid solution, and the transition temperature is conse-

quently not lowered,

45.

Assessing the Effect of Metallurgical Factors:
1

( d""2)The relationship between grai."l size and tre

ductili.ty transition temperature has been proved by many

researchers, and the results of Petch(16) may be taken as

typical. The effect of alloying elements on the transition

temperature of steel has also been the subject of much

'lnvesti§ation. Two separate, but related approaches have

been established by these investigators:-
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the steel to form aluminium ni t:,'lde j) which a 

smaller ferrite size by TIrew~n,t~n austeni te 

"6) coarsening during p..eat treatment, \.I and the pre U.L 'u-

tate as nuclei for ferrite grains during 

transformat,ion on cooling", The removal of r.i trogen from 

solid solution to form aluminium nitride is thought to 

lower the t:roansi tion temperature furtl:ero (37) It is 

generally appreoiated that aluminium nitride 

decomposes to aluminium and ~itrogen in solid solution at 

temperatClres, (36) and since their reoombina tion to 

alllmirrl.um nitride on cooling l.s sluggish, (38) steels in the 

"as rolledui oondition 

aluminium may cO!ltain very 

amounts of' 

al~inium nitride.(39) 

Under tte se oircumstances the alurninium addition neither 

ref'ines the ferrite size nor removes from 

solid solution, a71d the transition temperature is conse-

quently net lowered, 

1 
The !'aJa tf anehi p be tween siZ8 (d:2) and the 

transi tion temperatur~ has been proved n:any 

researchers, and the results of Petch(16) may be taken as 

The effect of alloying elements on the ~ransi tion 

of steel bas also b"en the subjeot of much 

""i~nvestiga tion" Two but related approaches have 

been. established by these inv8stigators:-
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a) to study the variation in transition temperature

brought about by the addition

elements to a controlled base

of separate alloying

composition.(32 & 34)

b) To correlate the variations in transition tempera-

. h . 1· (28 & 36,37)t':lre Wl t s tee L ana ySJ.S o

The first method, although producing useful qualitative

information, has a number of inherent difficulties. The

effect of only one, or at best two, alloying additions can

be examined at anyone time, since variations in transition

temperature brought about by more than two alloying additions

can become incomprehensible. It is also often difficult to

hold the base composition of these synthetic steels constant,

since the planned alloy additions often alter tre base

compositi.on either by contamination or by altering the

solubility of other elements in the base steel.

The second method relies heavily on statistical methods

of analysis. In this technique a number of alloy variations

can be made at anyone time, and provided all the possible

variations in tr~ steels are analysed, the regression analysis

should correct for base composition variations. This is best

done therefore on a series of experimental steels where tre

produntion method variations can be kept to a minimum, thus

reducing the total number of variables to be examined. The

linear regression analysis techniques generally used have several
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a) to study the variation in transitior. 

about by the addition of separate alloying 

~om:posj'tic:n. ( & 34) elements to a oontrolled base 

b) To correlate the variations in trans 1 t~~on 

t":lre with steel R.niLIVSTS o 
(28 & 

The first method, although producing useful qua.Ii ta ti va 

information, has a number of inherent difficllHiLe:3. The 

effect of one, or at best aidi ti ons can 

be examined at anyone time, since variations in transition 

temperature brouf~t about by more than two alloying additions 

can beeo!ll9 inc()mpI'e heY,s:\. ble, I t is alsc) often iifficul t to 

hold the ~ase composition of these steels constant, 

sinoe the adii tions often alter the base 

composition either contamina ti.on or by tl:e 

s of other elements i.n the base steel. 

The second method relies heavily on statistical methods 

of analysis. In this technique a number of alloy variations 

can be made at anyone time, and provided all the possible 

variatiocs in tr~ steels are the regression analysis 

should correct fer base on VR.r:t a 1,] This best 

done the:refore on a series of steels where the 

produ.ction methoi variations can be kept to a mr.irnum, thus 

the total number of variables to be exarr~ned. The 
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linear on techniques generally used have several 



major limitations. The derived mathematioal equations only

include variables which have been included in the analysis,

and equally important, this analytical teohnique assumes

linear relationships between deper.dezrt and independent

variables. Since non~lir@ar relationships are not indicated,

the resultant analytical equation will give only a mean slope

to any non-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 variables which will give

linear relationships. Appreoiable Q~oertainty in the equation

coefficients can also r~sult from inter-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 results is also often found when important

variables have not been included in the analysis, e.g.,

vacuum melted steels may give transition temperature results

in a group at lower temperatures than similar air oast steels.

When examining the effect of allcying elements on the

ductili ty transi ttcn temperature, grain size measurements are

necessary in both of the above-mentioned approaches, since

many of the alloy ~dditions also influence the grain size of

the steel. Some authors have also made use of estimations

of pearlite content in these steels.(28) Both of these

47.
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variables have not been included in the 
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When examining the effect of alloying on the 
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Both of the se 
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variables require careful metallographic technique. The

measurement of grain size in steels is further complicated

by the pre sence of two phase s in the micros tr-ucture , In

the low carbon steels (C <: ,25%) the pearlite grains are

usually regarded as boundar-Le s between ferrite grains in

much the same way as the normal ferrite grain boundary,

Technically it can be claimed that this method of grain

size measGrement is misleading, since it virtually assumes

that the pearUte grain size plays no part in cleavage

fracture, Metallographic measurement can be further com-

plicated by widmanstatten structure, and is also unsatis-

factory when examining quenched and tempered steels,

In the present investigation the second of the two

analysis techniqoo s was used, .i .. e, Jl the linear regression

analysis technique. Since it was also intended to compare

the transition temperature of quenched and tempered steels

with that of normalised steels, metallographic measurement

was kept to a minimum, and replaoed when possible by

chemical anaLysd s ; i.e., all the experimental steels were

analysed for a.Lumi.rd.uni rd,tr-"'de, since it has been shown that

grain size is de pe nderrt on the aluminium nitride content. (4C)

Grain size measuremen~s were however also made where possible

to enable verification of this relationship. Full Chaz-py

impact transition curves were drawn for each experimental

s leel, and the 20ft~lb energy level temperature was extracted

48,
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variables caref'ul metallcgraphic technique. The 

measurement of grain size in steels is further complicated 
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s and the 20ft~lb energy level temperature was extracted 



from these ourves and used as the criterion of transition

temperature.

3.4 Multiple Linear Regression:

This form of analysis assumes that the regression can

be referred to in terms of one dependent and severa2

independent 'ariables. The regression formulae are not

restricted co variables having a dependent-independent

relationship, but merely describe in mathematical terms the

nature of the relationship between the variables. However,

in evaluating the degree of the relationship, all error or

inaccuracy is assumed to be in the measurements of one of

the variables, and the other variables are assumed to be

precisely known. That is, the impression is assumed

associated with the dependent variable and the independent

variables are assumed to be the precise variables.

In general, a dependent variable y may be expressed

in terms of the independent variables

49

x - - - - - - -3' as

,"00.0 "Eqn.3"1

where bi • '°2 , b3• - are the respective

regression coefficients. If the degree of fit of a multiple

Li.near- regression is measured by the sum of the squares of
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i

d.eviation of the observed from the pred:'cted values, then

i'l a manner directly analogous to that for a simple linear

regression, an expression for the constants in equation 3.1

can be ob ta.ined, A detailed description of linear regression

techniques are given by Volk(41) and Williams(42). !lost of

the analysis reported here was carried out on an I.B.Il.360/44

Computer using a standard program (REGR) from a Scientific

Subr-outl.z,e package. (43) Some of the early multiple regress-

ion analysis was carr-lea. out using an I.B.M, program modified

to suit the reduced. memory storage of the smaller computer

available at that time. This reduced the number of variables

which could be hand.Le d to tel:.,

A sample of the printout from the I.B.M.360/44 is shown

in Table 3,·1, The significance of the multiple regression

may be tested by comparing the Variance ratio (F in Table 3,1)

with tables of Fishel"'s F.(44) In the example shown in Table

3.1 comparison of the Variance ratio with Fisher's F tables

shows that the multiple regression is significant at the 0.5.10

probs'bility level but not s.Lgn.i.f'Lcanc at the 0 .. 1% probability

level. That is, we can say with 99 •.,% certainty, but not

w-;.th 99.~ certalntYil that there is a correlation.. The right-

hand co Iumn of Table 5.1 Can also be used to determine the

si&nificailce of any particular regression coefficient. In

this example there are 29 sets of data and the computed T

values can be compared with t test tables for the analysis

50.
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TABLE 3.:1 ".J.B.M. 360/44 PRINTOUT

COMPUTED
~ VALUE
0.47H7
1,14972
1.if?53
4.1021';:

STD.ERROR
OF REG.COEF.
3,88608
0,72740
0.77431

40.85349

REGRESSION
COEFFICIENT(b)

1.83335
0.98178
0.99694

167.59799

1.03043

6.69819
0.0'57<)11
0.81698

" %Mn

~ %Ni

" %NAlN

STANDARD CORRELATION
DEVIATION x "I! y
0.04845 -0.23658
0.24797 0.16895
0.20299 0.14609
0,00405 0.62704

MEAN
OD171.;.83

0.66448
0.05517
0000568

8.67793

:;;
4­
7

DEPENDENT(y)
6

InterMpt (a)
Mu:H,:i.ple Correlation, R
Std.ErrDr of Est.Lmate(~)

Multiple linear re~saion,analysis of form y ~ a + b1 xi + b 2 x2 + b
3

x3 + - - - - - - - - - ­

Variable NonG '" <1-" (mm""2) (dependent variable)

Variable No,2 ~ %C

Variatlle NtJl'3

Variable No.4

Variable No.7

VARIABLE
ex)

2

Analysis of Variance for the Regression

SOURCE OF VAlUATION
Attx1.butable to Regression (1<:)
Deviation from Regression(N-k-1)

TOTAL

DEGREES
OF FREEDOM

4-
24
28

SUM OF
SQUARES
13.71121
16.01889
29.73010

MEAN
SQUARES
3.42780
0.66745

F VALUE
5.13564

From Fisher's Tables, F0.01,4.24 =
F0.005,4,24 ~

F0.001 ,4,24 ~

4.22

4.89

6.59

••• The regression is significant
at 0.5% but not at 0.1%

\J1
~

•
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of variance 'Using (N-k-1) degrees of freedom. From such

tables(44) for 24 degrees of freedom

II
I:
: !

Significance

50%
.,Nff
~V10

t test value

0.685

1.318

1.711

2.064

2.493

2.797

3.745

Refer6nce tc Table 3.1 shows that carbon content has
1

no signifioal~ effect on grain size (d:2). The correlation
,

of Mn with a-' is significant at the 10% level, but not the
1

5% level, and that N
AlN

has the best correlation with d:2

being significant at the 0.1% pr-obabd.Li,t;), level. Carbon

could therefol~ be removed from the multiple regression

wi thout much effect on the overall 5ignificance of tm

regression equation~

The multiple correlation coefficient, R, and the

Variance ratio, F, are related by the following equation(41)

F

where N ~ number of data sets

k .- number- of f nde penden t. variables"
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The confidence limits for the regression line may be

deterar;'ned about y (mean) as + t, s where t is

selected at the proper degrees of freedom and the

desired probability level and s is the standard error

of estimate,

In the example shown in Table 3.1, the 95% confidence

limi ts for 24- degrees of freedo:n is found from tre t test

53,

tables

Fro.n Table 3,1 y 8,678 s '" 0,817

o ' 0 95% confidence limits 8,678 .:!: (0,817 x 2,064)

8.678 .:!: 1.688

i,e•• we can say with 95';6 confidence that all value of y

will be within.:!: 1.688 of the regression line,

One further factor needs brief mention here, that of

the "frac'~ion of variance". This usually means tre fraction

of variance accounted for by the correlation and is equal to

R
2,

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

EXPERIMENTAL PROCEDURE AND RESULTS.

4.1 Experimental Steels:

Initially J.2 separate 1-cwt casts of steel were produced

in small high f'r-eque ncy 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 i-inch diameter bar before heat treat-

merrt , 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 mea sur-emen t of grain size. pearlite

grains being considered as grain boundar-Las for this measure-

men t. Sin~e it wa.s not practical to determine grain size on

the quenched and tempered steels, metallographic measurement

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

54.

and the Charpy 20ft-lb energy level

The chemical anaLysLs , the reciprccal of
1

( mm""'2) 0grain d:iameter ,

the root mean ferrite

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 results are shown in Table A3. A further group of bars
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from the carbon-manganese and nickel steel casts were oil

quenched from 890oe. and tempered at G80 0e. These results

are shown in Table A4, together with the nickel-chromium

steel series which was oil quenched from 8500 e. and tempered

at GSOoe. All normalising and furnace cooling was carried

o 0out from 890 e. or 900 e.

4.2 Statistioal Analysis of Data:

The above tests yielded 52 complete sets of data for

examination by computer using linear multiple regression

analysis techniques. In order to obtain realistic formula

from the regression equations, the variable s were reduced to

functions which, it was hoped, would give linear relation-

ships, The funotions initially examined as variables are

shown in Table 4,1, Thi s table also shows the range of

variation in each of the examined fur.cticns. The following

definitions apply to the terms shown in this and other tables;-

55.

Nsol

= Ni t>"ogen combined as aluminium nitride

determined by the Beegley(45) process,

= Acid soluble nitrogen,(46) which includes

ni trogen as aluminium nitride, in solid

solution or as iron nitride,

- Acid insoluble nitrogen,(46) and includes

the more stable ni trldes such as titanium

rd.tride, vanadium nitride and possibly

silicon nitride.
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Al 1so

56,

~ Residual nitrogen in solid solution or

combined as iron nitride = Nsol - NA1N

= Acid soluble aluminium(46) and includes

the aluminium in solid solution ani

e-ombined as a.Iumi.nkum nitride.

AI. 1
~nso = Acid. insoluble al'-llIJir.iUJll(46) and considered

to be A120y

A~ ._ Residual a Luml.rri.um in solid solution = A\ol - AlA1N

= Total oxygen content.

= Oxygen assumed combined with 3i as 3i 02 = 0T - 0Al °
2 3

where the ° is calculated from the AI. 1A1203
a.nso

content.

'" Total silicon content,

= Res.Ldua.L Si content '" 3iT - Si3i 02 where 3iSi 02

is the silicon assumed in combination with oxygen

and calculated from the 03i0
2

content.

Recifrocal of the root mean ferrite grain size,

(llllJl"'2)•

T20 = The temperature in °c at which a minimum of

20ft-Ibs of energy are absorbed by the 2mm Vee

nc tch Cbarpy specimens.
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_ Residual nitrogen in solid solution or 

combined as iron nitride = N sol - N AlN 

-- Acid soluble 46) and includes 

the aluminium in solid solution and 

combined as aluminium nl trids. 

= Acid insoluble al=ir.iUll1 (46) and C01'lS]eUe,r"u 

to b., A120
3

0 

.- Residual allllllir.ium in solid solution = 

= Total oxygen 

Oxygen assumed combined with Si as Si 02 = 

"herB the is caloUlated from the 

'" Total silicon 

- Res:'cdue.l Si content " SiT - 3iSi 02 where SiSi 02 

is the silioon assumed in combination with oxygen 

and calculated from the content. 

of the root mean fern te sizeii' 

.. The in at which a minimum of 

20f't-1bs of energy are absorbed by the 2mm Vee 

nvtch Cbarpy specimens. 
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Surrrnary of the Ilariables in :'he initial :'~' se t s of' data

Mird.muli!
M:-,-----;:a~:-uml

%Car-bor; 0,09 ° 1688 0 .. 26

Sil'ic'Jn % 0,07 0,2124 0.38Manganese % 0,32 0.6254 1,39
Nick&l % o ~,

~ ,,0623 3.93_ Vi

ChT'OI;ll urn % 0,01 0:.-':11--1 ,:) OS)

Oxygen % 0,0010 0,0066 0.0285
NAlN % 0 0000 0.0049 0,0140
NR % a 0000 0.0032 0,0095
Al.

