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SUNMMARY

The mechanical and toughﬁess properties of six structural
steels have been investigated in detail over a range of temperatures
between 20°C and -196°C.,

The true stress - true strain characteristics have been
analysed using several different approaches., Strain hardening
exponent and trangsition strain valves were determined from Hollomioif's
equation .

Op =K €.

using the simple log OT - log 5,1, plot and the more complex
Crussard analyvsis, The crussard analysis was found to be unreliable
in pr‘ediction of botnh trangition strain and strain hardening exponent,
As deformation temperature was reduced below ambient, the strain
hardening exponent values tended tc a maximum at some critical
temperature below which the strain hardening exponent values decreased,
Trangition strain tended to increase with decreasing deformation
temperature, until at some critical tempera’cuvre two stage hardening
was replaced by single stage hardening, The variation of true work
hardening rateg d OlT/d ET; with strain and temperature was determined,
At high strains, the true work hardening rate increased linearly with
decreasing deformation temperature whilst of low zirains the came

-
behaviour occcurred until a critical deformation temperature wayg
attaincd, when the true work hardening rate decreased,  This behaviounr

might be explairned by o change In Ceforimation mechanism at tew

teroperature,



Critical crack opening displacement (C,O,D.) values
were determined for all the alloys ove.ér the temperature range
20°C to —1960C. The critical event was defined as the onset
of slow crack growth, or fast fracture, whichever occurred first,
Onset of slow crack growth was detected by a potehtial drop technique,
which was found to give good reproducibility in critical C, O, D, values.
The normal transition behaviour was observed in these tests and the
effect of increasing grain size on reducing toughness was investigated.

No direct correlation between work hardening behaviour and
toughness could be deduced and the relationship previously derived by Hahn
and Rosenfield, and by Thomason, relating material mechanical properties t

plane strain fracture toughness were found to be unacceptable in the light of

the data obtained,

It has been assumed in the past that the plastic instability strain,
as measured in a tensile test, is the relevant strain when considering
slow crack growth as the failure mechaniém. it 1s proposed in the
present study that a more realistic approach is tc consider ﬁhc critical

strain as being that strain at which void linkage occurs,
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CHAPTER 1

INTRODUCTION

Fracture mechanics has evolved over the past twenty years
to become one of the most important tools of modern technology.
Through its application to brittle materials, realistic assessments of
the critical flaw size to cause brittle fracture, under a given stress

regime, can be made.

Probably the area of widest intefest in the toughness
assessment field, however, is that involving semi-brittle and
ductile materials, By far the most widely used clasg of alloys today
are steels, and a lot of attention has been focussed on the measurement
of their defect susceptibility, - No great problems arose in the
application of linear elastic fracture mechanics to inherently brittle
steels, exhibiting minimal plastic deformation in cracked sections
prior to fracture, but the same convenient analysis was found to be
inapplicable to the semi-brittle and ductile classes of steels, where

unacceptable levels of plasticity werc encountered,

In recent years, however, General Yielding Fracture Mechianics
has been developed, which permits toughness assessments on the semi-
brittle and ductile classes of materials to be made in terms of the
crack opening displacement (C,0.D,) at failure, The C,0,D,
analysis however takes no account of the work hardening charactcristics
of materials,

Much effort has been made in the metallurgical ficld, to define
parametlers which describe the work hardening characteristics of
metals and alloys. The most popular approach is to determince a
mathematical relationship descriptive of the true stress - true strain
tensile deforination behaviour of the material in question, and to use a
parameter derived from this mathematical description as a definitive
work hardening parameter, The most popular parameter chosen to
describe true stress - true strain behaviour hins been thie strain

havdeuing exponent,



- There has been much debate over the interpretation of
strain hardening exponents, and indeed over the methods used to
obtain the values, while various physical processes have been
proposed to describe the observed variation in the strain hardening

exponent with test conditions.

Recently attempts have been made to assess material
toughnegs with the aid of thege mathematical descriptions of
tensile deformation behaviour. Success has been claimed by
several workers in relating the plane strain fracture toughness (KIC)

to strain hardening exponent values derived from tensile tests.

The present investigation was undertaken to. study the
variation in toughness and work hardening characterisiics, in
materials where the general yielding fracture mechanicg technique
was required to define a toughness parameter, since the existence
of a unifying relationship between toughness and simple tensile test
data.in this area would greatly simplify the measurement of critical

toughness values under given conditions,

Six alloys were studied in detail, and their toughness and
work hardening characteristics were studied over a range of

temperatures between 20°C and - 196°C



CHAPTER 2

LITERATURE REVIEW

2.1, Tensile Stress-Strain Behaviour of Metals

The behaviour of metals and alloys under tension has
long been of interest to metallurgists, A primary ob.ject in analysing
this behaviour is to produce relationships which will adequately describe
behavioural patterns, and also give some insight into the physical
processes occurring during tengile deformation, Unfortunately,
although several mathematical equations have been devised describing
the stress strain behaviour of metals, none too clear a physical
significance can be attached to the pararﬁeters ariging from theze
analyses.

‘Stress strain behaviour of metals is always analysed on the
basis of true stress, true strain data, and the simplest description of
the stress-sirain curve for ferritic steels is that due to Hoilomon
He analysed data from various steels, and found ihat an adequate

description of the behaviour in most cases was given by an equation of

the form .
I\ KETn (1)
where: G’T = True Stress
Er = True Plastic Strain
/1 = Sirain hardening exponent

K =  Strength cocofficient



A similar relationship to this was proposed by Ludwik 2

nl
0; = Uo + k?—, (2)
where: o o Yield stress

Obviously in the case were Uo = 0, Ludwik's equation and Hollomon's
equation are identical., Neither equation is universally applicable,
but most tensile data will fit either one or the other curve.

Of these two expressions, that due to Ludwik does seem
more logical, in that it includes a term to take into account the
yield stress whereas Hollomon's equation implies that true stress is
zero when the true plastic strain equals zero. Inspite of this fact,
Hellomon's relationship has been applied frequently to many metals
and alloys.