R % 0,000 O,~O292 0,195

rL 1 % 0,0000 o.coos 0,0034l'OSO

AI. I % 0,000 0.001,8 0,0141.Ylsc.

'1' "0 •0"') , ",1,·5 ,) ~I , 10 5c. l v
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The regression analysis of the 52 sets of data yielded the

following equation:-

,.•••••Eqn.4. 1

The constant K1 bas the value -63 for steel normalised frem

o 0890 C., -15 for steel slow cooled from 890 C. and -90 for

osteel oil quenched and tempered at 680 C.

Equestion 4.1 is significant at the 0.1% level, i.e.,

such a high degree of correlation will only occur by chance

once in one-Lhousar.d times. All the regression coefficients

except NR and A~ were significant at the 0.1% level and

these two factors at the 1.0% significance level. The

correlation coefficien t is such that 95% of the total

variation in transitio!! temperature is explained by the

equation; i.e •• only 5% of the total variation in transition

temperature has to be accounted for by unconsidered factors

and experimental error. The 20ft-lb ductility transition

temperature, calculated from equation 4.1 is plotted against

the actual transition temperature of the 52 experimental

steels in Fig.4-1. Also shown on this figure are lines

representing the 95% confidence limits of + 16.80C.

58.
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The regression analysis of the 52 sets of data the 

following 

1 

The constant K1 bas the value -63 for steel normalised from 

890°C., -15 for steel slow cooled from 890°C. and -90 for 

steel oil quenched and 

Equestion 4.1 is at the 0.1% e., 

such a high degree of correlation will only occur by chance 

once in one-thousa!"d times, All the regression coefficients 

"xce pt NR and were significant at the 0,1% level and 

these two faotors at the "1.0% The 

correlation coeffioient is such that 95% of the total 

variation in transi tic!! te:"p"r" tctre is expi'nnceu by the 

e •• only 5% of the total variation in transition 

has to be accounted for by unconsidered factors 

and eX1JeI'imen1;al The 20ft-lb ductility transition 

cs:mp"ra,cutre, calculated from equation 4.1 is plotted against 

the actual transition temperature of the 52 

steels in Figo 4-i. Also shown on this figure are lines 

representing the 95% confidence limits of' + 16.8oC. 
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The incl~sion of other factors such as total oxygen

content , total silicon content, N. 1 and AI. 1 only
~nso lnso

raised the peroentage of the total variation in transition

temperatur" explained by equation 4.1 t'J 98% and since these

i'Cldividual rac tor-s 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 into oxygen combined as Si 02 and A1203
and

total silicol! into si licon combined as Si 02 and silicon in

solid solution. These new functions did not, however, give

any improvement in the significance of these tarms.

On exaan.nat10n of F1 g. 4-1 a minor degree of grouping of

results on the quenched ani tempered steels can be seen, i,e.,

a11;hough these results overlap those of the normalised steels

'00 some degree, t..'1ey could influence the general form of

equation 4.1 since all these steels have transition tempera-

tUX'es at the lower end of the range. When these results are

replotted using equation 4,1 with K1 = -63, but without

altering the constant term to compensate for the various

heat treatments, see Fig.4-2, three parallel lines are pro-

duced corresponding to the various heat tJr"eatments. It can

therefore be concLude d from Fig,4-2 that the grouping of the

quenched and tempered specimen results in Fig.4-1 has had an

in.~ignifioant effect on the coefficients of equation 4.1

60.
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The grain size teJ:'!Il d~ was not included in the above

regroession analysis since groain size mea sur-ene rrt s were not

possible on the quenched and tempered steels (Table A4),

For this analysis it was assume d thi t there would be a
1

correlation between d'"'2 and tre N
AlN

content so that any
1

effect of d" would be shown in the NAlN coefficient.
1

However this correlation between d:2 and N
AlN

would not

ne cessarily ext s t in those s teeIs wi th very low NAlN

contents. The analysis was therefore repeated using only

that data with NAlN contents in exces s of 0,0010%. The

45 sets of data whioh satisfied this criteria gave tre

following regression equation:-

T20 ~ 212(%C) - 65(%~) - 18(%Ni) + 31(%Gr) - 1941(foNAlN)

+ 1239(%NR) + 135(%A~) + K2

The constant K2 has the value -39 for the normalised material,

9 for the slow cooled rnaterial and -66 for the oil quenched

and tempered material,

The above equ~ation 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 NR and A~ are significant at the 0.1% level.

The cO"lfficient for Na was only significant at the 10%

62,
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level and Ala at the i,o% level, The correlation coeffic­

ient of equation 4.2 is such that only 9310 of the total

variation in transition temperature is explained by this

equation, Si1~ce ti'..is is slightly less than t1>3 percentage

variat~on explained by equation 4.1, equation 4.1 is preferred.

The exclusion from equation 4.1 of terms relating to grain

size or volume fraction pearlite makes this equation suitable

for the oomparison of transition temperatures between steels

in the quenched am tempered condition as well as the normal-

ised condi tton.

To determine the effect of the reciprocal square root

63.

grain size"
1

'""2d • on the ductility transition temperature,

a further subdivision of the above data was made, For this

data on the quenched and tempered steels (Table A4) was

excluded from the regression analysis. The remaining 4D sets
1

of data all contain measurements of d:2, and gave t1>3

following equation:-

This equation is sigr~ficant at the 0.1% significance level

but with the coofficient for Mn only significant at the 1.0%

LeveL, The coeffici.ents fcr Ni. NR and AIR proved to be

of low significanoe and were consequently exclUded from the

equation. When this analysis was repeated including NAlN
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level and A1a at the 1,0% levelD The correlation ooeffic­

ient of equation 4.2 is such that only 93% of the total 

variation in transition temperature is explained by this 

Si1'lCe this is less than tbe 

variation expJ.aJ.weu 4.1 is 

The exolusion from equation of terms r",""un" to "r«"," 

size or voiume fractio!: pearli ttl makes this equation sui table 

for tbe of transition te'~peratur~s between steels 

in the 'penohed and tempered Dendi tien as well as the normal-

ised cordi tton", 

To determine the effeot of the square root 

on t~e ductility transition temperature, 

a further subdivision ot' tbB abOlre data was made. For 

data on the que!lct,ed and steels (Table A4) was 

excluded fx'om tl'.e regression 8., The relnaJ.ID.ng 4D sets 

o:f' data all contain measurements of and gave tbe 

following 

= 31S(%C) " 32(%Mn) - 65( + 4,5 

This is at the 0.1% significance level 

but with the coeff'i cient for Mn only 

IE,v~l. The coef'fici.ents for Ni, NR and 

cant at the 1.0% 

proved to be 

of' low signi.f'icance and were consequently excluded from the 

equatiml. VIh.en this was 

63. 



as an Lndependent variable, the significance of the carbon

coefficient was reduced to the 1 00% significance level and the
1

coefficient for 0.-'2 reduced to the 200% level without any

apprecLab.Le alteration to the coef'f'LcIerrts ,

for N
AlN

also had a very low significance
1

0.-'2suggests a defil1.i te correlation between

The coefficient

level. This

and the N
AlN

and carbon cor.t.errt s , Re gre ssLon analysis of tm data sets
1

from Tables A1 and A2 (normalised steels only) using 0.-'2

as the dependent variable and C, Mn, Ni and NAlN as

Lndependerrt variables gave the following regression equation

1

0.-2 = 1.83(%C) + 0098(%Mn) + 1ooo(1aNi) + 167.60(1~AlN)

+ 6.70

.•••••Eqn.4.4

This e quatn.oa is significant at the 0.% significance level

and the significance of thE various coefficients are -

Ni, 30%. Although equation 4.4

confirms the correlation suggested above, the significance

of tt& coefficient for carbon is very low and this coeffic-

ient could tilsrefore be excluded from equation 4040

The 20ft-~b transition temperature, calculated from

equation 403, is plotted against the experimental transition

temperature in Figo 4- .3 for the 40 sets of data used in the

regression analysiso Also shown is the 9% conf'idence

limits of + 30 o30 C0
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as an the of the carbon 

coefficient Was r'€duced to the 1 0 0% significance level and the 

coeffici en t for d. reduced to the 2,0% level wi thout any 

alteration to the The coefficient 

for N l\JN a Iso had a very lew This 

an'i 

and the NAlN 

of tm data sets 

from Tables A1 and A2 (nOr'malised steels only) 

as the dependent variable and C, ~n, Ni and NAlN as 

independe:>t varl.ables ga'~e the following equation 

=1.83(%C) + O,98(%Mn) + 1,oo(fal'li) + 1 

+ 70 

This is S:lgrrU :lcam; at the 0.5}1: level 

and. the cf the various coefficients are -

Ni, 31:%. Although equation 4.4 

CClllfirm,'2 C);1:e uor.'t"'elation suggested above,9 the significance 

of the t,oefficient for carbon is very low aDi this coeffic-

i.6·n"~ could therefore be excluded from 4.4. 

oalculated from 

I! :Ls t.he e::cper'im,mtaJ trans:\. tion 

in for the 40 sets of data used in the 

analysi~o Also shown is the 95}1: confidence 

o limits of + 30 0 3 c, 
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I

This data was again modified to Lr.c Iude only that data

with NAlN conte~ts in excess of 0.0020% thus dividing the

data in.to a high NAlN series and a low NAlN series, In

an endeavouT to improve the regression analysis further data

was accumulatad at tris stage. This is shown in Table A6 of

Appendix 'A' w.".ich prodded a further eight sets of data for

the low NAL'! series and two sets for the high NAlN data

seZ"ies, All cf these steels were produced in the manner

dBC1crlbsd it, pa.ragraph 4.1" the lew NAlN series being pro­

duce d by vacuan melting,

The following regression equation was obtained from the

33 sets of da ta with NAL'! contents in excess of 0.0020%

1

T20 .. 292(%C) - 30(%!vl.n) - 15.5(d") + 1577(1aNR)

- 66(%S;"T) + 72.4

This eqmt.ion is agah significant at the 0,1% significance
1

le'l"l, altho'"gh only the d-2 coer'f'LoLerrt proved to have a

signi.e.car,oa le,'sl of better than 0.1%. The coefficient for

carbon was better than 1,0%, that for manganese better than

2.0%, ani tr~t for silicon bett~r than 5.0%. The coe~fic­

ient for NR was only signlfica!;t at the 30% level and

could be negl~cteQ. Fig.4-4 shews tee 20ft-lb transition

temperatli~e calculated from equation 4.5 plotted against

the experilCsnt"l transition temperature, with the 95%

66.
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This data was ag;"'J.ll :nodified to i"olude only that data 

with "'All'l ccnte:~ts ir. ex::ess of O.0020~ thl's dividing the 

eta t":t i:n,to a NAL"l series and a low NAL"l series. In 

the regression s ft;rther data 

was accHilll\'11atad at tl:is This is shown in Table of 

a further sets of data for 

the low NAL"l series and two sets for the high NAlN data 

4.1 I' the lew N AlN series being pro-

I 
} 
(, 'rh" regression nllrr',~," was obtained from the 

oontents in excess of 0.0020% 

292(;loc) - 30(%Mn) - 1 

This is at the 0,1% Sl,gn:LI J.ca:tloe 

al tlWl1gb the proved to have a 

1e,lel of better than 0 0 1%. The coefficient for 

ca!'bon wa,s better than 1,0%, that for manganese better then 

I 
ient for NR was only o;t at the 30% level and 

c(Jul('l be ne ]'ig.4~4 shows tbe 20ft~lb tranai tion 

from ~ '" '" ·H tted a,,;al,m 

the e"'!J"rirr:8:nf;~1 transi tion te'mI)8!'at;ux:~. with the 9% 
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oconfidence limits of • 2904 Co

Multiple regression analysis of the 17 sets of data

wi th N
AlN

contents of less than 0 00020% was not success­

ful, the regression coefficients contrasting with those of

equations 401, 402, 403, and 405, and in general having

very low significance levelso In every case the Variance

ratio, F, showed the resulting regression equatd.on to

have significance levels of 10% or les So When this data is

used in equations 401, 403 and 405, the resultant graphs,

given in Figs04-5, 4-6 and 4-7 respectively, show con­

siderable variation beyond the 95% confidence limits. This

error is to be expected when using equation 4.1 on these

steels of low NAlN content, see Fig04-5, since the grain

68.

size of these steels will be independent of the

content, and equation 401 contains no term for

and the resultant regression

Equations 403 and 405 do however contain coefficients
1

d..,- instead of NAlN,

for

I

equations should consequently be applicable to the steels

of low NAlN content, TIle variation in calculated transi tion

temperature beyond the confines of the 95% confidence limits

in Fig04-7 is, however, appreciable despite equation 405
1

containing a coefficient for d"o This variation is less

obvious in Fig.4~, principally because some of the steels

with low NAlN contents were included in the original

regression analysis which resulted in equation 4030
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regression a""C"'5lS of the 17 sets of data 

with NAlN oontents of less than O.002~fo was not 5uccess-

the regression coeffici.ents with those of 

equations 1 , 4,2, 403, and 4.5, and in gel}S 1",1 n",nng 

very low In every case the Variance 

ratio, F, showed the resulting regression equ'l.tion to 

have significance levels of 10% or les s. When this data is 

used in equations 4.1, 4.3 and 4.5, the resultant graphs, 

in and respectively, show con-

siderable variation beyond the 95% confidence This 

eITor is to be when on these 

steels of lew see , since the 

size of the se steels will be independent of the 

content, and equation 1 contains no term for 

Equations 403 and 4.5 do however contain coefficients for 

instead of NAlN , and the resultant 

should be to the steels 

of low N A::.N T:1e variation in calculated transi non 

I 

I 
the o01"J"ines of the 95% confidence limits 

despite equation 4.5 
1 

con"a~r~ng a coefficient for d~. This variation is les5 

obvious in principally because some of the steels 

wi th low NAlN contents were included in the 

analysis which resulted in equation 4.3. 
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It would appear from the above that the steels of low

NAlN content have transition temperatures controlled by

factors other than those expressed by equations 4.1, 4.3

and 4.5 for steels of high NAlN content. One noticable

feature of the steels of low NAlN content is that many

of them have been produced by vacuum melting and have

consequently low Il-i.trogen (N 1) contents. Although it isso

generally recognised tha t manganese lowers the ductility

transition temperature, see Table 1.1, manganese has also

been shown to raise the lower yield stress by 2.1 tons per

inch2 per 1% weight after compensating for changes in grain

size and volume fraction pearlite.(28) Since alloying

elements in solid solution in ferrite usually increase the

yield stress by raising the temperature independent friction

stress,
..a it would be natural to expect manganese to

0'

raise the transition temperature in low carbon steels.