Morrison3 carried out thé first comprehensive investigation
of the Hollor;aon equatioh, using steels of varying carbon content and
grain size, From the data obtained in these tests, Morrison found
that the equation adequately described the true stress - true strain
behaviour obsgerved in tensile tests performed at constant temperature
and strain rate. He determined log UT - log {,T plots for all the tests
performed, and two distinct types of behaviour were noted:

(a) Single n behaviour, when the log/] -log ‘E,T

plot yields cne straight line of slope np

(1) Doublen behaviour, when the log q -log € can

be approximated to tvwe straight lines of slope

Ny and el The gtrain at which the
transition irom ng to nC occurs i1s denoted
by &

7 °

-~



The transition strain EL has been shown to be affected by

=
3

both temperature and strain rate 4 3. At constant temperature, an
increase in strain rate increases the transition strain EL , Whilst

at constant strain rate an increase in temperature decreases the
transition strain,

Several investigations 4’. > have been carried out into the
effect of temperature on strain hardening exponent n in Hollomon's
relationship. Bergstrm and Aronsson4 analysed data from a
0.038%C 0.32% Mn steel tested at various temperatures between
25°C and SOUOC. In this temperature range they found that n was
decreasing with increasing temperature, 1\/Iorr"ison5 carried out
tensile tests on a 0,09%C 0.33% Mn steél at témperatures in the range
26°C to —7OOC, and found that n decreased with decreasing temperature.
From these results n would appear to have a maximum value at about
ambient temperature,

Monteiro and Reed—HillG suggest the use of the technique
introduced by Crussard7 for analysis of true stress-true strain data.
Congidering both Ludwik's and Hollomom's equations (equatio.ns (1) and
(2)) and differéntiating them with respect to strain, the same resuliant

expression is obtained,

.E:l...O;' = nkK n—ll 3
ac 1K &, (3)

Plotting dJ/d¢, v €, on a log-log scale shouid then yicld a strai ght line

of slope (n-1). In cases where uncertainty as to whethier Hollomon'g

or lLudwik's cxpression best describes the data, then the Crusgard inaly:
would scem to be the mest guitable approach to adopi,  Montelro and

[4

Reed-11i11 furthier sugece!, that by use of this methoed, neotter estlmates



of n are obtained, together with more accurate assessments of the
transition strain, particularly in cases where materials exhibit a
strong dependance of flow stress on temperaiure,.

Attempts have also been made to correlate work hardening
behaviour with the structural changes occurring during deformation.
To this end; electron microsccope studies on deformed tensile specimens

3,9,8,9. Initial investiga’tion3

have keen carried out by various workers

indicated that single 'n' and double 'n' behaviour could be related to

different dislocatlion sub-strucfures. The dislocation cell gtructure

in material exhibiting double 'n' behaviour was far more pronounced

aﬁd developed than in a single 'n' material at a true strain of 5%,

whilst at 15% strain many of the cells in the double 'n' materials are

elongated in shape compared with very few in single 'n' materials.
Christ and Smith9 have shown that for iron at room

temperature, deformation up to about 9% strain is characterised by a

rapid increase in dislocation density, with the formation of a clearly

defined cellular structure composed of dislocation tangles, This

strain of 9% corresponds approximately to the transition strain observed

for various iron alloys3’ > tested at room temperature and Lilo has

suggested that entire dislocation tangles may move at larger strains.
Further evidence of a correlation betv-.;een transition strain

and dislocation cell structure has been presented by N.[orr'isons. He

plotted values of transition strain obiained in his study, against

temperature and obtained a stroight line relationship,  The slepo

. . . . . - . Ny T s ) g
of this line is similn1 to that found by Kel andWelssmuann when thoey



TN

determined the strain at which cell formation occurred in iron at
various temperatures. This tentative relationship between transition
strain and ceill formation strain would seem to provide evidence
for the suggestion that the formation of cells leads to a change in the

- work hardening mechanism,

The occurrence of double 'n' behaviour may be related
initially to the movement of individual dislocations to form ceilular
structures, and subsequently to the combined movement of
dislocations and dislocation tangles. It has been sugges’ced9 that
single 'n' behaviour is due to the primary stage being disguised within
a fairly large region of Lllders strain in materials exhibiting

discontinuous yvielding.

2.2, Fracture Mechanics Developnient

Creat impefus has been given to the development of
fracture susceptibility assessment over the last twenty years,
mainly because of the requirements of military and space agencies
fcr ever higher strength m.aterialsll. High strength metallic
materials however display an alarming tendency to fracture in a
catastrophic brittle fashion, when subjecied to siresses well within
their rated yield stresses. The basic reason for failure in this
fashion is of coursec the presence of pre-existing or induced crack

like defects in the material, which act as ¢trese concenlrators.



2.2.1, Theoretical strength of materials

Before considering the effects on a material of the presence of
a crack, it would be instructive to examine the theorctical cleavage
stress, and compare its magnitude with that found in practice.

By considering the stress required to separate adjacent
rows of atoms in a crystal, and assuming that elastic conditions
prevail one obtains a simple expression for the theoretical cleavage

stress,

(4)

where:

true surface energy

ox
]

equilibrium atom spacing

o
o
1l

=  Youngs Modulus

=
!

Typical Value;s of B, &’s anda,, give a theoretical cleavage stress
of ~ E/7, and using more precise force separation laws, values
of (f ranging from E/4 to E/3 have been obtained, For most
metals., the theoretical cleavage stress is greater by a factor of 102,
or higher, than those found in practice,

One of the main contributory factors to this discrepancy
is the presence in most materials of cracks and notches of varying
sizes, and these discontinuities act as stressg concentrators, which raisc
the applicd siress to the same order ag the thvet.;\lt-etical cleavage silress
in the vicinily of the crack tip,  The theorelical cleavage strecs will
not however he vealisged if some other {racuire procese, which is
accompanicd by plasiic deformuation cperates at a tower ievel of

applicd stress.