Petch(47) has explained the lowering of the transition

temperature by manganese as a two-fold effect, brought about

partly by a refinement of grain size and partly due to a

weakening of dislocation locking. If, as Petch suggests,

dislocation locking in steels is mainly by nitrogen, and

dislocation looking raises the transition temperature very

markedly, the overall effect of manganese would be to J..ower

the transition temperature. Nitrogen-free steels would

however be expected to show an increase in transition temp-

erature with increasing manganese content due to its effect
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It would appear from the above tr£t the steels of low 

NAlN content have transition temperatures controlled by 

factors other than those equations 4.1, 

and 4.5 for steels of hig." NAL"l One 

feature of the steels of low NAlN oontent is that many 

of them have been produced by vacuum melting and have 

consequen~ly low rr, trogen (N LT.I"""",n it is 

OOI~nJ_se,a ths t manganese lowers the ductility 

transition see Table 1,1, manganese has also 

been shown to raise the lower stress 2.1 tons per 

per 1% after for in 

size and volume fraction pearlite. (28) Since alloying 

elements in solid solution in ferrite usually increase the 

yield stress by raising the temperature independent friction 

it would be natural to AYnP~t, manganese to 

raise the transi'tion in low carbon 

Pet,~h 47) of the tran 5i ti on 

manganese as a two-fold A~'~Aet about 

a ref'inemen t of size and due to a 

of dislocation If, as Petch suggests, 

dislocation locking in steels is mainly by nitrogen, and 

dislocation locking raises the transition temperature very 

markedly, the ove:r'all effect of manganese would be to lower 

the transition s-:;eels would 

ho""",ver be to shew an incTease in transition 

manganese content due to its effect 



on the friction stress alone,

4.3 The Low Nitrogen Steels:

To determine the expected increase in the ductility

transi tion temperature brought about by manganese in the

absence of nitrogen, a further series of vacuum melted

steels was produced with the manganese content varying

from 0.2% to 2.0)&, Eighteen 50-lb ingots were produced and

rolled to 1i inch( ::: 20mm) diameter bar for heat treatment.

Twelve standard 2mm Vee notch Charpy specimens were pro-

duced from the heat treated bars and the lower end of the

impact transition curve determined for each conditicn.

Sections of the heat treated bars were used for chemical

analysis and broken Charpy specimens were used for metallo-

graphic measurement of grain size, In this instance the

pearli te grains were also counted as individual grains, since

the pearlite grain size was approximately equal to the

ferrite grain size in many of the steels in this series.

Four of these oast were rejected from the initial analysis

because of a banded ferrite-pearlite microstructure, thought

to have resulted from a low rolling temperature. The

chemical analysis, the reciprocal of the root mean ferrite

-.i
grain diameter (mm 2) and the Charpy 20ft-lb energy level

transition temperatures are given in Table A6 (AppendiX 'A')

for the fourteen satisfactory steels and the above data for

the four rejected casts is included in Table A7.
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on the friction stress 

To determine the increase in the ductility 

transition brought about by manganese in the 

absence of a further series of vacuum melted 

steels was with the manganese content 

from O.qb to 2.~. Eicll1t:een 50-lb ingots were and 

rolled to it inch( 20mm) diameter bar for heat c;rea"Lmen"L_ 

Twelve standard 2mm Vee notch Charpy specimens were pro-

duced from the heat treated bars and the lower end or the 

transition ourve determined for each 

Sections of the heat treated bars were used for chemical 

and broken Ch"rDV specimens were used for metallo-

measurement of size, In this instanoe the 

grains were also counted as individual grains, since 

the size was approximately equal to the 

ferrite ~r~~H size in many of the steels in this 

Four of these cast were from the initial 

because of a banded thought 

to have resulted from a low The 

chemical G".~~Y~~ the c~urQa~~ of the root mean ferrite 
1 

diameter (lmll ") and the """rl:)·V 20ft-lb energy level 

in Table A6 (Appendix 'A') transition raC;Ulras are 

for the fcurteen satisfactory steels and the above data for 

the four oasts is included in Table 



Linear multiple regression analysis of the d.ata from

Table A6 showed. that there was no linear increase in

transiticn temperature with increasing manganese content.

When the transition temperature was corrected. for variation

..1-
in carbon content and. d 2 by using coefficients from

equation 4.3, examination of the data ind.icated. that the

transition temperature d.ecreased. with increasing manganese

content up to approximately 1% loln, and. that further increases

in manganese content increased the transition temperature.

This increase in transition temperature was most noticable

on the data with high manganese contents and. very low nitrogen

contents, e.g.. NR =O.OOO~. It seemed. therefore that the

ni trogen content of this series was not low enough to deter-

mine the sole effect of manganese.

I t was as sumed. therefore that some factor combining the

manganese and ni trogan contents should be inc luded in the

regression analysis to account for any interaction between

these two elements. After a number of attempts using

different combined factors and fitting the curves to the

experimental results, the folloWing combined equation was

selected for determining the coefficients for manganese and

nitrogen:-

74.
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Linear multiple regression analysis of the d.ata from 

Table showed that there was no linear inorease in 

transition temperat;U!~ 

When the transition 

in carbcn content and d ~ 

manganese 

was oorrected for variation 

coefficients from 

equation 4.3, examinaticn of the data indicated that the 

transition teln~lra,tL~e decreased with manganese 

content up to 1% ~n, and that further increases 

in manganese content inoreased the transition 

This increase i.n transition tenp,erat;Ul'e was most noticable 

on the data with manganese and very low nl.o,"o.,e 

contents, e,g.. NR 0.0002%. It seemed therefore that the 

content of this series was not low enough to deter­

mine the sale effect of manganese. 

It was assumed therefore that some factor oombining the 

manganese and contents shoUld be included in the 

regression to acoount for any interaction between 

these two elements. After a number of at,te,mtlts 

different combined faotors and fi.tting the ourves to the 

experimental the following combined equation was 

selected. for determining tp2 coeffiCients for manganese and 

6 



,
where F

(%Mn) (%NR)
= (%Mn)+Kn{%NR)

75.

K3' Kit- and K
5

are regression coefficients and

Kn a constant.

This equation satisfies the expected limiting conditions of

where Mn_ O.

If the regression coefficient Kit- is negative and large

enough, intermediate values of Mn and NR will show the

overall effect of·Mn as a negative coefficient.

The constant Kn was found by trial and errcr to give

the best variance ratio values when it had values in the

range 1200 to 1500.

Using K =1500, regression analysis of the 14 sets
n

of data shown in Table Af, gave the following equation:-

=
1

116(%c) - 13.3(d""2) + 33(%Mn) - 158,856(F' )

+ 22376(%NR) + 489(%Sir) - 32

••••••Eqn.4.7

This equation is significant at the 1.0% significance level,
1

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

significance) and the factor F' (~ significance), had low

significance levels.
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where " 

, and are regression coefficients and 

K a 
n 

This satisfies the expected limiting aondi ti ons of 

o and 

where Mn_ O. 

If the coefficient is and 

intermedia te values of Nn and NR will the 

overall effect of·Mn as a nega·Ol'Te coefficient. 

The constant Kn was found by trial and error to give 

the best variance ratio values when it had values in the 

range 1 200 to 1500. 

Kn "1500, regression aml.1V 

of data shown in Table A6 gave the 

116(%c) - 1 3( + 33(%Mn) - 1 

+ 22376(%NR) + 489(%S~) -

This equation is cant at the 1,0% 

but most of t.'1e individual 

s of the 14 sets 

) 

significance) and the factor Sl.gnl'Il.canCI~), had 



4.4 Final Regression Analysis:

For the final 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 regression subgroups are shown on the

tables in Appendix 'A' and their classification is as

follows:-

Regression Group Data No.Sets

1 Low NR, Ala " 0 14

2 High NR,NAlN < 0.0020% 7

3 Low NR, Ala > 0 8

4 NAlN > 0,0020% 30

5 Si.r >0,33% 4

9 Commercial and others 14

11 Quenched and Tempered 12

The above regression groups were analysed separately

and in combination, but in general regression analysis was

not completely successful because of inter-correlations

between independent variables and in some cases due to

limited variation ranges in certain independent variables.

These regression equations are summarised in Table 4.2

whioh 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 data

76.
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For the final regression analysis of all the accumu­

lated data, the data was sectionalised into groups, each 

data group consisting of data of ~~'ll.I."_"r independent 

variables. These 

tables in "F']JC'HCl.= 

O.LJ.O"8:-

1 

2 

;; 

4-

5 

9 

11 

The above 

subgroups are shown on the 

'A' and their classification is as 

Low NR, AIa '" 0 

High NR,NAlN O.OO2qit. 

Low 0 

NAlN 0,0020% 

0.35% 

Commercial and others 

and 

groups were analysed 

7 

8 

4-

12 

and in combination, but in gereral regression analysis was 

not completely suocessful because of inter-oorrelations 

between independent variables and in some cases due to 

limited variation ranges in certain independent variables. 

These equations are summarised in Table 

which also shows the level of each coefficient 

and the equation as a It can be seen from ~~is table 

that the addition of data from group 1 to data 

76. 



'I'ABLE 4,2

Reu-".ssion :EJJuat~,

~-----.._.,--

Regression Regression Coefficients and Significance Leve Ls Equa.tio:1

<1:~. Mn F' NR A~ S'
Group C "r Constant N(i~~

1 + 2 311 -11,9 27 -130,614 -2588 359 -21 403
(0,1%) (1,o}&) (20%) ( <20%) (0,110) (20%) (2,0}&)

4- 264 -14,3 -30 -9,360 1835 -20 ~11 52 4.9
(oQ9fo) (10%) (2.0%) «20%) ( «20%) «20%) «<20%) «<20%)

1+2+4- 112 -11.8 26 -141,826 960 -475 8\ 40 10
(O~1%) ( 10%) (0.1%) (2.010) ( O.1%) (<2010) (1,0%)

1+2+3+4 146 -12.9 27 -144.317 328 -276 86 4.11
(0.1%) (2.010) (0,1%) (2.010) (0.1%) «2010) ( 5,0%)

2+3+4 272 -11.0 -20 -48,320 959 54 33 4.12
(0.1%) (1,010) ( O.1%) «20%) «20%) «<20%) ( «20%)

::::f,
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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 reduce s 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 zero 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,

T20, of this data was corrected for variations in carbon
1

and d-'-, using regression coefficients from equations

derived from data of groups 2, 3. and 4. Coefficients for

carbon ranging from 264 to 320 were chosen for this analysis,
1

with the coefficient for d:2 = -11.8.

The best Variance ratio for the resulting regression

equation was obtained with a carbon coefficient of 264,giving

the following equation:-

140,OOO(F' ) + 11,452(%NR)

+ 421 (%s~) - 36

78.
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This equation is significant at the 2.5% significance level

and the coefficients for F' and Mn significant at the

10;& and 5% levels respectively. The remaining coefficients

had significance levels of less than 20}&. The close

similarity of the ooeffioients for Mn and F' with those shown

in Table 4.2 led to the use of these coefficients for the

correction of T20 for the data in regression 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 data group 2 + 3 + 4.

79.

1

= 280(%C) - 11.6(d:2) + 3530(1~R) + 38

••••••Eqn.4.15

I

••••••Eqn.4.14

This equation is significant at better than the 0.1%
1

significance level, the coefficients for carbon and d:2 having

significance levels of 0.1% and N
R

a significance level of

1.0;&. Ala, Si.r and 0T all have low significance levels

and have consequently been excluded from equation 4.14.

Re-examination of the original 52 sets of data used to

determine equation 4.1, but oorrecting T20 for C, Mn and

F' by using 264, 26 and -144,000 as the respective

coefficients, the following regression equation was obtained

+ 18(%Cr) - 1090(%NAlN)

+ 5369(%NR) + 73(%Ala)

- 73(%s~) + K6
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This equation is at the 2.5% significance level 

and the coefficients for F' and Mn at the 

1 Q)l: and 5% levels re The oaeffici ents 

had levels of less than 2Q)l:. The close 

similari ty of the cosfficie n ts for Mn and F' with those shown 

in Table 4.2 led to the use of these coefficients for the 

correction of T20 for the data in reeTloa,;:icm groups 2, 3, 

and 4. \men the coefficient for Mn was taken as 26 and that 

for F \ as -1 000, the following regression was 

obtained data group 2 + 3 + 

4 

This is .I.~<'H" at better than the 0.1% 
1 

significance level, the coefficients for carbon and d-Z having 

1 .Q)l:. 

levels of 0.1% and NR a significance level of 

and Om all have low significance levels 
l 

and have consequently been excluded from equation 1 

Re-examination of the sets of data used 

determine 1, but T20 for C, Mn and 

F' 26 and -144,000 as the 

coefficients, the ~ollowing equation was obtained 

= -13(%Ni) + 18(%Cr) 109D(%NAlN) 

+ 5369(%NR) + 73(%A~) 

- 73(%s~) + K6 



where AT
20

is the corrected ductility transition tempera-

80.

ture and K6 is a constant with values -60 for the normal­

ised steels, -20 for the slow cooled steels, and -92 for

the quenched 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 NR, 0.1%; Cr,;%;

SiT' 10%, NAlN, 20%; and A~, 30%. The coefficient f'or 0T

had a very low significance level and has consequently been

excluded from equation 4.15.

For the final series of regression analyses a range 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:-

=
1

264(%C) - 11.8(d"~) + 28(%Mn)

+ 3850(faNR) + 18(%Cr)

+ 50(%A~) + Y0

140,OOO(F' )

+ 68(%Sir)

e •••••Eqn.4.16

The constant Y0 has values of 53.9 for data from regression

group 1 and 17.6 for data from regression groups 2, 3, and 4.

I t was found that equation 4.16 could be used for data from

regression group 11 (quenched and tempered steels) if a
1

correction was made for d" by using the coefficients for
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where is the corrected ductility transition tempe~~-

ture and is a constant with values for U.e normal-

ised steels, -20 for the slow cooled stee and for 

the and tempered 

The above regression equation is at better 

than the 0.1% level, and the 31 level 

of the individ~l coefficients are, Ni and 

30%. The coefficient for 0T 

had a very low significance level and rae consequently been 

excluded from equation 4.15. 

For the final series of a range of 

coefficients, suggested by the above were used to 

correct the transition temD~~'tt~ for the var~"us independ,mt 

The re gave the best 

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

1 

= 264(%C) - 11.8(a"'2) + 28(%Mn) 140,OOO(F' ) 

+ 3850(;1oNR) + 18(%Cr) + 68(%S1r) 

+ 50(%A~) + 

0" •• '" 4.16 

The constant hes values of 5.3.9 for data from 

grOtip 1 and 1 for data from regression groups and 

It wa" found the t equa ticrr 4.16 could be used for de ta from 

group 11 (quenched and tempered steels) if a 

correction was made for by us~ng the coefficients for 
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Fig. 4·8 Calculated and observed transition temperatures for
experimental steels using equation 4.16 .
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NAW' Mn, and Ni from equation 4.4. The oonstant ~

has a value of -29.7 in this instanoe.

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 + 3 + 4, 282 for the 55 sets

of data analysed from group 1 + 2 + 3 + 4, and 37 for the

12 sets of data from group 11. This equation is oonse­

quently significant at better than the 0.1% level, and very

much better than this for the oombined sets. The data is

shown in Figs.4-8 and 4-9 with the 95% confidence limits of

+ 25°C. determined from regression group 1 + 2 + 3 + 4. All

the coefficients in equation 4.16 exoept those for A~ and

S~ were signif'icant at the 0.1% signifioance level. The

ooeffioients for AIR and SiT had low signifioance levels and

the ooefficient for S~ could be exoluded wi thout muoh alter­

ation to the Varianoe ratio for the equation. When equation

4.16 is used in oonjunotion with data from regression group 5,

the oonstant ~ is found to equal -22.6. Sinoe the steels

in this regression group have silioon contents in exoess of

0.35% and in one oase up to 0.648%, it would appear that

silioon contents of this magnitude lower the transition temp­

erature. However, when the data from group 5 was added to

that of groups 2, 3, ani 4 no signifioant effeot of silioon

was found. Table 4.3 summard se s the full range of variables

used in analysis.
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TABLE 4.3

SunL'lJary of' the variables used to determine equation 4-,16

Minimum ~ Maximum

Carbon % 0,04- 0,1612 0.27

Silicon % 0,07 0,2188 0,32

Manganese % 0,25 0.7481 1.39

Nickel % 0,01 0,2866 3.93

Chromium % 0,01 0,0179 0,12

Oxygen % 0,0006 0.0051 0.0380

NAlN % 0,0000 0.0035 0.0140

NR % 0,0000 0,0024- 0,0095

A~ % 0.000 0,0208 0,195

N. 1 % 0,0000 0,0008 0,0034-anso

Alinsol % 0,000 0,0048 0,014-

d.,;1"(mni-!) 4-,12 8.3288 11,80

T
20

(oC) -107 -29.5932 26

84,
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CHAPTER 5.

DISCUSSION OF RESULTS.

5.1 The Regression Coeffioient for Carbon:

From equations 4.15 and 4.16 it can be seen that an

increase of 0.01% C will raise the ductility transition

85.

temperature (T
20)

by 2.6°c. When the lowest carbon

content steels (group 1) are excluded from the analysis,

this increase in ductility transition temperature with

0 01% increase in carbon content becomes 2.8
0C.,(equation

4.14). These figures compare well wlth data extracted from

the work of Burns and Pickering(29) where 0.01% C raises the

transition temperature (T 20) by approximately 209°C.

The work of Rinebolt and Harris(34) is also in good

agreement with the figure predicted for carbon by equations

4.14, 4.15, and 4.16. These authors found that the 15ft-lb

transition temperature was increased by 3.30C. for steels

of more than 0.30% carbon, and by 2 06°0. for steels of less

than 0.30% carbon for each 0.01% increase in carbon. The

figure for the low carbon range was however influenced by a

larger than average grain size in tpeir 0 001% carbon steel.

When allowing some correction for this and plotting the

best fit line through their complete carbon range these

authors obtained a value of 3.0 0C. per 0.01% carbon. In

this case all the steels were normalised from 900°C.
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From 5 and 16 it can be seen that an 

increase of 0.01% C will raise the ductility transition 

temperature (T
20

) by 2.6°c. When the lowest carbon 

content steels (group 1) are excluded from the 

this increase in ductility transition with 

in carbon oontent becomes ,(equation 

14). These compare well with date extracted from 

the work of Burns and r1.CK.e~·'Hll!: 

transition 

where 0.01% C raises the 

a 
approximately 2.9 c. 

The work of Rinebolt and Harris(34) is also in good 

agreement wi th the figure for oarbon by equations 

4.14-, 5, and These authors found tmt the 1 

transition was increased for steels 

of more than O. 30% ~" ... r",~,. and • for steels of less 

than 0.30% carbon for eaoh 0.01% increase in The 

for the low earbar- l'9.nge was however influenoed a 

than a'terage grain size in their 0.01% oarbon 

When allow:ing sorne correotion for this and plotting the 

best fit line through their complete carbon range these 

authors obtained a valUd of 3 0 0°C. per 0.01% carbon. In 

this case all the steels were normalised from 900oC. 
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Boulger and Hansen(26) used linear multiple regression

analysis techniques to determine the effects of several

elements on transition temperatures by NDT and Charpy Vee

notch tests on ~in. thick plate steel. For the 27 steels

examined the NDT transition temperature was increased by

1.20C. per 0.01% C. ani the Charpy 15ft-lb, 25ft-lb. 3010 and

86.

5010 shear fraoture transition temperatures by

o 0 %1.9 C•• and 2.4 C•• respectively per 0.010 C.

o 0
1.8 C•• 2.5 C••

Grozier(48)

reported the 5c% shear fracture transition temperature for

sub-standard Charpy Vee notch specimens to be raised by 2.4°C.

per % pearlite. or assuming the eutectoid composition equal

to 0.8}1: C, by 3.00C. per 0.01% C. Pickering and Gladman. (28)

using the same definition of transition temperature, but for

standard Charpy Vee notch speoimens. computed a 2.20C. rise

in transition temperature per % pearlite, or based on the

above assumption, a 2.7°C. rise per 0.01% c.

Alth~ugh different oriteria have been used as the

transi tion temperature in determining the above increa se s in

transition temperature with increased carbon content. the

results are in general agreement with the coefficients of

equations 4.14, 4.15, and 4.16.

Petch and Heslop(49) have shown that the equation for

the lower yield point

=
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"",U-"E\"L· and Hansen(26) used linear mUlCG:LTI.L8 

an3.DTS1 .. S s to determine the effects of several 

elements on transition temperatures by NuT and Vee 

notoh tests on thiok For the 27 steels 

examined the NDT transition was increased 

1 , per 0.01% C. ani the 1 30,10 and 

50,10 shear fraoture transition 1 •• 2 • • 
0 and per 0.01% 

48) 
1,9 C., , re 

the 50% shear fracture transition temperature for 

sub-standard Charpy Vee notch 
o to be raised by 2.4 c. 

per % , or as ~W.I!.LLJIE\ the eutectoid e 

to 0.8% c, • per 0.01% 

lLQ1. n '" the same defini ti on of tran si ti on but for 

standard Charpy Vee notch 

in transition temperature per % pearlite, or based on the 

above assumption, a rise per 0.01% c. 

Alth:lUgh different oriteria have been used as the 

transition telnp,;rs.tu:re in the above increases in 

transition t"'TI1'l<"rB.tu:m with inc reassd carbon content. the 

results are in ~eneral ag~~en~nt with the coefficients of 

equa tions 4.14, 15, and 1 

Petch and Heslcp(49) have shown that the equation for 

the lower 

= + 
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can be extended to account for solid solution hardening in

alloys of iron to give:~

1q, + k' (% alloy) + ky d""2

o.CI' •••Eqn, 5.. 1

At constant temperature this equation can be rewritten in

the form

87.

where

••••••Eqn, 5.2

'" ,0'0 + k (% alloy) represents the temperature

independent friction stress for solid solution alloys and

k' is a constant.

This modified temperature independent friction stress

can now be substituted into equation 2.10 to account for the

effect of solid solution alloys on the ductility transition.

temperature. Although small variations in carbon content can

have a large effect on this friction stress term in single

phase iron alloys,(28) the main effect of carbon variation

in the range considered here will be to alter the proportion

of second phase (pearlite) present in the steel. For the

normal range of heat treatments used in practice and in this

investigation, the carbon in solid solution in ferrite

probably remains fairly constant.
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can be extended to account for so~td solution hardenin.g in 

of iron to give:-

+ (% alloy) + 

At eonsta..'1t can be Nwri tten in 

the form 

+ + [ + C% allOY)] + 

where + (% aJ.J.c'Y) the 

stress for solid and 

is a 

This modified 

can now be into equation 2.10 to account for the 

effect of so lid solution a •. .Le," ~ en the ductility transition. 

temperature. Although small variations in carbon content can 

have a effect on this friction stress term in ~~"c,~~ 

(28) the main effect of carbon variation 

in the range considered here will be to alter the 

of second phase ("""n.J. 

normal range of heat 

in the For the 

used in practice and in this 

investiga tion, the carbon in solid solution in ferri to 

pro ba b ly re ma:l.ns constant. 



The variation in volume fraction pearlite is not

directly accounted for in equation 2.10, since this equation

is derived from theoretical considerations for a single

pha se material. Although the volume fraction pearlite has

been shown to have no significant effect on the lower yield

strength in steels of up to 0.23% carbon, (28) Burns and

Pickering(29) have shown an increase in yield strength of

approximately 22.0 tons/in.
2

per 1.0% C in steels with the

range 0.1% to o.?10 C. If this increase in yield strength

is considered to be brought about by an increase in an

"equivalent friction at.re ss'", this "equivalent friction

at.re ss" can be used in equation 2.10 to give a corresponding

change in transition temperature.

The above author/ 29) have shown that the initiation

of cIeavags cracks i.n pearlite appears to occur with relative

ease, but that the propagation of these cracks through the

pearli.te occurs with apparent diffi.culty. They suggest that

tl~ increase in transition temperature with increasing carbon

cOEtent could result from the initiation of cracks in pearlite

due to one of the following reasons:-

i) a high dislocation density is produced in tle

pearlitic fern te at low overall strain values

resul ting in local resistance to plastic

def'ormatj on;

88.
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The variation in volume fraction pearlite is not 

accounted for in equation 2.10, since this equation 

is der:1veil from theoretioal considera'tions for a 

Alth~ugh the volume fraction pearli to has 

been shown to have no significant effect on the lower yield 

In steels of up to D. carbon, (28) Burns and 

29) 
have shol,l'rn an increase in "'P,n of 

approximately 22.0 tons/in.
2 

per 1 C in steels with the 

range 0 0 '1% to O~5"/o C.. If this increase in yield strength 

is considered. to be brought about by an increase in an 

"equ1."alent 1'1"iotion stress·, this "equl.va,.Le,m; friction 

2.10 to 

The above authors(29) have shown that the initiation 

of' crack~, i.n pearli to app.oars to occur with relative 

ease v bat that the of the Se cracks through the 

difficulty. They tb.at 

the incrEase in transi tion with increasing carbon 

co"tent c0111d re s ul t: from thc ini tia tion of' cracks in to 

'iUe to one of the following reasons:-

i) a high is produced in tie 

pearli t:l.c ferrite at low overall strain values 

resul ting in local resistance to c 

defonra.t1on; 



i1) the fracture of cementite lamellae leading

the c~eation of voids at ferrite-cementite

ir.terraces resulting in the generation of

dislocation at too interf'aces and thus

pl"ovirling nuclei for cracks.

At first sight one is inclined to reject the first

two suggested reasons, since equations 4.1, 4.15, and 4.16

~uggest inat carbon is equally effective in raising the

transItion temperature in quenched and tempered steels,

where the carbide will be in small discrete particles.

This may however be an erroneous conclusion since all the

ql~nched and t6IDpered steels have very similar carbon

con tact". Flees. 4-2 and 4-9 therefore only show predicted

changes in transition temperature in the quenched and

tet'lpered steels due to variations in e Leme rrts otrer than

carbon ..

Recent work(50) on fracture in pearlitic steels has

shown that cracks deve lop in the cementite lamellae trans-

versed. by slip planes at overall strains of approximately

2%, lendi:rg support tc the suggestions eii) and (iii) above,

AHhoug.':l the data used to compute equations 4.1 and

4.16 was limited to 0.2710 C maximum, the results from a

He\' car-ben experimental casts in two heat treated

89.

Univ
ers

ity
 of

 C
ap

e T
ow

n

:',.1 ) the fracture of cementite lame 11a8 

tCl nc, toh 

in the 

dislDcati<m at tte interi'ace,s and thus 

At first sight one is inclined to 

of 

the first 

twc 6uggested reasons, since 1, 4.15, and 4.16 

that carbon is the 

in all'e!!"'l"'" ani 

where the Nir1:.lde will be L:"l small (lisiJret~ 

l'rd::; rna,::r however be an erroneous conclusion since all the 

and steels have very sirr~lar carbon 

4-2 and 4-9 therefore only show predicted 

""""5"" :tTl tronsi tion temperature in the quenched and 

steels due to \/ariations in alerents otter than 

Recent ) on fractut"e in steels bas 

shown thrtt crgcks ae\<elop in the cementi.te lamellae trans-

versed. by pla,nes at overall strains of approximately 

2%9 len.riiY:'6 support tc the suggestions (ii) and ( above..: 

the data used to compute 4.1 and 

4,16 was limited to 0,27% C mexim\11l1, the results from a 

cast~ in two heat treated 

89. 



ccnditiDl1S (1938A normalised from 830"0, and 1938B normal­

i,',eu fro:J! 950l)C" see Table A7) are also shown in Figs.4-5

",,,,1 4-3, '[tee agreement between the calculated and experi-

Tflenial values ct T
20

using equa'~ion 4016 can be seen from

Figo4.-9 to be excellent. Since grain size Was difficult

to rletel'm:.ne on this high carbon steel, equation 4.4 was
1

"'86d. t:> aeterm:ine an equivalent value of d"'2 for

substitution in equation 4016 D

1

5.:02 ,Th~ Regr'6ssion Cuef'f"i.c;"~ents for d.~ and NAJN:

:>:gyat,ion 2,10 predicts that tl">.8 ductilitj' transition
1

bmpera:tu"re should be proportional to d"'2, and that the

(,osff'.cient for this grain size variable should be equal

tt) +(ft~ - ky ) . However. the constant ky and

r05si.tly also the surface energy term '( are proportional

t~ the strength of dislocation loC~ng.(47) so that this

(joefr:'ci SIlt is net a constant but a variable, dependent on

di$k~aHon hoking. Since locking in low alloy structural

steels should under normal condi tions be principally due to

~:l troge,,;, (11-7) the strength of locking is likely to be some

flLn"ticn of tl:e residual nitrogen content, i. e., the total

nj trogen content minus the nitrogen combined as precipitates

of a.Lumi rrlum and other nitrides. Consequently a large

numbc.~ of faotors, other than the total nitroge~ content,

iZ~luenc~ the strength of dislocation locking in structural

S /;E'cls, e. g'" the Ti, V, Si and Al contents and t.'1e heat

90,

Univ
ers

ity
 of

 C
ap

e T
ow

n

8 
() 

noratalise:I frcm 30 C, and 19 383 norma 1-

" sea Table aI'''' also shown In 

'!'l:.e between the calculated and 

tc he ex'"".!. Since size Was difficult 

~(j det21"m::.:ce on this high carbon steel p equation was 
i 

value of d:2 for 

2,10 that the 

to , and the t the 

·,,"iRnT. for this s:'.ze variable should he 

). Howe1/s:" the constant and 

TOE al;:':<c the su,rface energy term are proportional 

.l.oc'lc:ng,( 47) so tJ-'.8. t this t::; the strength of dIslooation 

on 

rli 2.\lc~a t ien Sincre i:n low structural 

steels Bhould tmder normal conal tions be due to 

'i:1'I)IS"20, 
( 

~!le strength of is likely to be some 

fun:;;,t:icn of tr.e residual nitrogen contentji e" the total 

the nitrogen combined as precipitates 

of altudn:',UOI and other ni triMs, Consequently a 

numbe.::- ,of faotors, other than the total 

of dislooa tior; ~OCK~':.g in 

8i and Al content.z and the heat 

90, 



t t t
(36,38 and 5i)

rea men l:t In addition to the above elements

commonly found in steel, manganese is thought to have a large

ir,fluence on dislocation locking through its interaction with

. t (47 and 52)rn, r-egen, (This is discussed in section 5.3).

This situation is further compUcated by tn e precipitated

a Lumi.rd.um nitride altering the grain size,(40) (see also

equation 4.4).

Under the circumstances it is not surprisinG that the
1

coefficient for d"'2 was found to vary between -15.5 and -9.65,

depending on the N
R

and Mn contents of the data included in

the regr6ssion analysis, e.g., see equations 4.3 and 4.5. In

general the smaller coefficient occurred with the steels of

higher N
R

content (stronger locking) and the larger negative

coefficient with the low N
R

content (weaker locking) steels,

although this coefficient was a.Lso influenced by the Mn

contents.