2.2,2, Advancement of sharp crack fracture mechanics

After Inglislz, in 1913, had analysed tkle stress concentration
in the vicinity of an elliptical hole, in an infinite place subjected to
tension, the first major contribution in the fracture assessment field
was made by Griffithlg, in 1920, He argued that when a material is
subjected to stress, the fracture process will not occur, unless the
energy required io form the new crack surfaces is less than the
elastic strain energy released by crack propagation,

Griffiths equation for the critical cleavage stress in a
material containing a crack of length 2C, under purely elastic

conditions, is

g’ = 2E -
Cr 7 -—77_—%{—- (5)

- Where: surface energy/unit areaof crack face

Ir

C half crack length

Comparing equations (4) and (5), one sees that Griffith's
approach to fracture, affords an equation which predicts the correct
functional relationship between failure stress and crack ]ength

1
ie. O, C*%

Although Griffith's success indicated the validity of an
energy approach, hig analysis was difficult to apply, becauvse of the
problems involved in the measurement of the surface energy parameter

é/q‘ Also the Griffith's approach can only be considered valid if

fracturce is cccompanied by no plastic deformation,
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The most significant contribution so far made to fracture
assessment has been that of Irwin]4. In the 1950's Irwin used
Westergaardsl5 crack stress field analysis to calculate equations
representing the disiribution of stress in the vicinity of an elastically

loaded sharp crack, The results obtained by Irwin are summarised

in Figure A and equations 6a, 6b and 6c below,

FIGURE A
‘where: x and y define the orthogonal axes at
the crack tip;
0 and r are the polar co-crdinates of a point
in the plane oi the crack,
K 0 . . 30
= 1 o8 — 1-8in@ sin — 6a
[j’X ) cos - (1-8in@ sin = ) (6a)
K | 0 ; : . 306
= 1 - 1+sin® — 6b
0'y Chok cos 5  (l+sinBsin = ) (6b)
0;<y ) —,;-K L cos O sin 0 cos 30 (6c)
(2777) 2 5 2

The stress state in the region of the crack iip is then characterised by
the value of i, which is termed the stress inlensity factor. As the
Joad o1 stregs on a cracked component increases, then K increascs
accordingly tniil a limiting velue of K is attained in the region of the
crocl tip,  1f, up until this peint, yiclding has been suppressed, caxdd
o state of plane strain existe in the cracked body, then discontinuous

calastrophic crack propagation will oceur.
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Under conditions of plane strain, which implies a statec of

L ]
traxiality of stress at the crack tip, the critical value of the parameter

K is called the plane strain stress intensity, and is commonly represented

as KIC'

KIC can be regarded as a material préperty in the same
way that yield stress is, and the value of KIC 1s sometimes referred
to as the toughness of the material, Analytical solutions for K exigst
for many crack containing geometrieslG, in terms of stress, crack
length and varicus geometrical parameters, The simplest case to

consider however ig that of a transverse elliptical crack in an infinite

plate subjected to tension, where stress analysis yields the following

relationship:
1
= 2 7
| K (TTa) N (7)
where:
2a = crack length
U; = applied stress

If the critical value of K for the material concerped is
known, then from equation (7) cne can see that crack length - stress
relationships become 'rigidly defined for the crack geometry under
consideration,

The critical stress intensity factor KC varices with both
thickness of material under consideration, and with temperaturc, As
ihe thickness of the component under consideration increases, then
the value ol K at which fracture or crack propagation occﬁrs,

descreases until the limiting valuce KIC is obiained, This thickness
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effect illustrates the effect of the transition from plane stress

conditions in relatively thin sections to plane strain conditions in

thicker sections.

- gt

KIC varies with temperature ‘ as one might expect,
its value in general decreasing with decreasing testing temperature.
o 18 ' 19 .
Both A, S.T. M., and B, S.1I. have produced draft
proposals for plane strain fracture toughness testing, and many
authoratative reviews of fracture toughness principles have been
z0, 21,

published in the last ten yearsé.

2.2.3. General vielding fracture mecnanics

A major problem still existed in the field of fracture
toughness analysis. Linear Elastic Fracture Mechanics (LEFM), ag the
' . . e opsgr 13 . 14
branch of fracture mechanics devised by Griffith- ~ and Irwin
is known applies solely tothe elactic regime, Small degrees of
plasticity can be tolerated, and crack tip plasticity correction
factors have been devised, but when general yielding occurs, L. E,F, M,
becomes inapplicable.
This problem was recognised almost simultaneously by
22 23 : N X
Cottrell™” and Wells™ , who independently suggested that crack opening
displacement (C,O,D,) might be used as a parameter characterising
the toughness of materials exhibiting large amounts oi plastic
deformation prior to frracture,
The results of those suggestions wae the emeirgence of

Genceral Yielding Practure Mechonieg (G, Y, F, M, ) which dealg with

the anadysis of crack tip plastic zones, snd their agsociated displacements,
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C.O.D. is the characterising paramecter of G, Y, F. .,
-
and describes the amount by which the faces of a crack separate, when

subjected to an external force, before any propagation cof the crack

occurs, Several studieSZ4 529

have verified that this process of
separation without propagation takes place.

An early attempt to analyse the crack tip plastic zone and
its associated displacements wag due to Wel].s26. He employed
expressions derivedfor the purely elastic case by IrwinM, to describe
the stress actingtransverse tothe crack plane, and also the displacement
which the appilied stress prcduced within the slit,

Wells model26 was based on an infinite plate containing a
transverse sharp slit of length 2a, subjected to a uniform tensile stress

. Asgsuming non-work ha.rdening behaviour, and simplifying

the expressibn of Irwin slightly, Wells apnlied plasticity corrections to
these expressions and arrived at the following equation relating C, O, D( G‘r)

. 4
and L,,E,F,M, parameters.

KZ T Where: (J is the
— 8\
E s Uy (8) Yield Stress

|
Q

An alternative approach was adopted for calculation of
: 27
plastic zone sizes and displacement by Bilby,- Cottrell and Swinden .

The yield zone and crack are precented as arrays of dislocations

as shown in Tigurc B,
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© Y ) ®

,
‘6—@—@-&6’@@%@_—‘%@@&9@:—@—-@——@—-@ e e R J li.LJ:i.L 14
< 20 —> & = 2d >
= 2C. > < 2C E
0 o) (1)@ O (ii)

FIGURE B

Mode Il shear may be represented by a distributicn of
collinear edge dislocation as shown in Figurc B(ii) whilst Mode III
shear may be represented by avdistribution of collinear gcrew
dislocation as shown in Figure B(i).

A displacement gradient exists from the crack tip, where
the digsplacement is a maximum to the edge of the plastic zone, where
the displacement falls to zero. This gradient is accounted fcr by
setting up an inverse pile up of dislocations closely spaced near
the crack tip and widely spaced at the edge of the plastic zone,

In thig treatment the dislocations are not treated as
discrete, but described by the theory of continuous distribution of
dislocations, The mathematical analysis when applied to the situation

depicted in Figure B(i) for mode II} deformation, yields the following

results:
a ' Y : C 7T
e = cOs ]7{-—70-: d = --610’1 log sec éz-&:
- & EP rT T e f E]?
(8)
where: ¢ = half crack length plus plastic vone

al crack tip.



-15-

external applied shear stress.

Q <

inherent resistance to movement of dislocations in
the region C>x> a, -:a> x > -C

@
n

Shear modulus,

An alternative approach to crack tip analysis in the presence
of widespread plasticity is that adopted by Burdekin and Stone28. They
employed a model which had earlier been developed by Dugdalezg,
to describe the yielding of steel sheets containing slits when loaded in
tension,

29 ., NP :

Dugdale's model =~ is based on an infinite sheet subjected

to a uniform tensile stress T, applied at its edges in a direction

perpendicular to a slit of total length 2a, as shown in Figure C,

T T T T
R SR T
< C —» <€ C >
-—G— q » < a «—S—>

\{
\{

FIGURE C

U'nder the applied stress T, plaslic zones are developed
at the crack tip, extending a distance S frora the crack tip.  This
situation is represcented for the purpose of analysis by a crack of

fength 2C = 2o + 28, surrounded by an entively ciostic stress ficld,

This hypothetical eracl 1 consideved to be subjected not only to the
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externally applied stress T, but als(; to an internal tensile stress Y,
distributed over that part of the hypothetical crack described by
C>x>a, -a)y x)-C.

Burdekin and Stone28 equated this int‘ernal tensile
stress within the plastic zone, to the material's uniaxial yield
strength., The analysis of the ciack tip plasticity situation has now
been made relatively simple, since only elastic stresses and
displacements need be considered.

The C,0.D, at the tip of the real crack, using this inodel is
represented by the displacement at ta, within the elasticizlly stressed

crack of length 2c, and is given by:

_ 80y2 IT0 .
d = — log sec 5 Ty (9)

This expression is in agreement with that derived by
Bilby, Cottrell and S\viden27 (Equation (8)). Whilst Burdekin and
Stone's analysis cannot be considered to provide a rigorously
plastic solution, it has been demonstrated that for real materials, -
: . ) , 30, 31,
Equation (9) can give reasonable estimales of failure stresses

If Equation (9) is expanded in series form,the following

regult is obtained:

80w (1 770 /A U1 (AN S
d- e LT gy Y wlzgy/) T (g .4
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Consgidering only the first term in the expansion as being

significant, which is valid for U/UY & 1, then one arrives at the same

result as that proposed by Wells.

2

—I]é— = Uny | ' (11)

Taking into account the first two terms in the expansion,

crack C,0,D. can be described by the following expression

_ 0% 1+ 72,0 2
d = T [ 7 () (12)

fome

The L,E,F, M, approach gives the following expression when the first

stage plastic zone size correction factor is applied:

Kz _ TT(fz_a ‘: 1,0

57,  E Oy L (13)

Equations (12) and (13) are very similar, indicating once
again thie relationship of Equation (11).

As has been discussed, crack opening displacement has been
propocsed as a fracturecriterionona theoretical basis, but it is of
course, necessary to back up this theoretical prediction with practical
example,

The most impressive method of verifying crack opening
displacement as a fracture criterion would be to test a standarad
fracture mechanics specimen, determining some critical value of
crack opening displacement, and comparing the critical stress computed

from this value with that required to causce failure in o precrachked
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service structure., Several studies of this nature have been
cited in the literature 29, 30, 31.
21

Parry and Mills = compared the relationship between
hoop stress and crack opening displacement in zirconium alloy pressure
tubes from the theoretical and experimental standpoint,

As can be seen in Figure D, ’rhe best description of
the experimental results is given by line 2, which is Burdekin and
Stone's relationship modified by the F01i8.832 correction factor,
which has been shown to give a very good estimate of the increase in

stress intensity when one moveg from a flat plate to a cylindrical

situation.

Fearnehough and Watkins25 also carried out a test
programme to assess the viability of the CO D approach to
assessment of zirconium alloy tube failure., Pressure tests were
carried out on these tubeg, and C,O.D measurements werc obtained
from a calibration curve of hoop stress v C, -Oe‘D.‘Which had previously
been established. Failure stressesandthe corresponding crack opcening
digplacements were noted, Bend tests were carried out on identical
material, and C.0Q.D, measurcments were obtained, Failure siresses
were estimated from these bend C, 0O, D, values, and good agroement‘

was oblained between measured and calculated C,.C, D.
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2.2.4. The J-contour integral

The most recent attempt to characterise toughness, in
situations where L, E,F, M, analyses are not valid, is the concept of the J-
integral proposed by Rice33.

Essentially J may be defined as the rate of change of

potential energy with crack length,

-

FIGURE E

Considering Figure E, 1t is possible to define a line integral,
J, on any curve [° surrounding the crack tip, starting from the lower
surface, and ending on the upper surface of the notch, such that J

is given by:
L X
&

where the curve is traversed in the anti-clockwise direction, W is the
sirain enerpy density (W =f 0de), sis the arc length, U is the

o
displacement, and T is the traction vector normal to the curve |/

34
A delailed desceription of its derivation may be found elsewhcre
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It may be shown that for two different curves /—‘1 and /_\ 5
around the same crack, the difference in computed J values is zero,

and the conclusion ig that J integral is path independent, and is
equivalent tc the change in potential energy when ihe crack front

moves by an amount da.

The simplestexperimental methed of determining J arises

from its defiunition as the rate of change of potential energy with

crack length, a |
!