To over-come t.hi s d.i.f'f'Lr.u) ty a coef'f'a c i.errt for the
1

variable d:2 was chosen which was representative of the

average coefficient computed on data of group 2 + 3 + 4, and

thi8 coef'f'Lcd e rrt was then used with the other data Groups,

Sinc~~ this coef'f'dc ient was now being considered as a constant,

a further t~rQl l~d to be added to the regression equation

which would satisfactorily represent the strength of disloc-

ation locking. This variable, F'j is discussed in grcQter

detail in s,,~ cion 5.3.
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In ad0.i ti on to tho above elements 

found in steely maneanese is thoug'ht to have a 

iEf'luence on dis laea tion .LC'CK.lrl~ through ita interaction with 

r .. ',tro=n.(47 and 52) (Tho , d" 'n eot' 5 3' 'c_ o_.lS 18 lSCUS5e" loS 0 lon," ). 

'l'his situation is further compl:icated by the 

alUll'iriu!ll ni tride altering the grain size, (40) (see also 

Under the circUJ:lstances it is not surprisinG tl-nt the 

coefficient for was found to vary between -15.5 and 

on the Ii" and II;n contents of' the data incLJ(led in 
"C 

the 3 and 4.5. In 

the smaller coefficient occurred with the stools of 

hi NR content (stronger locking) and the larger negative 

Goeff'icient with the low NR content (weaker lockine) steels, 

altholli"J; this coefficient was e.1s;) influenced by the Mn 

contents .. 

To O\t~!'come thi~J diffie-ul ty a coeffIcient for the 
1 

variable- d,""'2 was ohosen which was representa .. tive of the 

;"iyerage coefficient computed. on data of gro~p 2 + 3 t 4, and 

SincE'~ this ooeffic ient was now being considered as a cor: stant , 

a furt~8'r~ t--)rc!l had to be added to the regression equa tion 

which would satisi'actorily repres.ent the of disloc-

Tln s variable" F ' , ,. . 
~ jI 2.3 G.1.scussed in 



1

The chosen mean coefficient for d-2 had a value of

-11.8, where d was the mean grain diameter in mID. Irvine

et al(53) and Grozier(48) used multiple linear regression
1 1

techniques to determine coefficients of -11.6(-2.3 d~2ins-';oC.)
1 1

and -9.0 (-3.2 d""2ins""2,flF,) respectively for this variable.

Neither of the above authors recognised this coefficient as a

variable dependent on the strength c£ dislocation locking, so

that their coefficients represent average values for the

strength of looking in the data examined. These coefficients

are however consistant with equation 2.10 in that the smaller

negative coefficient has occurred wi th data of high residual

ni trogen content(48) (mean 0.0060%), and the larger negative

coefficient has occurred with data from normalised or

annealed steels containing aluminium nitride and therefore

reduced residual nitrogen, (28) (Details of the mean and range

of nitrogen content are not published in reference 28),

1

d""'2When the vadable was excluded from the regression

analysis, it was found that the transition temp9rature could

be adequately described by including a coefficient for the

variable NAlN, see equations 4.1,4.2 and 4.15. Linear
1

multiple regression analysis using d""2 as the dependent
1

variable confirmed a relationship between d-2 and N
AIN,

see equation 4.4. The significance level of this equation

could probably have been improved by using the crain diameter

d as the dependent variable,(40) but by sacrificing simplicity
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The chosen mean coefficient for 

-11.8, where d was the mean dia~eter in mm~ Irvine 

et al (53) and ,,",C'Ut,"" 48) used multiple linear regression 

techniques to determine coefficients of -11.6(-2,3 
i 

2!'C.) 

and ( ) respectively for this variable, 

Neither of the above authors this coefficient as a 

variable de on the s1;reng:tn ct' dislocation so 

that their coefficients repr~s,erlt average values for the 

strength of locking in the data examined. These coefficients 

are however consistant with equation 2,10 in that the smaller 

coefficient has occurred wi th data of high residual 

'tr(lsten content(48) (man 0,0060%), and the larl':'er ne "a ti ve 

coefficient has occurred with data from normalised or 

annealed steels containin" alUIJrinium ni trid.e and therefore 

red.uced residual (Details of the mean an,l ran,,"" 

of content are not puu~~~neQ in reference 28). 

i 

When the variable d"" was excluded from the 

• it was found th~t the transition could 

be adequately described by including a coefficient for the 

variable N
AlN

, see eauaclon~ , 4.2 and 4.15. Linear 

as the 
i 

variable confirmed a t,,!.(,miIllp between d-e· and N AlN' 

see e The significance level of this equation 

could have been improved by the diameter 

d as the (40) but by simplicity 

92. 



of application.

When equation 4.4 (excluding the coeffioient for C

because of its low significance) is substituted in equation

4.16, the following expression is obtained for the normal­

ised steels:-

T20 = 264(%C) + 17(%Mn) - 140,000(F') - 12(%Ni) + 18(%Cr)

- 1980(foNAlN) + 3850(%NR) + 50(1oA~)

+ 68(%SiT) - 61

/HI o. _IlEqn" 5e 3

The above coeffioients compare extremely well with those of

equation 4.15, obtained by regression analysis of the

original 52 sets of data. Exceptions are the coefficient

for S~, of low significance in equation 4.16 and shown to

be in error when the equation is used with the high SiT data

(see section 4.4,)and small differences in the coefficients

forNAlN and NR, These differences probably result from

inter-correlation between the NAlN and NR independent

variables during the analysis of data for equation 4.15, and

equation 5.3 is therefore probably more correct. Equation

5.3 can also be used on data from steels in the quenched and

tempered condition, where there is some difficulty in

determining ferrite grain size. The calculated constant for

equation 5.3 now becomes - 108, compared with - 92 for

quenched and tempered steels in equation 4.15. Althoug.l:1

93.
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of application. 

When equation 4 (excluding the coefficient for C 

because of' its: low significance) is substituted in equation 

16. the is obtained for the norrr.al-

ised steels:-

T20 = 264(%C) + 17(%Mn) - 140.000(F') - 12(%Ni) + 18(%Cr) 

- 1980(1oNAIN) + 3850(%NR) + 50(;1oA.1a) 

+ 68(%SiT) 61 

to" tl'" ilOqEqn.. 3 

The above coefficients compare extr<,m"lv well wi th those of 

15. regression of the 

sets Exceot'lorlS are the ooefficient 

fOT' S~, of low 51 in equation 16 and shown to 

be in error when the equation is used with the high Si'f data 

(see section 4.4, land small differences in the coefficients 

for NAlN and NR, These differences probably res:llt from 

inter-co:J:T,,,l,,t'lon between the NAIl'! and NR independent 

variables during the s of data for equation 1 and 

3 is therefore prob"blLy more correct. EaUiHJ.on 

can also be used on data from steels in the quenched and 

where t.l>ere is some difficulty in 

L·UUUll.U/5 ferrite grain size. The oaloulated constant for 

5.3 now becomes - 108, compared with - 92 for 

qtterdlhed and tempered stee Is in equa ticn 4. Althoug.1o. 



equation 4.4 is not strictly applicable to data from

quenched ani tempered steels, the transition temperature

of these steels is probably influenced by the austenite

grain size, which is in turn a function of t.he aluminium

nitride content. (54).

5.3 The Regression Coefficients for Mn and the Locking

Strength Function K4F~K5(~R~c--'-

The substitution of the dislocation locking strength

variable in equation 2.10 with a constant regression
1

coefficient for d~ necessitates the inclusion of a further

variable in the regression equation to account for

variabili ty of dislocation locking strength. Since

dislocation locking in structural steels is thought to be

mainly by nitrogen, (47) and since the effectiveness of

nitrogen locking is controlled by the Mn content, (52) it is

necessary to consider the coefficients for Mn, Nand F'

together as shovm in equation 4.6. The coefficient K4 is

of necessity a negative coefficient (confirmed by regression

analysis) so that equation 4.6 can be rewritten as follows:-

= K3(%Mn) + [- K4(F') + K
5
(1oN

R) + K c ]

"l'""".Eqn",

94.

where F'
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equation 4.4 is Lot strictly applicable to data from 

quenched ani tennJe:red the transition temperature 

of these steels is probably influenced by the austenite 

size, which is in turn a function of tbe alw:rir:iurn 

ni tride content. (54). 

The substitution of the dislocation locking 

variable in equation 2.10 with a constant re'gJ:'eS'Sl.on 
1 

coefficient for d~ neoessitates the inclusion of a further 

variable in the regression equation to acco;mt for 

variabili ty of dislocation locking Since 

dislocation looking in structural steels is thought to be 

mainly by nitrogen, (47) and since the effectiveness of 

nitrogen J.OCK:Hlg is controlled by the !.In content, (52) it is 

necessary to consider ttl::; coefficients for ~/b, Nand F' 

as shown in fio .. The ooefficient K4 is 

of neee a coefficient (confirmed by regression 

s) so that 6 can be rewritten as follows:-

[ .. K1,.(F') + K5(:1,r'R) + K" ] 

1!>;:o"o"",Eqn", 

where F' 

94. 



95.

Although the above comb iried varian] e has no theoretical

basis, it satisfies the limiting conciitions in that F' tencis

to zero as either NR or Mn tenci to zero; i.e., the looking

strangth variable (withi~ the square bracket in equation 5.4)

becomes proportional to the residual nitrogen content in the

absence of manganese, and beoomes a constant equal to Kc when

lock:i.ng is by carbon a toms only in the absence of re siciual

ni trogen. In all cases there is also a positive coefficient

for manganese (K
3)

which is equal to the friction stress

constont 1<" to 5 2~ _ ln equa lon • e 'I'lri.s represents the increase

in transition temperature brought about by manganese in solici

solution in the ferrite increasing the temperature independent

friction stress"

Although the coefficients Ky Kl.. and K
5

were found to

vary slightly on regression analysis of different sets of <lata

(depencibg on "the range of Mn and N
R

irl each data group) , the

values chosen for these c ceff:' ci en ts in equation 4.16 appeareci

fairly consistantly when M.T). and N
R

were varied over a wi.de

enough r~TJ.ge, see equations 4.7, 4.8, 4.10, 4.11, 4.12 anci 4.13.

These coefficients, 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 nitrogen. It oan be seen from this figure

that t.he transition temperature increases almost linearly with

manganese content when the residual nitrogen content is low
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Although the a1:o0v0 combine,i varian] e has no theoretical 

it satisfi.es the lirr.iting conQitions i.n ~~at F' tends 

to zero 1:13 ei other NR or Mn tend to zero, i" e <>, the locking 

variable (withL'i the sqU<'3..re bracket in 4) 

becomes proportional to the residual nitrogen content in the 

absenoe of manga.nese ~ and becolLes a constant equ,'ll to K when c 

locking is by carbon a terns only in the absence of re sidnal 

ni trogen$ In all cases there is also a poai tive coefficient 

for rnanililnese (K
3

) which is equ"-l to tbe friction stress 

oonstant in equation 5",2 6 rrr .• :i.s represents the increase 

in transition tempera t lire brought about by :r.a.ngar:.e so in solid 

solution in the ferrite increasi ng the temperature independent 

Although the coefficients Ky ' K),. and K5 Viere fOU11d to 

vary on regression s of different sets of data 

O~ the range of Mn and NR i" each data group), the 

values t::hosen for the se ceRff:: ci en ts l.n 

consistantly when Mil and were varied over a wide 

enough see 

These coefflc:i when used ix: equation 5,,4, result in the 

5~i when plot ted to show the varia tion 

4n t "4,-
..J..,_ rans~! \,1 on temperature with manganese content for constant 

values of' resi(iUr'll nitrogen" It ('an be seen f'rom this figure 

that th.) transition jncreases alr.1ost li?1.early witb 

manganese content when the resid.ual nitrogen content is low 
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Fig.5·1 Change in transition temperatures with Mn constant given by equation 5.4 .
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« 0.0001%), On the other hand the transition temperature

decreases almost linearly with manganese when the residual

nitrogen content approaches 0.0100%; i.e" the transition

temperature would appear on linear multiple regression

analysis of data with high NR contents to deorease linearly

with increasing Mn content, This accounts for the negative

coefficients obtained by Boulger and Hansen(26) (-35(%Mn»,

GroZier(40) ou steel with mean NR ~ 0,0060,%, (-38(%Mn»,

and Rinebolt and Harris(34) (-S6(%Mn».

Analysis of the original 52 sets of data, see equations

40 1 and 4D 2 , also gave negative coefficients for manganese.
1

When the d~ variable was included in the regression equation

the coefficient for N.n was reduced to -32 (equation 4,3) and

-30 (equation 4.5), showing that part of the reduction Ln

transition temperature brought about by Mn was as the result

of grain refi,~ment, see equation 4.4. The mean N
R

content

of the data used for equations 4.3 and 4.5 was approximately

0,0030%. A C\Jri1e for this nitrogen content is also shown in

Fig,5-1, and for Mn contents up to 1,39',,0 (Table 4.1) the

curve can be seen to approximate to a linear relationship

with a slope of approximately -35.

Fig, 5-1 can be replotted to show the variation in

transition temperature with NR content for constant values

of' Mn, see Fig.5-2. The reason for variability in the NR

coefficient 'lith di.fferent data groups when regression

97,
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« 0,0001%) 0 On the other hand the transi tioD temperature 

decreases almost with manganese when the residual 

nitrogen Gontent approaches O,,010OC/o; 

t.emperature would appear on linear multiple regression 

of data with hie): l'ontents to decrease lir:early 

witc. incl"ea Mn content" ~1his accounts for the negative 

and Hansen(26) (-35(%Mn)). 

40) Oil. st.ee 1 with mean ~ 0.0;::60%, (-38(%Mn)), 

and. Rinebolt and Harris(34) (-56(%Mn)). 

of the original 52 sets of' data, see equations 

4",1 and 4,,2~ also gave negative coeff'ictents for manGanese" 

When 1;he variable was included in the regression equation 

the coef'fi,cient for Mn W3,S reduced to =32 ( Ui~ l.lOll 4.3) and 

5), of tl:e reduction in 

transi tioD temp'eret brought abo4t by Mn was as be result 

of ref"inement, see The mean NR content 

of the data used for 4,3 and 4.5 was approxinately 

con tent i. s also shoVl<TI in 

and for Iv:n contents c;p to 1.39,',0 ('1'able 1) the 

curve can be seen to to a linear relationship 

with a of 

to show t.he variation in 

temperature \'1'1. th NR content for constant values 

of Mn~ see The reason fo::, variability i10 the NR 

coefficient Vii L~ different data groups when regression 
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analysis is carried out with the variable F' excluded from

the data can be seen from this figure, e.g.,

Table 5.1

Regression Mean Regression

Group Mn N
R

Corrected for Coefficient NR

1(low N
R)

264(%C)
..,h.

-1,6661,00 0.0009 -11.8(d 2 )

1

2(high N
R)

0.66 0.0059 264(%C) -11. 8( d-;') 8,548
1

?(low NR) 0.52 0.0005 264(%C) -11.8(d"'2) -21,618

The low values obtained for the N
R

coefficients in

equations 4.1, 4.2, 4.3, and 4.5 can also be explained from

Fig. 5-2, e.g.,

Table 5.2

99.

Equation No,

4.1

Mean Mn

0,6254

0.6254

0.6885

0.6988

Mean N
R

Resression

Coefficient

0.0032 1961 (%NR)

0,0032 1239(foNR)

0,0032 Not signifi-
cant

0,0028 1577(%NR)

When the mean NR content lies to the left of the minimum in

the curve for any partioular (mean) Mn content, the

regression 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 N
R

content
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lies near the minimtun of the appropriate Mn curve in

Fig. 5-2, the coefficient for NR will approximate tc zero

and the significance level will become low.