: (a) Crack length = a

b
- LOAD : (b) Crack length =a-+da

P |
|
|
i

DISPLACEMENT U

FIGURE ¥

Figure F shows 2 typical loading curves for specimens
containing cracks of length a, and a+da. The shaded area in the above
figure represents an energy change JBda,

From a family of curves, for various crack lengths, similér
to Figure F experimental valucs of J are readily obtainable. At a given
digplacement, the areas under the curves of P vergsus U, for the
verious crack lenglhs, arc nieasurcd, thegoe arecas being equivalent to
the potential encrgy, 1f this pf‘ocodurc is carvied out at vorious

. e e S Crack
digplacemeoent values, then o curve of potential cnergy Versis crack
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length may be drawn for various displacements. Jis simply obtained
by measuring the tangents to these curves at a given crack length
ay and hence a curve may be obtained showing the variation of J

with displacement,

There is evidence to suggest35 that a constant JIC criterion,
characterises fracture in situations where different stress states
are operative in the crack tip region in different test pieces of the
same matcerial,

The J contour integral is a relatively new concept in the
fracture toughness field, and m"uch work has still to be dcne to
determine the suitability.of its application as a quality control parameter,
and the effect of strain rate and temperature on the critical values

of J.

2.3. Relationships between Mechanical Properties of Meials

and their Fracture Toughness

The fracture mechanics philosophy discussed earlier, whereby
certain parameters, K and Cf, could be used to compare the noten
sensitivity or fracture toughness of materials on a quantitative basic,
took no account of the manner in which metals work harden after
yielding has occurred.

Thus general yielding fracture mechanics (G,Y,F.M.),
aasigns a stress equivalent to the yield stress, in the plastic zone
aliead of the crack, This assumes perfectly plastic behaviour, with
no increasc in stress occurring with increasing strain i, e, zero work
hardening. All common structural steels exhibit a marked degree of
work hardening behaviour, and this can be reprecsented, ot least

aunlitatively, by the strain hardening exponent term arising {rom



-23_

Hollomon's equation (Equation 1).
. 36 a . :
Hahn and Rosenfield = deal with both plane strain and plane
stress situations, Under conditions of plane strain, one has triaxiality

of stress conditiong, and the stress can rise to values much greater

than the yield stress, due to the elastic constraint of the surrounding

material.

38
Irwin”" has postulated that the ductility transition, and

the fracture appearance transition, which occur at the same temperature
arise as a result of a transition from plane stress conditions,
existing above the transition temperature, to plane strain conditions
existing below the transition temperature, Irwin also suggested that
the transition occurred when the plastic zone size in the ductile
material became equal to the plate thickness.

. . . 4,36 . . .

Hahn and Rosenfield  however, on the basis of their
experimental measurements, choose the upper bound for plane
strain conditions as being a plastic zcne size equal to half the plate
thickness and the lower bound for plane stress as being a plastic
zone equal to twice the plate thickness.

Hahn and Rosenfield introduced the idea of critical fraciure

C. . . 29

strain into their theorem. They used a concept developed by McClintock
for calculating the true strain required to expand a series of cylindrical .

voids to the point where the voids link up.
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Assuming that

®
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X 3
ahead of crack tensile test

where
—— * is the critical fracture strain

Hahn and Rosenfield relate the critical true strain in plane

stress and plane strain zones to the strain to fracture in a tensile

test thus,

ate .
o s #{ —r———— T
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plane strain zone tensile test
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plane stress zone tengsile test

Perhaps the most crucial assumption made in this analysis,
is that whereby the strain hardening eprnent is introduced into the
analysig, The strain in both plane strain and plane stress regions is
described in terms of displacements and plastic zone sizes, Hahn
and Rosenfield propose a relationship between strain hardening equnen‘t
and plastic zone size which they ccrrohorate with experimental proof,
The proposed relationship is 1 (in inches) = n 2, where 1is the plastic
zone size and n is the strain hardening exponent,

Relationships can now be obtained relating plane strain
fracture toughness. and plane stress fracture toughness parameters
to the strain hardening cxpouent on the basis of these assumptions,

gving:
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N 2 — 2 _

KIC = / 3 E nyi n (15)

K 1 — g (16)
C /4EUy € n

Equation (15) relgtes to situations Where fracture occurs
under plane strain conditions, whilst equation (16) refers to plane stress
conditions.

This relationship was used to calculate KIC values trom
tensile date obtained in other testing programmes on a steel temnered
to various strength level_s. The results obtained from calculation

showed good agreement with K__ values obtained from toughness tests.

I1C

Krafft 31 adopted a rather different approach in his atiempt
to set up a correlation between plane strain toughness and strain
hardening characteristics.

The last true strain value which can be determined accurately
from a tensile test is the strain to plastic instability, and because of
this Krafft adopts this strain as his strain controlling parameter, Thig
is of course a most convenient assumption to make, in that the plastic
instability strain is theoretically equivalent to the strain hardening
exponent in materials where deformation behaviour can be described by
a Iollomon type relationship (Equation 1),

A further éimp]ificatiqn of the true situation is made by
assuming that the sirain distribution within the plastic zone at a crack
tip ig given by the claslic solution, and Krafit considers this solution to

be applicable right up to the regien in which fracture is occurring

at the crack iip:
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K 1
y B 7 )
Having chosen the strain to plastic instability, EI as the

controlling strain parameter, it is possible now to determine a

distance r_ from the crack tip, where the strain for plastic

I
instability is attained ( EI = n), Thug at the point of incipient
fracture, when K = KIC’ the strain at this distance rI is given by
€ T Frc 1 (18)
B J2TTr

This strain & I should correlate with the strain hardening
exponent n , measured from true stress-true strain curves, if the
strain hardening exponent is measured under the same conditions of
temperature and strain rate as apply at the distance r’I frem the crack
tip.

From this information, and the relevant true stress-true
strain and toughness data, estimates can be made of the ''process
zone'' gize rie

The correlation which Krafft arrives at between KIC

and strain hardering exponent n, can be written as
- T
KIC = B J—‘;,T_T.’ ;0
37

By different routes therefore, Krafit™ , and Hahn and

—~
[
(]

~—

RosenﬁeldJ6 find that KIC‘ X n,
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Another attempt to relate plane strain rfracture toughness,

KIC’ ard strain hardening exponent in metals was that due to

40 o 41
Thomason This apprcach was based on a previous model

which described ductile fracture in terms of the coalescence of

uniformly distributed cavities, subjected to transverse stresses,

and related the post instability strain to fracture (& ), and the

I-F
volume fraction of second phase void nucleating particles at ditferent
transverse stress levels.