The coefficient for NR shown in equation 4.16 could

be a slight underestimation, since this coefficient varied

between 3500 and 4500 on regression analysis from group to

group of the data. This coeffioient could also be

influenced by experimental errors in the determination of

the N I and N. I oontents, since variations in time andso ~nso

temperature during initial chemical solution of the steel

sample can dissolve more or less of the more stable

nitrides. (55) This error could be espeoially large in the

low nitrogen steels (regression groups 1 and 3). The

ooefficient for NR is however unlikely to be as high as

8700, as reported by Irvine et al.(53)

If it is assumed that an increase of 1.0 tons/in.
2

in

•in 00 increases the transition temperature by approxi-

mately 50C.(47) the coefficient for Mn in equation 4.16

•represents an increase in 00 of approximately

5.5 tons/in. 2/1.afo
Mn, This oompares reasonably with

approximately 8 tons/in. 2 at -196°C. and 4 tons/in. 2 at 18oC.

for the increase in a
o

per 1.0%> Mn.(49) The exact

,.. rot
increase in .... per 1.v/oMn is however likely to beo

diffioult to determine, since manganese does not appear to

form an ideal solid solution with ferrite. It has been

100.
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lies near the m:illimum of the Mn curve in 

• the ooefficient for NR will aD,nr'O]~nla to zero 

and the signifioance level will become 

The ooefficient for NR shown in equation 4.16 could 

be a slight since this coeffiCient varied 

between 3500 and 4500 on regression from group to 

group of the data, This coeffioient could also be 

influenced by experimental errors in the determination of 

the Nsol and. Ninsol contents, since variations in time arn 

ourlng initial ohemioal solution of the steel 

can dissolve more or less of the more stable 

nitrides. ( This error could be eSD,eClaLLY in the 

low nitrogen steels (regression groups 1 and 3). The 

coefficient for RR is however 

8700, as reported by Irvine at 

to be as high as 

If it is assumed tha,t an inorease of 1 .. tons/in.
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in 

in increases the by a DlJro::<:i-

• (47) the coefficient for Mn in equation 16 

an incroase in of approximately 

This oompares with 

8 2 at -1 • and 4 2 at 1 

for the per 1.0% Mn. (49) The exact 

increase in per 1.CI}l:Mn is however likely to be 

difficult to determine, since manganese does not appear to 

form an ideal solid solution with It has been 

100. 
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suggested that the manganese atoms f'orm couples wi thin the

f'errite lattice,(52) providing pref'erential low energy sites

f'or nitrogen atoms and thus weakening dislocation locking

by the removal of nitrogen f'rom the dislocations, The
>10

increases in ero with increasing Mn content is likely

therefore to result from manganese couples, possibly aS30C-

iated with nitr<:>gen atoms, as opposed to single manganese

atoms,

No correction has been made in this analysis for

manganese 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,

504 The Regression Coef'ficients f'or Nip Cr, Al and SiT:

Although it is generally accepted that nickel lowers

the transition temperature when alloyed with steel. its

eff'ect appears to be small, Equation 4,1 predicts a decrease

in transition temperature of 1,SoC, for 0,10% nickel, This

compares with approximately 1,7°C. per 0.10% nickel for the

15f't-Ib erJergy transition temperature as determined by

Rir.ebolt and Harris, (34) Manganese is therefore three times

more effective in lowering the transition temperature of'

steels containing nitrogen,
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102.

It seems that there is 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 fraction, (28) thus nickel~solid solution~_~uld be Jk,K

expected to have little effect on the transition temperature.

It would seem from the development of equation 5.3 that the

small beneficial effect of nickel stems solely from its

ability to refine the grain size. see equation 4.4, and this

would account for the coefficient for nickel no longer being
1

significant when the variable d'"2 was included in the

regression analysis, see equations 4.3, 4.5 and 4.16.

A chromium addition of O.1CJ}b can be seen from equation

4.1 to raise the transition temperature by approximately

2.9
0C.

and from equation 4.15 by approximately 1.SoC.

However, only seven sets of the data had significant additions

of chromium, and in all seven cases this addition 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.4-1. This result is however in

agreement with that published by Rinebolt and Harris(34) who

found that 0.10% chromium raised the transition temperature

by approximately 3.0 oC.

The mechanism by which chromium raises the transition

tempera ture is obscured by the fact that the chromium can

exist in a number of forms in the steel, e.g., in solid
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It seems that there is no apparent increase in the 

lower yield stress of low carbon steels ~~~V.,~·< with niokel 

when compensating for changes in grain size and pear'lite 

volume fraction, (28) thus nickel i=n,-.e'~l~,-'!~~":J.<:>n would be 

to he ve little effect on the tranai tion 

I t would seem from the of equation 3 that the 

small ber~fioial effect of nickel stems from its 

to refine the see 4.4, and this 

would account for the coefficient for nickel "'<D longer 

S1 when the variable was included in the 

regression ~ ,see 4.3, 4.5 and 4.16. 

A chromium addition of O.1qYo can be seen from equation 

1 to raise the transition by 

and from enlld"10n 1,.15 by 
o 

a nnr,oxi rna te ly 1. 8 C. 

However, seven sets of the data had cant addi tions 

of chromium, and in all seven cases this addition amounted to 

approximately 1%. The coefficient for ohromium is therefore 

to be considered wi th SOme since these results can 

be seen to be grouped in • This result is however in 

agreement with that by Rinebolt and Harris(34) who 

found that 

by a n1)roxiI11a 

10% chromium raised the transition terr:pera ture 

o 3.0 c. 

The mechanism by which chromium raises the transition 

is obscured by the fact that the chromium can 

exist in a nlli~ber of forms in the 
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solution in the ferrite, as a carbide or as a nitride.

It seems likely however that the increase in transition

temperature ari ses mainly from the increase in the pearlite

volume fraction brought about by the chromium addition,

since the acid insoluble nitrogen content of these steels

is less than too average for all the data, and there is

apparently litHe if any increase in yield strength brought

about by additions of chromium to ferrite.(56)

Aluminium not combined as aluminium nitride or as

A120~ (Al. 1) is shown by equations 4.1 and 4.2 to raise
.J a.nso

the transition temperature by approximately 13°C. when the

residual aluminium is increased by 0.10%. This is in excess

of the 1 to 20C. per 0.1q1o residual aluminium expected from

the results of Lacy and Gersamer(56) if the increase in

transi tion temperature is attributed wholly to an increase

in the friction stress resisting dislocation movement. On

the other hand, aluminium may alter the twinning propensity

of the ferrite. This would raise the transition temperature

since twinning has been shown also to initiate cleavage cracks.

Steels with high residual aluminium contents are also

generally those in whd.ch nearly all the nitrogen is combined

as aluminium nitride. In these steels manganese will no

longer be able to play any part in the weakening of disloc-

ation locking, and consequently only the effect of manganese

on the friction stress would be operational, raising the
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solution in the ferrite, as a carbide or as a m tride. 

It seems like however that the increase in transition 

tempera ture ari se S If,,,inly from the increase in the te 

volume fraction brought about by the chromium addition, 

since the acid insoluble content of these steels 

is less than the average for all the data, and there is 

a"p",re,nt:iy little if any increase in s1;rellg1;n brought 

about by additions of chromium to 

Aluminitllll not combined as aluminium nitride or as 

Al2 0
3 

(AI, 1) is shown by equations 4.1 and 4.2 to raise 
J..nso 

the transition temper •• tmt'e by a pp,roximate 

residual aluminium is increased by 0.10%. This is in excess 

of the 1 to 2°C. per 0.1010 residual aluminium expected from 

the results of Lacy and if the increase in 

transi tion is attributed to an increase 

in tlre friction stress res]." OH!" ~sJ.oca"J.O'u movement. On 

the other hand, aluminium may alter the twinning pr'op,en.si.ty 

of the ferrite. TlI1.s would raise the transition temperature 

since twinring has been shown also to initiate cleavage cracks. 

Steels with high residual al~uinium contents are also 

those in .,hi ch U"C1,(',LY all the nitrogen is combined 

as aluminium nitride. In these steels manganese will no 

be able to play any in the of disloc-

ation and consequently the effect of manganese 

on the friction stress would be operational, raising the 



to the increase in

transition temperature. This is confirmed by equations

4.15 and 4.16 where the variable F' was added to the data

for regression analysis so that the coefficient forMn in

these equations represents only the increase in transition

tempsrature brought about by the increased friction stress

due to manganese. The coefficient for A~ is reduced in

equations 4.15 and 4.16 so that 0.10% residual aluminium

gives an increase in transition temperature of between

50 e. and 7°e. This is still in excess of that expected due
>10

oro ' so that the possibility of

increased twinning propensity due to aluminium cannot be

excluded.

None of the variables silicon, oxygen, Ninsol or Alinsol

proved significant, whether examined as a whole or after

breaking into fractions, e.g.,

SiT = Sisi0
2

+ 3i + 3i3iN (Ninsol)resid

°T = °Al 0 (AI. 1) + °3i02
+ °2 3 a.nso resid

Although the coefficient for 3iT in equation 4.16

showed that a 0.10% increase in silicon content would raise

the transition temperature by 6.a
oe. , this coefficient had

a significance level of less than 20% and could be excluded

from equation 4.16 without much alterations to the variance

ratio for the equation. The addition of data from the high
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transition , This is cor~irmed by 

15 and 16 where the variable F' was added to the data 

for regression so that the coefficient for Un in 

these equations only the increase in transition 

temperatUI~ brought about by the increased friction stress 

due to rr.anga,nese. 'fhe coeffi cien t for is reduced in 

4.15 and 16 so that 0,10% residual aluminium 

an increase in transition of between 

and This is still in excess of that exoectea 

'" to the increase in , so that the possibility of 

increased twinning due to aluminium cannot be 

excluded. 

None of the s oxygen, or 

whether examined as a whole or after 

+ 3iSiN (N, 1) ... nso 

= 0AIO (AL 1) 2 3 :Lnao 
+ + 

the coefficient for in equation 4.16 

showed that a O~10% increase in silicon content would raise 

the transition temperature by 6.aoe" this coefficient had 

a significance level of than 20% and could be excluded 

from equation 4.16 without hlUch alterations to the variance 

ratio for the equation. The add! tion of data from the 



silicon steels, group 5, lowered the significance level of

the coefficient further, and when this data was used in

conjunction with equation 4.16 the calculated transition

temperatures were all higher than expected, see Fig. 4-9.

Thatis, silicon either had a ne ga tive coeffi dent or a

much smaller positive coefficient than shown in equation

4.16. Since a negative coefficient of almost equal magni-

tude occur-red when analysing data for equation 4.15, it

must be concluded that silicon has no significant effect

in fully deoxidised steels ani within the range of silicon

content examined here. Silicon has, however, been shown

to raise the transition temperature by 4.4°C. per 0.10%

addi tion in some steels. (28) Although the oxygen content

never proved to be significant in any of the regression

equations it has been shown to raise the transition tempera-

ture and to produce intergranular fracture in ferrite in

tp~ absence of silicon or other strong deoxidisers.(33)

The present regression analysis only occasionally indicated

that oxygen raised the transition temperature, but even if

this variable had been significant the coefficient was so

small as to have a negligible effect in silicon killed

steels.
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silicon group 5, the level of 

the coefficient fucrt;hE,r. and when this data was used in 

conjunction with 16 the calculated transition 

were all higher than expe,ot"d, see 

That is, silicon either had a neeB.TolVA coefficient or a 

much smaller positive coefficient th~n shown in equation 

6. Since a coefficient of almost equal 

tude ocourr,~d. when data ~or Anlill'" it 

must be ooncluded that silicon has no effect 

in fully deoxidised steels ani wi thin the range of silicon 

oontent examl.ned here. Silicon has, however, been shown 

to raise the transition by 4.4°C. per 0.10'ib 

addition in sorre 
(28) 

Al though the oxygen con tent 

never proved to be in any of the regression 

it has been shown to raise the transition 

ture and to 

the absence of 311ico,1 or other 

fracture in ferrite in 

S";"0I1.e' deoxidisers. (33) 

The present regression analysis only oo~asionally indicated 

that oxygen raised the transition temperature, but even if 

this variable had been the coefficient was so 

small as to have a negligible effect in silicon killed 
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5.5 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 %

pearlite were substituted for by chemical analysis, and an

energy criteria of transi lion temperature used instead of a

macro fracture appearance criteria requiring estimations of

the relative proportions of granular to shear fracture.

The measurement of grain size by metallographic

teohniques was however unavoidable. Two different techniques

of grain size measurement were used, the first on steels

from data groups 2,3,4- and 5, and the second on steels from

data group 1, For the first technique the pearlite grains,

usually much smaller than the corresponding ferrite grains,

were ignored or simply counted as extensions of the ferrite

grain boundaries. With steels from data group 1 the ferrite

grain size in many of the specimens was considerably finer

than those of the steels in groups 2, 3, 4- and 5. and in

maqy instances approached the size of the pearlite grains.

It was decided therefore to include the pearlite grains in

this assessment of grain size, and to compensate for this

difference in technique by an alteration in the value of

the constant obtained in the regression equations, e.g.,

as for K7 in equation 4-.16. In addition to this there

was the accumulation of errors associated with non-etching
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minimum by assessments to a IDI.nI.IDllm. 
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primary and sub grain boundaries, variation from section to

section and banding in the microstructure. Errors in the

chemical analysis were in general minimal, except for those

associated with analysis for Nsol and Ninsol' The relative

proportions of Nsol to Ninsol are dependent on the tempera­

ture during solution and the time taken to dissolve the steel

sample in sulphuric acid. This error would be largest

in those steels of low total nitrogen content, and although

every effort is normally made to keep procedure variables

constant, some variations always occur.

The transition temperature T20 was taken from a line

of best fit through the experimental points on graphs of

Charpy energy Versus temperature. In most instances the

experimental results fell wi thin a range of .:t 10oC. of this

line, but in a few cases the experimental results exceeded

this range and were in some instances up to.:t 300C. from

the best fit curve.

When the above errors are considered together, the 95%

confidence limits of.:t 2SoC. for equation 4.16 seem quite

reasonable. This means that in 9S cases out of every 100

the transition temperature is likely to be within.:t 2SoC.

of that predicted by equation 4.16 from the chemical

analysis and grain size. This range could be reduced to

o
.:t 20 C. if it was considered acceptable for 9 out of every

10 sets of data examined to fall within this range.
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tu!'!:! solution and the time teken to dissolve tl:e steel 
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every effort is normally made to variables 

constant, some variations oocur~ 
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of best fit the on of 

energy Versus • In most instances the 

experimental results fell wi thin a rangB of .± 10°C. of this 

line, but in a few cases the experimental results exceeded 

this range and were in some instances up to.± 30°C. from 

the best fit curve. 
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the transition lS likely to be within.± 25°C. 
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10 sets of data examined to fall within rangB. 



Fracture appearance assessments were made cn all of

the fractured specimens for comparison with the energy­

temperature curve. In general 1hese surfaces showed less

than % shear, or 9% granular fracture, at the 20ft-lb

energy transition temperature.

In some cases the fracture surface, although appear­

ing granular, was uneven, as if a number of parallel

cleavage cracks has propagated aoross the surface and had

joined to complete the fracture, Electron fractography

showed these surfaces to have small areas of microvoid

coalescence fracture, see Fig, 1-2, despite the fracture

appearing granular on a macro scale, For this reason a

fracture appearance criteria was not used for the transition

temperature.
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CHAPTER 6.