The modecl describing the plane strain fracture toughness
relationship with strain hardening exponent employs several
simplificati‘ons and assumptions.

The form of the stress-strain curve for real metals is
altered to give a non work-hardening curve. To take account of
the real influence of work hardening, Thomason sets the yield point
equal to the plastic ingtability stress. To overcome the difficulty
this poses with respect to the immediate onset of instability after
yield, he also proposes that the material undergoes a ficticious
amount of strain £ I prior to the onset of plastic instability. ‘This
strain EI can he set ecual to the strain hardening exponent, I, for
materials which deform according to the power law 0= K€",

The crack tip modcl adopted by Thomason is that of a
wedge shaped plastic zone similar to the model proposed by

29
Dugdale , andis shown in Tigure G,
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FIGURE G

The expressions used for crack opening displacerhent and
plastic zone size are those derived by Dugdale, suitably altered to
take account of plane strain conditions.

The stress distribution within the wedge zone was obtained
using Hill’s42 rigid plastic slip-line field solution for plane strain
de'form‘ation at the tip of a crack of finite radius, and parallel sides.
Hills'solution, however, does not adequately describe the strain
distribution which falls from a maximum at the crack tip to zero as
x-L at the elastic-plastic boundary. This is overcome by assuruing
a linear decrease in the plastic displacement on the wedge boundary

from the crack tipto X =L 1i,e.

Jy - i“/_—.{_ /1_“&}
r L

From this relationship, the strain distributicn is eacily determined
_ d X
In(&€ ) = Infl+ O/‘Xli = 111E+7_«{1-

y'x
I x

=) (20)

The final relationship obtained, irelating the critical stress

intensity factor, , ond strain hardening exponent, n, is

TS
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= +8.81tan (T7T 1-V 3
v ] Y (1-V7) (5—( (%ogf)i] (21)

where V is the material yield strength

]

NS

and Vf is the volume fraction of void nucleating particles.
The resultant equation agrees with the two previous models

6, 37

. 3 e o
discussed , 1n indicating a considerable dependence of fracture

toughness on strain hardening exponent, but differs from the other two

in that it does not indicate a linear dependence of K__, onn, For

IC
small values of n, Thomason's equation approximates to a parabolic
relationship between KIC and n.

Using true stress-true strain and toughness data assembled
by other workersthe theoretical prediétions of equation (21) were compared
with experirﬁenta]. results, Because of the dependence of his equation
on crack tip radius, he chose typical values of 0. 0005 inches
and 0,001 inches and plotted KIC/Y versus n, The experimental
points could be seen to correlate quite closely with the theoretical line

for r = 0,0005 inches whilst there was some scatter to the unper

line for r~ = 0,001 inches.
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CHAPTER 3

EXPERIMENTAL PROCEDURES AND APPARATUS

3.1, Materiale

At the outset, the intention was to test materials with
varying carbon and manganese contents, and to determine the
variations in strain hardening behaviour and toughness with composition
over a range of temperatures at and below ambient,

3.1.1, i.aboratory produced materials

A vacuum induction furnace with a capacity of 30 Kg was
used in an attempt to produce the required materials. A number
of casts were made using high purity electrolytic iron as a base
material, and carbon =s a deoxidising agent. Any alloy additions were
made with high quality ferro-allnys, immediately before pouring into
a round cast iron mould,

The ingot thus produced, was forged to 60 mian square bar,
and the first two casts were then hot rolled to 35 mm square bar,
ready for hezat treatment and machining, Metallecgraphic examination
of these first two casts after heat treatment revealed however, that
the material was inhomogeneous with respect tc grain size. 7o try
to remedy this situation, future casts were cold rolled, rather than
hot rolled, with the hope of producing a more homogencous recrystallized
struclure after heai lreatmeont,

Although some success was achieved by this Jutier rouvte,
the grain sizes produced still tesded to be somewhat variable, and ax

vill he scon laver, his stractural inhomopencity was very well



reflected in the mechanical test data. Details of theze laboratory
o

produced materials, and their heat treatments are given in Table 1.

In addition to the problem of obtaining a homogeneous material
in the laboratory casts, difficulty was encountered in obtaining
sufficient material from a single cast to allow the tensile and toughness
properties to be determined over a reascnable temperature range., In
view of these two factors, it was decided to abandon furthei attempts
to produce laboratory casts, and the alternative of employing commercially

produced steel plate was adopted.

3.1.2. Commercial malerials

The commercial plates were thained from various sources,
and were generally classed for use as "structural steels”, Since a
far larger volume of a given material was available, this permitted
both toughness and tensile testing to be carried out over a wide range
nf temperatures for each individual composition, Details of these
commercial alloys, and any heat treatments carried out are given
in Table 2,

3.2, Test Temperature Control

Tre commercial range of alloys were tested at temperatures
: 0 0 . it
in the range 20 C-196 C. Tempcratures belocw ambient were attained
in both tengile testing and toughness testing by equilibrating the test
gpecimens with a liquid at the required teimperature, The temperature
of the liquid medium was continuou=ly mounitored by means of an

accuratlely calibrated thermomoter,
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Temperatures in the range 0°C to -116°C were obtained using
absolute alcohol in conjunction with solid carbon dioxide or liquid
nitrogen. Solid carbon dioxide-alcohol mixtures attain a stable
temperature equilibrium at -77OC, but any temperature in the interval

between ambient and —77OC could be maintained with an accuracy of

+,0 O
-7 C. Below -77 C, alcohol can be further cooled, by addition of
liquid nitrogen, down to its freezing point at -115OC. However to

avoid excessive solid alcohol formation, the mixture was used only
0 . : o
down to -110"C. Again temperature control could be maintained to
+,0
-17cC.
: . . 0

Freon 12, which has a boiling point of -32 C, was also used

as a cooling medium. In a similar manner to that described above
: o o 2 r O
for alcohol, stable temperatures in the range -32 C to -77 C could be
obtained using Freon 12- solid carbor dioxide mixtures. Once again
. . +,0 ., -
temperature control could be maintained at -3 C, although Freon 12
mixtures seemed to give more stability than slcohol mixtures., Further
cooling of Freon 12 with liquid nitrogen results in a stable equilibrium
. . . o
mixture at the freezing point of Freon 12, -153 C. Temperatures
. . : . . +.0 .
of this mixture could be maintained to an accuracy of -1 C, but it
was found imposgsible to use the equilibrium freezing mixture, because
excessive Frecon 12 "ice'" formation became prevalent, and tlie
lowest femperature successfully maintained with Freon 12- liquid
. 0oO

nitrogen was -133 C,

hl : - 10 by

The lowest test temperature used, -196 C, was obtained

by equiiibration with liquid nitrogen,
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It was found that all the mixtures described above could be
successiully contained within an expanded pelystyrene container
for extensive periods, without any apparent degeneration of the
container occurring, The tensile test rig (Figure 1) and the toughness
test rig (Figure 2) were both enclosed in polystyrene containcrs for
s ub-ambient testing.