APPLICATION OF EQUATIONS AND CONCLUSIONS.

6.1 Application of Equations 4.15 and 4.16 to Published Data:

Although a considerable amount of research has been

oarried out and pUblished on the effect of metallurgical

variables on the transition temperature, in most cases

insufficient data is recorded to enable equations 4.15 or

4.16 to be used, i.e., in very few instances is data on

Nsol' NAlN and grain size for each test material published.

109.

Data on the

has been obtained

series of steels used by Irvine et

elsewhere,(57) and the calculated

transition temperature from this data, using equation 4.16,

is shown in Fig, 6-1 with the 95% confidenoe limits from

the data used to derive equation 4.16, In this instance the

data is complete except for data on N. l' AI. l' and 0T'lnso l.nso

but grain size measurements, total ni trogen, NAlN, and total

aluminium contents are given. The constant term K
7

was

found to have a value 75.4 for this data series, This

difference in constant is probably the result of differences

in the techniques used for grain size measurement.

Although these results, shown in Fig. 6-1, show general

agreement with equation 4,16, there is considerable scatter

beyond the 95% confidence limits, This error occurs in part
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109, 



80

110.

95% C.L

-,

:.J a
a
N-

"
/:),

OJ -40...... /:),a /:),

:J /:), 6
u

8 -80
/:),

/:),

-120

-150 -120 - 80 -40 0
Experimental T2ol"C)

40 80

Fig.5·1 Published data from ref. 53 used with equation 4.15.

Univ
ers

ity
 of

 C
ap

e T
ow

n



due to these steels, except in two instances, containing

very low SiT contents so that they have not been fully

deoxidised prior to the addition of aluminium. The

positive coefficient for Sir in equation 4.16 should not

therefore be applied to this data, and it is mere probable

that any silicon in these steels would lower the transition

temperature, (i.e. have a negative coefficient), since it

would combine with oxygen 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

been derived from fully deoxidised steels. If to counter-

act this effect the negative coefficient for S~ from

equation 4.15 is used, the corrected values for the calculated

T20 show far better agreement with the experimental values,

see Fig. 6-2.

Equation 4.16 can also be applied to a few of the results

of Rinebolt and Harris(34) where data on the nitrogen content

of their experimental steels is available. Since these

ni trogen 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 withA.S.T.M. charts and only the appropriate

A.S.T.M. grain size number recorded. Some error is likely

as a consequence since each A.S.T.M. grain size number covers
1 1

a range of approximately 1.4 d"" (mm"") over the range measured.
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The calculated transition temperature for the 20ft-lb energy

level is compared in Fig. 6-2 with the experimental 15ft-lb

energy transition temperature obtained by Rinebolt and

Harris. These results, on silicon deoxidised steels, give

an almost parallel line to that expected from equation 4.16,

with the experimental 15ft-Ib transition temperature lower

than that calculated for the 20ft-lb energy level.

Both of the above sets of results compare reasonably

with equation 4,16, or equation 4.16 modified for steels not

fully deoxidised with silicon, i.e., by using the negative

coefficient for Si.r from equation 4.15. By comparison a

very poor correlation between the calculated and experi-

mental transition temperatures is obtained, see Fig. 6-3,

from data from regression groups 1, 2, 3, and 4 when used

with the following equation derived by Irvine et a.L, (53 & 57)

113.

= -7 + 44(%Si) + 75(%AI) + 8,700(faNR)
1

+ 275(%C) - 11.6(d-:2)

In the above equation the term 275(%C) has been substituted
1 1

for the original 2.2(% Pearlite), and -11,6(d") (mm-:2) for
1 1

the original -2,3(d-:2) (ins:2),

Even when the constant in the above equation is

adjusted to compensate for differences in the techniques

used to measure grain size, a satisfactory correlation
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very poor correlation between tile calculated and eXloer'i-

mental transition te:mp"ra s is obtained, seB , 
from deta from regression groups 1, 2, 3, and 4 when used 

with the following equation derived by Irvine et (53 & 57) 

I.T.T.(oC.) = + 44(%Si) + 75(%;\.1) + 8,700(faNR) 

+ 275(%C) - 11 

In the above the term has been SUbstituted 
1 1 

for the 2.2(% Pearlite), and -11.6(d~2) (mm~) for 
1 1 

the original -2 d~) (ins~). 

Even when the constant in the above equation is 

adjusted to oompensate for differences in the CrllUllU<O:S 

used to measure size, a ""r.,",, correlation 
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6.2

116.

between the calculated and experimental 20ft-Ib energy

transiticn 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

appearance transi tion, using the standard Charpy test,

but it is considered that the largest errors result from

the coefficient for N
R

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 Other Experimental Steels:

Data from four commercial 110-ton casts of carbon

manganese steel, normalised from 900°C, as 1t in, diameter

bar, (see Table A7 for analysis) was also examined, The

experimental transi tion temperatures are compared in Fig.6-5

wi th those predicted from equation 5.2. These results can

be seen to agree closely with the predicted transition temper-

a ture s , On the other hand, the four low nitrogen experimental

casts, which showed ferrite-pearlite banding in the microstructure,

and were therefore excluded from the regression analysis data

(group 1) and included in Table A7, all show experimentally

de terml.ned 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

,
I I~
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between the calculated and experimental 20ft-Ib energy

transiticn 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

appearance transi tion, using the standard Charpy test,

but it is considered that the largest errors result from

the coefficient for N
R

in equation 6.1, and the lack of

any variable to compensate for dislocation locking strength

in this equation.

6.2 Application of Eguations 4.16 and 5.3 to Commercial

and Other Experimental Steels:

Data from four commercial 110-ton casts of carbon

manganese steel, normalised from 900 oC, as 1t in, diameter

bar, (see Table A7 for analysis) was also examined, The

experimental transi tion 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-

a tuz-es , On the other hand, the four low nitrogen experimental

casts, which showed ferrite-pearlite banding in the microstructure,

and were therefore excluded from the regression analysis data

(group 1) and included in Table A7, all show experimentally

de ternd.ned 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
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between the oalculated and experimental 20ft-lb energy 

transition temperature is not obtained, S88 

Part of tbis error could be attributed to the fact that 

1 was determir.ed for the 50% brittle fracture 

appearance transi tion, the standard Charpy 

but it is considered tba t the st errors result from 

the coefficient for NR in equation 6.1, and the lack of 

any variable to compensate for dislocation locking 

in this 

Data frem four commercial 110-ton casts of oarbon 

manganese steel, normalised from 900°C. as in. diameter 

bar, (see Table for 5) was also examined. The 

transi tion temperatures are in 

with those from These results can 

be seen to agree with the transition temfer-

the four low 

116. 

atures. On the other 

which showed banding in the microstructure, 

and were therefore excluded from the regression analysis data 

(group 1) and included in Table A7, all show experimentally 

determinEd. transi tion 

calculated from equation 

s lower than that 

6. Banding in the microstructure 

can probably be considered as a form of with alter-

Th'l. ting hard and soft so that a lower than 
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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 examined.

These results are shown in Table A7 and Fig,6-5. The:

samples were (C) 1* in, diameter bar normalised from

900°C,. (n) ~ in, diameter normalised from 880oC., (E) 1* in,

118,

diameter bar in the hot rolled condition and (F) 7 •
"8 ~n(>

diameter in the hot rolled condition, It can be seen from

Fig.6-5 that the niobium addition has not significantly

affected the transition temperature except 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 indepen-

dent of grain size, and niobium is a known ferrite grain

refiner,(57) the lower than calculated transition tempera-

ture for the normalised niobium steels can be assumed to

result from a grain size smaller than calculated by equation

6.3 Conclusions:

The brittle (cleavage) to ductile transition tempera-

ture of metals has been shown from theoretical considerations

to approximate to the equation

= (1 •o

( ••• "••Eqn.2,10)
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transi tion temperature would seem possible, 

Four bars from a 110-ton commercial cast con-

an addition of 0.022% niobium were also e:><:ano.rteCL, 

These results are shown in Table and The; 

samples were (C) 1 * in, diaw.eter bar normalised from 

diameter no~alised from 8800e •• (E) 1;' in, 

diameter bar in the hot rolled condition and (F) 7 • 
8" ~n<!> 

d:i.ameter in the hot rolled condition, It can be seen from 

6-5 that the niobium addition h~s not significantly 

affected the transition in tr.e case cf 

the 1* in, diameter bar cooled from 900°C. In this oase 

there is a decrease in the transition over that 

expected from equation 5.3. Since this equation is 

dent of grain size, and niobium is a kno.m ferrite grain 

the lower than calculated transition 

ture for the nonnalised niobium steels can be assumed to 

result from a size smaller than calculated 

The brittle (cleavage) to duotile transition tempera-

ture of metals has been shown from 

to approximate to the 

+ c -

(.,. oJ"'? '" ""Eqn .. 2" 10) 



This equation can be further modified to include the

effect of alloying additions by using equation 5.2 so

that the above equation becomes

119.

=
1

d""2

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 bracket represents the

strength of dislocation locking.

Since both the strength of dislocation locking and the

grain size, represented by
1.,,­d , are varied in steels by

the addition of certain alloys such as aluminium and manganese,

and by the nitrogen content which is a func~ion of the

steelmaking process, the above equation requires further

modification so that each term includes only one variable.

This can be accomplished by using a constant, equal to the
1

mean of the locking strength, with the variable d""2, and by

including a further variable in the equation which will

account for variations in locking strength. This variable is

likely to be a function of the residual nitrogen and the

manganese contents in low carbon steels, since these

elements appear to interact so that dislocation locking by

nitrogen is weakened in the presence of manganese.
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This can be further modified to include the 

effect of alloying additions by ,mtlFl.'[T<ln 5.2 so 

that the above equation becomes 

'" + + C -

where the term in the first bracket an 

1 

d'"2 

ent temperature independent friction stress which accounts 

for solid solution hardening brought about by the alloy 

addition, and the term in the second bracket the 

of dislocation 

Since both the of di .LO '>Kl,ng and the 

size, , are varied in steels by 

the addition of certain such as aluminium and manganese, 

and the nitrogen content which is a function of the 

steelmaking process, the above rAmIU'<'!S further 

modification so that eaoh term inoludes only one variable. 

This can be accomplished by uslng a constant, equal to tl:e 

mean of the locking strength, with the varlable , and by 

1n",j.ucu:c'g a further variable in the which will 

account for variations in This variable is 

to be a function of the residual nitrogen and the 

manganese contents in low carbon steels, since these 

elements appear to interact so that dislocation locking by 

nitrogen is weakened in the presence of manganese. 
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The suggested locking strength variable has the

following fonn

120.

\
where F

Equation 6.2 can new be modified to include this variable,

so that for a low carbon steel with tile normal range of

alloying elements, the equation becomes

= k (%C) + k M (%Mn) + k C (%Cr) + - - - - - - -c n r

.DODe.Eq.n. 6,,3

Linear multiple regression analysis of de ta oovering

a wide range of elements normally found in low carbon, low

alloy struotural steels resulted in the following equation,

similar to the above, for the ductility transition tempera-

ture

1

T20 = 264(%C) - 11.8(d-'2) + 28(%Mn) - 140,000(F')

+ 3850(fJrR) + 18(%Cr) + 50(faA~) + 68(%SiT)

+ oonstant

where the constant K in the variable F' equals 1500.
n
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The 3U.1%,,"l;,"U ,-",;"-'.111'; s"t:reI1g,:n variable has the 

O,l.LOVUIlg form 

, 
where F 

Equation can now be modified to include this variable, 

so that for a low oarbon steel with the normal range of 

alloying 

T = e 

Linear 

the enU1HJl.On becomes 

(%C) + k Mn(%N.n) + k c/%Cr) + - - - - - - -

of data co,rer'lng 

a wlde range of elements norlll1,lJ_y found in low low 

structural steels resulted in the following equation, 

similar to the above, for the ductility transi tion tempera-

ture 

264(%C) - 11GB( + 28(%Mn) - 140.000(F~) 

+ constant 

where the constant in the variable F' 1500. 
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I t was found that this equa~ion could be modified for

steels in the normalised condition by virtue of a relation-

121,

1

t d""2 Mnship be ween and.
1

so that the variable d""2

became

Ni and NAlN (equation 4,4),

was excluded and the equation

T20 = 264(%C) + 17(%Mn) - 140,OOO(F') + 3850(foNR)

+ 18(%Cr) + 50(%A~) + 68(%S~) - 12(%Ni)

- 1980(foNAJN) - 61 ( ..... ,Eqn.5.3)

This latter equation agreed closely with a similar equation

obtained directly by regression analysis without the
1

variable d" included in the data (equation 4.15). The

coefficient for SiT in the above equations has a low

signifioance level and is only applicable to fully

deoxidised steels. In steels not fully deoxidised

( > 0,20% S~) the negative coefficient for S~ from equation

4,15 appears to be more correct, althOUgh still of low

significance level.

The effect of nickel on the transition tempera.ture was

shown thus to be purely due to its effeot on ferrite grain

.size .,

When equation 5.4, representing locking strength, is

differentiated with respect to N
R

and equated to zero,

the optimum manganese addition for any residual nitrogen

content can be determined. This is shown in Fig, 6-6 for a
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It was found that this ua ';:ton could be modified for 

steels in the normalised condition by vir'tue of a relation-

between and Mn, Ni and NAlN ('M"e"" 

so that the variable was exoluded. and. t."" e ntltHl.on 

became 

T20 = 261+(%C) + 17(%Mn) - 140,OOO(F') + 3850(7'oJ::R) 

+ 18(%Cr) + 50(7&\1a) + 68(%S~) - 12(1ONi) 

- 1980(~'1A1N) - 61 (., .... Eqn.5.3) 

, 

This latter nml.T.l:nn agreeCl closely with a similar equation 

obtained by wi thout the 

variable included in the data (ey.'"a;clcm 1+.15). The 

coeff'ioient for in the above eqwltions has a low 

level and is only applicable to fully 

deoxidised In steels not fully deoxidised 

(> SiT) the negative ooefficient for from equation 

5 appears to be more still of low 

The effect of nickel on the transition 

shown thus to be due to its e~feot on ferrite grain 

siz€a 

4, representing locking strength. is 

with to NR and equated to zero, 

the optimum manganese addition for any residual nitrogen 

content can be determ:Lne This is shown in for a 

121. 



A = O2 Pneuma tic
B = AOH

1 C BOH=
Mn~'. D. = BEA

E = Air Pneumatic
2
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122.

~. 66
'~'9' . Manganese addition required for optimum transition

temperature with various steel manu faeturing
processes. (for constant grain size 8. not corrected
for alumini um add itions)
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range of' nitrogen contents covered by normal steelmaking

practice. Also shown on this figure is the ccrrespcnding

decrease in transi lion temperatore 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 abcve equations (4.16 and 5.2) have been shown to

be applicable to pub'Id shed results, and to account for the

variation in transition temperature observed in a limited

number of commercial steels.