3.3. Mechanical Test Facility

All tensile and foughness tests were carried out on an
Instron Universal Testing Machine of 10, 000 Kg capacity. This
machine operates on the screw principle with one siationary and
one moving crosg-head,

Load is measured by the normal load cell arrangement, and
the load cell signal can be easily calibrated before commencement
of the test.

The standard recording facility consists of a moving
chart pen recorder, which operates at a constant pre-determined
chart speed, Thus, during normal tensile testing, knowing the
velocity of the moving cross-head, one can obtain an exact measure
of elongation at any given point,

The load signal ig transmitted to the pen assembly which
travels perpendiculnr to the direction of travel of the chart, and
thug a load elunga‘ti‘on record ig obioined directly from the test

rcecord,
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The test facility also incorporated a serve chart drive
system, whereby chart movement was governed by an input signal
from a strain gauge extensometer, | This system was easily calibrated
so that any movement of the extensometer could he related to
chart movement,

3.4. Tengile Testing

Two types of tensile test piece were used during this
invesiigation:

(a) The gtandard number 14 Hounsfield specimen, the

dimensions of which are shown in Figure 3.

(b) From several of the materials investigated, much

larger tensile specimens were manufactured, having

a gauge length of 50 mm, and a diameter of 9.1 mm,

This larger specimen size facilitated the use of a strain

gauge extensometer to measure extension. Details

of the specimen design are given in Figure 3,

The use of the larger specimen in conjunction with the
strain gauge extensometer permitted & comparison to be made between
the simpler rccording system, using a constant chart speed which must be
uced with the standard No. 14 Hounsfield, and the more sophisticated
record obtained from the cxtensometer.

3.4.1. Teneile Tegst Procedure

Tensile tests were performed on twelve #lJoys, over a rangc
v ‘)(\O ~ C 10 he tongsile teost assennll :
of tempreratares between 20°C and -196 €, 1he tonslic Tost assemoiiey

ate shown 1o Fiouve 1,
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As can be seen in Figure 1, different gripping arrangements
were employed for the two types of tﬁensile test piece used in
this investigation. Standard split chuck grips were utilised for the
No. 14 Hounsfield specimens, whilst friction grips had to be empleyed
for the testing of the larger specimens.

All tensile tests were carried out at an intial strain rate of
1.5x 10‘4sec_1.S train rate could not be maintained constant during
a test, because the available test facility offers only a constant rate of
elongation, but a typical figure for strain rate at the ultimate tensile
strength was 1. 21 X 10_4sec-1.

A chart speed of 2cm, min_1 was employed for all tensile
tests performed with No. 14 Hounsfield specimens.' It was found
that this chart speed used in conjunction with the rate of elongation
of the speéimen provided a satisfactory magnification of specimen
elongation (100 times magnification)., This enabled accurate
analyses of chart records to be carried out.

The highest magnification of extensometer movement to
chart mevement was utilised during testing of the larger speéimené,
this method again yielding chart records amendable to accurate
analysis.

Various load ranges could be selected, whereby full scale
pen deflections of 200 Kg, 500 Kg, 1000 Kg, 2000 Kg, 5000 Kg, and
10, 000 Kg could bo obtained,  Testing of alloys P9 and Pi0 was

carvied out using a vrefinement of this load indication system, wheraeby
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any full scale deflection could be divided into ten full scale deflections,
each new deflection being equivalent %o a tenth of the original full

scale deflection load, This technique permits more accurate
measurements of test data to be made, particulafly in the area of the
ultimate tensile strength, where large increases in strain may occur
with relatively small increase in load. Comparative tests were carried
out to engure that no significant variation in results was obtained when
this more sensitive load monitoring technique was utilised,

To ensure that the test piece and test assemll)ly were at
equilibrium with the surrounding cooling medium during sub-ambient
testing, the temperature of the whole assembly was maintained at ihe
test temperature for thirty minutes pridr to the commencement of
the test. It is most important, particularly at lower test temperatures
to ensure fhat the submerged portion of the loading bars have reached
equilibrium, as any contraction of these bars during testing will
obviously lead to an erroneocus test record. When using Freon 12
and liquid nitrogen as the cooling medium, especially near the
freezing point of Freon 12, even small additions of liquid nitrogen to
the bath, led to the formation of Freon 12 "ice' round the upper loading
bar. The "ice" formation was seem to coincide with an irregularity
in the test record, this being an’instantaneous increase in load,
and obvious'y local conirvaction of the upper loading bar was
occurring, Thic yroblem was overcome by placiug a glass tube in-
position round the submerged portion of the loading bar, thus

preventing "ice™ formation on the loading bar itgell,
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3.4.2, Analysis of Tensile Test Records

The test record ig a plot of load versus elongation, Itis
required to convert the load axis to true stress UT’ and the elongation

axis to true plastic strain & Definitions cf both of these parameters

T
are given in Appendix A,

All test records, with the exception of those obtained from
test pieces of alloys P9 and P10, have beer; analysed "'manually'’,
Measurements of elongation at known loads were taken from each test
record and the sets of co-ordinates were then processed using
a programmable calculator, to give true stress-true strain values,

An alternative .approach to test analysis was employed with
test results obtained from alloy P9, The x-y co-ordinates
of each test record were punched out on papertape usinga '"'D-Mac' table
plotter. This instrument operates on the ''magic-eye' principle in that
one follows the curve with a pointer the co-ordinates of any desired
point being punched out at will,

An Algol computer programme was writien, to analyse
the test data thus obtained, The programme was devised to calculale
truc stress-true strain values for each set of co-ordinates, and then
to perform a linear regression analysis on the log true stress-log
irue strain data. The regression analysis was carried out simultancously
from opposite ends of the curve, The reason for this is c_’lisc:ussed in
Chapter 4,1, 3.