123.
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Regression data:-

Tables A1 to A7
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Regression data:-

A1 to A7 



TABLE Ai - VACJlUM--,,\lELTED PLAIN CARBON S'Th'ELS, NORMALISED FROM 89OC>(Element ..!lJ~~)
._-

Ro- 1

gress~ d"'2 (0
1 T20 C)lon

N N. 1 Al 1 Al. 1 N
AlN

(mlll'2
Group Cast C 5i 5 P Mn Ni Cr 0 sol a.nao. 30 --l.'f}.so

2 329 0 ..09 0,20 0.006 0,006 0 063 0.03 0 002 0.0028 0.0076 0,0034 0,003 0 0.0020 6.30 ··56
4 330 0,12 0,23 0,008 0,005 0064- 0,02 0,02 0,0010 0 00096 0,0026 0.015 0.004- 0 00046 9.40 -60
4- 331 0,16 0.22 0,007 0,006 0,60 0,,02 0.02 0,0017 0.0122 0,0020 0,015 OoOOL;. 0.0086 9040 -60
4 332 0015 0,25 0,005 0,005 0,60 Oc02 0,02 0,0023 0,0124 0.0022 0 o 021 0.014 0,0044 9.40 "'40
4- 333 0,16 0,20 0,006 0,006 0.62 0,02 0,,02 0,0031 0.,0142 0,0018 0,,030 0,004 0,0082 9.40 -56
4- 334- 0,16 0.,23 0006 0,,006 0,62 0,02 0,02 0,0028 0.0146 0,0014 0,038 0,003 0.)0123 9.40 ··54
4- .335 0,15 0,22 0.C08 0,007 O~62 0,0'1 0,,02 0,00'19 0,0120 0,0016 0,,035 0 0,0093 8,.. 20 ~71

4- 336 0.17 0,23 0.,,008 0,,00+ 0 061 0.,02 0,,02 0,0015 00148 0·0022 0.051 0,003 0,0110 9.40 ",55
4- 337 0,17 0,23 0 ..005 0.005 0,62 0.02 0,,02 0.,0011 0,,0'140 0 ..0016 0,055 ° 0,0131 9,60 ··56
4 338 0,,18 0,22 0.,007 0,006 0.62 0,02 0,02 0.0010 0,0144- 0.0022 0,062 0 0.0140 9,60 -48
4 ,339 0,15 0,20 0 0005 0.008 0,61 0,02 0,02 0.0058 0,0178 0,0020 0.,029 0.,003 0.0091 9,40 <46
4 340 0,16 0,23 0,008 0,.005 0,,64 0,02 0.02 0.,0010 0,0164 O,001J. 0,096 0.003 O~O100 8.20 ·46
.3 343 0.19 0,22 0 .. 006 o 006 O,J? 0,01 0.02 0.0012 0,0006 0.0004 0,045 0 0 8.40 -28
3 344 0.22 0.22 0.006 0,005 0,61 0,,01 0.02 0,0012 0,0008 0,0002 0.078 0,008 0 8.40 '"3
). 345 0,'16 0,,2'] 0,,007 0,005 0.63 0,01 0.02 0.0015 0,0068 0,0008 0.018 0.002 0.0058 9.17 ··57
4- 346 0,'13 0>2} f).coG 0,G04 0,61 0,02 0.02 0,0015 0,0108 0,0010 0,029 0 0.0058 9.40 ~55
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TABLE A2 - AIR CAST PLAIN CAlU30N AND CARBON-M!\!'GANESE STEELS, NORMALISED FROM 890oC.(Element wt%)

IOO-
~

-~

gress· 1

d" oion J- T20( C)
Groun Cast C 8i S P Mn Ni Cr N N Al Alinsol NAill0 sol insol sol (rom 2)

2 907 Q.,23 0.11 0~006 0.,006 0.52 0.02 0.02 0.0221 0.0056 0.0002 0 0 0 5.96 5
2 908 0.25 0..11 0..007 0.006 0.51 0.02 0.02 0.0227 0.0050 0.0004 0,006 0.007 0 6.66 -1
2 909 0.24 0.12 0.007 0.007 0.52 0,02 0.02 0,0098 0,0056 0,0004 0.008 0.005 0 6.96 -6
2 910 0.22 0,17 0.005 0,005 0.53 0,02 0,02 0,0080 0.0044 0,0004 0,009 0.003 0 6.96 -13
4 911 0,24 0.16 0,008 0,008 0,49 0.02 0,02 0.0081 0.0056 0,0006 0,019 0,006 0,0046 8.93 -20

4 912 0.23 0.16 0,006 0,007 0,53 0,02 0.02 0,0078 0,0054 0.0004 0,038 0.005 0.0047 9.42 -27
4 913 0.23 0,16 0,007 0,007 0.52 0.02 0,02 0.0097 0,0058 0,0004 0,083 0,001 0,0060 9.17 -26
4 1919 0,13 0.15 0.010 0,007 0,51 0,02 0,01 0,0092 0,0046 0.0004 0.060 0.010 0.0042 7.67 -43
2 846 0,20 0,23 0,012 0.012 0.56 0.09 0,12 0.0183 0,0085 0.0010 0 0 0 7,58 4
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

4 2080 N 0.17 0,32 0.006 0.006 0,49 1,11 0.0·1 0.0052 0,0074 0.0002 0.043 0.009 0,0050 9,43 -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 7,94 -85

4 2082 N 0,13 0,22 0,007 0.•007 1.•39 0.01 0.01 0,0046 0,0076 0,0002 0,036 0,009 0,0054 9,26 -107

4 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 -94

4 2084 N 0'1, 0,18 0~008 0,006 0,92 0,01 0,01 0,0056 0,0076 0.0002 0,024 0,002 0,0041 9,43 -71

5 3256 0.
24

0.65 0.007 0.004 0.56 0.01 0,01 0,0051 0,0080 0.0002 0.025 0.003 0.0055 8.81 -43

5 3257 0, 0.43 0~006 0,005 0.57 0,02 0,01 0,0072 0,0066 0.0004 0.048 0.007 0,0055 8.28 -43Univ
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TABLE A3 - AIR CAST CARBON-MANGANESE AND NICKEL ST;:ELS. SLOW COOLED FROM 8900C,(Element wt%)

Re-
gress- 1
ion

A\nsol NAlN
d-'2 1 (0)

Group Cast C 31 S P Mn Ni Cr 0 Nsol N Al sol (mm""2") T20 Cinsol

4 2076 F 0.18 0,21 0,009 0.005 0,503.92 0,02 0,0057 0,0060 0.0004 0,013 0.001 0,0034 9,26 -58

4 2077 F 0.17 0.21 0.007 0,006 0.50 3.93 0,01 0.0051 0.0070 0,0004 0.035 0,005 0,0037 9,90 -62

4 2078 F 0,17 0.21 0,007 0,006 0,42 3,91 0,01 0.0047 0.0066 0 0.066 0,003 0,0038 9,90 -44

4 2079 F 0,18 0.07 0,008 0,006 0,32 2.05 0,01 0,0132 0.0060 0.0004 0,013 0,014 0,0024 9,00 -6

4 2080 F 0,17 0,32 0.006 0.006 0.49 1.11 0.01 0.0057 0.0070 0 0.044 0,009 0,0044 7,94 -2
4 2081 F 0.13 0.22 0,007 0.007 1.35 0.03 0.01 0.0060 0.0084 0,0002 0.009 0,003 0.0055 6.99 -56
4 2082 F 0,13 0,22 0,007 0,007 1.39 0.01 0.01 0.0045 0,0076 0,0002 0.036 0,013 0.0054 8,69 -60
4 2083 F 0,14 0.27 0.007 0,008 1.27 0,01 0.01 0,0049 0.0076 0.0002 0,068 0,004 0.0065 8,20 -49
4 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 7.94 -38
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TABLE A4 - AIR CAST CARBGN-NIGKEL AND En 36 STEEL QUENCHED FROM 890°C AND 850°C

RESPECTIVELY AND TEMPERED AT 6800C.(Element wt% )

Re-
gresa-

-{ (0 )ion N N. 1 Al 1 Al. 1 NAlNGroup Cast C 8i S P Mn Ni Cr 0 sol
d 1 T20 C

ariso so ~nso (mIn 2)

11 837 0.17 0.20 0~026 -0.012 0.38 3.39 0.87 0.0285 0.0070 0.0006 0 0 0 ••• -88
11 838 0.15 0.21 0~022 0.013 0.35 3.33 0.86 0.0177 0.0068 0.0010 0.004 0.008 0 ••• -81
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 a ••• -96
11 840 0..16 0~23 0.028 0.015 0.43 3.40 0.99 0.0067 0.0072 0.0008 0.014 0.012 0.0016 ••• -91
11 841 0.15 0.29 0.027 0.014 0.43 3.37 0.96 0.0055 0.0072 0.0008 0.077 0.008 0.0074 ••• -91
11 842 O.1~ 0.19 0.028 0.015 0.36 3.37 0.90 0.0045 0.0070 -O.0008 0.04-3 0.008 0.0065 ... -100
11 843 0.1 0.24 0.026 0.012 O.~ 3.35 0.96 0.005:> 0.0066 0.0008 0.208 0.008 0.0065 ••• -72
11 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 0.0040 ••• -126
11 2077 0 0.17 0.21 0.007 0.006 0.50 3.93 0.01 0.0050 0.0070 0.0004- 0.034- 0.002 0.0057 ... -14-3
11 2078 0 0.17 0.21 0.007 0.006 0..42 3.91 0.01 0.0061 0.0066 0.0002 0.063 0.004 0.0056 ... -137
11 2079 0 0.18 0.07 0.008 0.006 0.32 2.05 0.,,01 0.0152 0.0060 0.0004 0.014 0.011 0.0029 ••• -75
11 2080 C1 0.17 0.32 0.006 0..006 0.49 1.11 0.01 0.0053 0.0070 0.0001 0.043 0.006 0.0060 ••• -98
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TABLE A5 - VACUUM l'ELTSD LOW NITROGEN CARBON STSELS NORJ,1ALISED FROM 900°C. (Element wt%)

.
Re-
gress- -;. (oC)
ion Al AI. N tmm~)T20
Group Cast C 3i 3 P Mn Ni Cr 0 Nsol Ninsol sol Lnso.L AlN

5 903 V 0.10 0.33 0.006 0.008 0.56 0.01 0,01 0,0017 0.0008 0,0008 0,009 0 0.0005 7.45 17

3 905 V 0.25 0,26 0,006 0.005 0.54 0.01 0.01 0.0013 0.0010 0.0006 0.035 0 0.0005 5.77 -7

3 906 V 0,25 0.22 0,005 0,007 0,58 0.01 0.01 0,0018 0.0004 0.0006 0.062 0 0.0004 8,15 14

3 907 V 0,17 0,24 0,006 0,004 0,58 0,01 0.01 0.0021 0.0010 0.0008 0,013 0 0.0006 7.90 26

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 0 0.0006 8.15 1

3 909 V 0.27 0,23 0.005 0,009 0.40 0,01 0.01 0.0015 0.0012 0.0006 0.068 0 0.0007 7.45 15

5 975 V 0,24 0.35 0,007 0,006 0.84 0.01 0,01 0,0015 0,0028 0.0014 0.027 0,004 0.0017 7. 88 -43

3 977 V 0.22 0.27 0,006 0.006 0,51 0.01 0,01 0.0014 0.0016 0.0004 0.089 0,003 0.0011 7. 29 13
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TABLE A6 - VACUUM MELTED PLAIN CARBON LOW NITROGEN STEELS, NORMALISED FROM 8900C_.Q;lenent~

Re-
gress- 1
ion ~ (0 )

N N. 1 Al Al N Ie -t)T20 CGrou,., Cast C 8i 8 P Mn Ni Cr 0 sol a.nso sol insol AJN mm 2

1 1179 0.08 0..23 0..008 0...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 0 0 0 6.28 251 1181 0.04 0..23 0.005 0.007 0.45 0.01 0.01 0.0024 0.0006 0.0008 0 0 0 5.54 10
1 1182 0.10 0.23 0.010 0.007 0.47 0.01 0.01 0.0010 0.0004 0.0008 0 0 0 6.37 -51 1183 0.14 0.23 0.008 0.007 0.67 0.01 0.01 0.0009 0.0008 0.0010 0 0 0 6.43 004-1 1184- 0.11 0.24 0.004 0.008 0.64 0.01 0.01 0.0029 0.0012 0.0008 0 0 0 6.98 -61 1185 0.14 0.23 0.005 0.007 0.86 0.01 0.01 0.0011 0.0010 0.0012 0 0 0 7.40 -21 1187 0.14 0.26 0.006 0.007 1.13 0.01 0.01 0.0022 0.0008 0.0008 0 0 0 8.60 -121 1189 0..13 0.28 0.004 0.007 1.32 0.01 0.01 0.0067 0.0014 0.0010 0 0 0 9.05 -151 1190 0.05 0..,25 0.010 0.007 1.31 0.01 0.01 0.0010 0.0006 0.0006 0 0 0 7.88 -101 1191 0.14 0.25 0.005 0.007 1.49 0.01 0.02 0.0007 0.0006 0.0012 0 0 0 10•.12 -281 1194 0.09 0.25 0.005 0.007 1.76 0.01 0.01 0.0017 0.0012 0.0004 0 0 0 10.20 -441 1195 0.12 0.22 0 •.007 0.007 1.60 0.01 0.01 0.0013 0.0002 0.0006 0 0 0 9.10 31 1196 0.07 0.24- 0.009 0.007 1.89 0.01 0.02 0..0007~ 0.0002 0.0008 0 0 0 10.67 -14
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TABLE Ai - COMMERCIAL AND OTHER CARBON MANGANESE STEELS NORMALISED FROM 900oC.(Element wt% )
,

Re-
gre ss-

(:4) T20(OC)ion N Ninsol Al Alinsol NAlNGroup Cast C 81 8 P Mn Ni Cr 0 sol sol

0, 3/1431 0.11 0,29 0.026 0,013 1,40 0,15 0,07 0,0048 0,0090 0.0002 0.027 0.005 0.0062 .. ' -137- -;25s "1/1443 0.10 0,27 0~032 0,011 1.42 0.23 0,12 0.0026 0,0108 0.0006 0.029 0.002 000080 ." =1059 1/2381 0.12 0,30 0.038 0,011 1.44 0,17 0.12 000085 0.0072 0.0006 0.012 0.010 0.0043 OO'
-249 8 A 1 O~ 11 0.23 0.027 0.015 0.54 0.01 0.01 0.0082 0.0042 0.0006 0 0 0 ", -85s 1/2109 C 0,19 0.30 0.036 0,019 1,,15 0.16 0.10 0.0089 0.0060 0,0006 0.026 0' • 0.005? " . =709 1/2109 D 0,20 0.28 0.029 0,016 1~14 0,17 0.09 0.0074 000074 0.0002 0.026 e e e 0.0052 0"

-58') 1/2109 E 0.18 O.J) 0.029 0.0'19 1.13 0.16 0.10 0.0104 0.0062 0.0004 0.029 ... 0.0006 ." -349 1/2109 F 0.20 0.28 0~029 0.016 1.14 0,17 0.09 0.0074 0.0062 0.0004 0.026 ••• 0,0006 .00 60
9 1938 A 0.53 0,17 0.005 0.007 0.60 0.02 0.02 0.0118 0.0086 0.0008 0 0 0 ." 74
9 1938 B 0..53 0.17 0.005 0,007 0.60 0.02 0.02 0.0118 0,0080 0.0002 0 0 0 .00

-44-
9 1186 v 0,16 0,25 0,006 0.007 0,91 0.01 0.01 0,0015 0,0010 0.0008 0 0 0 8,60

-70
9 1188 v OQ17 0.25 0.009 0.007 1,,12 0.01 0.01 0,0009 0,0008 0.0008 0 0 0 8,42

-919 1192 V 0.10 0.25 0,007 0,007 1,49 0,01 0.01 0,0010 0,0010 0,0010 a a 0 9.46
.;1fO9 1193 v 0,13 0."28 0,005 0,007 1,70 0,01 0,01 0,0006 0.0014 0.0010 a 0 0 10,00
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