T'roin the true stress-true sirain curves obtained, the true
worhk hardening vates pov unit strain was calceulated for alloys P6-P1L1,
To fucilitate this delcrmination, larpe scale bruce stress-true strain curves

woere drown, and using an cccurcie drawimg boavd protractor with vernier
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scale, the angles of tangents to these curves could be mceasured at any
) ! . -+
aesired strain, to an accuracy of -5 minutes. In view of the inaccuracies
involved in constructing true stress-true strain curves, this
accuracy of angle measurement was counsidered tc be satisfactory.
The work hardening rate per unit strain could now be calculated
simply by determining the tangent of this angle,
The final piece of information exiracted from the teusile
test records was the Lllders strain at eachtest temperature for

alloys P6-P11, Alloy P7 deformed homogeneously and therefore

exhibited no T.llders strain.

3. 5. Crack Opening Displacement Testing

Crack Opening Displacement (C, O, D, ) tests were performed,
to determine the critical C, O, D,, initially at room temperaturelalloys
P1 - P5) and ultimately over a range of temperatures, between

Om 1 O,‘ b
20°C and -196 C (alloys P6-P11),

All C,0.,D, tests were carried out using three point bend

specimens, and a suitably constructed test jig.
| 30, 43 _ .

The occurrence of slow crack growth prior to
fracture, or the attainment of maximum load during fracture toughness
testing of low strength steels, has been reported in the litevature, and
it was considered necessary to determine the point at which stable

slow crack growth commenced, The poleniial arop technique was

44 45

&L

14 40 . o . R e .
employod © 7 o determine the onset of thic eritical event,
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The C,0,D. values thus ibtained were then considered to
be the critical parameters for that material, at the temperature and
displacement rate of tlie test.

All procedures were carried out in ac;ordance with the t
Draft for Development for Crack Opening Displacement Testing 46 DD19: 19'.7'fl

issued by the British Standards Institution.

3.9.1. C.0.D, specimens

Three point bend specimens of cross section 25 mm x 25 mm
and 120 mm long, were machined from the materials to be tested.
V -notches were milled, inthe appropriate orientation, to a depth of
4 mm, and were found to be sharp enough to act as fatigue crack
starters. The pre-éfacking of these specimens by fatigue will be
discussed in Section 3, 52

Test pieces mariufactﬁred from alloys P8-P11 were in the
“longitudinal mode, with the notch placed in the transverse direction,
whilst test pieces of alloys P6 and P7, were in t‘he transverse mode
with the notch in the longitudinal direction,

A schematic representation of the standard three point

bend test piece ugsed in this study is shown in Figure 4,

3.5.2. Specimen pre-cracking

Pre-cracking was car.ried out on an Amsler Vibrophore
fatigue machine in the threce point bend mode. The total final fatiguce
cruack length was 4.5 mm, giving a total crack length of 8.5 mm

(Figurce 4).
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The maximum permissible fatigue stress intensity value
(Kf) permitted by DD194C6 ig that which ensures only very small
amounts of plastic deformation at the crack tip, i.e. Kf should be
less than the ideal plane strain limit during any siage of the fatigue

cracking process.

1
<0.63 JB?,
y

This requirement is fulfilled when Kf
Values of fatigue force (Pf) are calculated using the equation:
_ PY
Kf = f f_
BW 2

where Y is a function of (a/W),

The maximum permissible fatigue stress intensity values,
together with the fatigue stress intensity values during the final
stages of fatigue are listed in Table 3 for the alloys tested.

The pre-cracking period was always greater than 1,5 x 105
cycles, and the average operating frequency was 60Hz.

Recent Work47 has suggested that maintaining the fatigre
stress intensity within the limits prescribed above is not entirely
necessary, and indeed the indications are that the use of fatigue stregs
intensities above the plane strain limit, lessens the amount of scatter
obtained in the measurement of C,0,D.

Trouble was encountered initially, at thepie-cracking stage,
in that fatigue cracks seemed to propagate preferentially on one side
of the speciinen suriace, sometimes to the exclusion of any growth
on the opposite face. Investigation of this problem illdic;q‘ted that

fatigue crack growth wes inhibited on the specimensirface from which the
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V-notch cutter exited. Close examination of this region revealed
an area of heavy deformation around the root of the V-notch. This
difficulty was overcome by grinding 0. 15 mm off the affected surface
after notching,.

3.9. 3. C.0,D, test rig: A schematic representation of the test

rig is shown in Figure 2. The specimens were tested in three point
bending over a span of 100 mm, using 20 mm diameter rollers.

The standard Instron load cell was used in compression in
order to record load,

The test piece holding assembly was separated from the
loadcellby a 20 cm long, 8 cm diameter bar. The bar was wound
with copper tubing, and during testing at sub-ambient temperatures,
a constant flow of cold water was maintained through the tubing,

This precaution was taken to prevent the load cell temperature falling
below 270°K which may cause the load cell to perform in an electrically
unstable manner,

3.5.4. Measurement of C, O, D.

One of the problems associated with the acceptance of
C.O.D. as a valid toughness parameter has been the great difficulty
involved in its measurement. There is no means available at present,
whereby the C, O, D, at the tip of an infinitely sharp crack, e.g. a
fatigue crack, can be autographically monitored.

The intial approach28 was to use specimens containing slots

of finite width, into which was placed a "paddle codmeter.' This
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instrument consisted basically of a rod with a very fine paddle shaped
tip, which was positioned at the base of the notch, and the paddle was
held against opposite faces of the notch by a torsional force applied
to the rod. As the crack opened the torsional force impelled the
paddle to rotate, and this rotational movement was translated to a
horizontal movement in a transducer, which thus permitted the
autographic recording of the event. The movement of the paddle could
‘be calibrated to yield a linear relationship between paddle
movement, and change in potential measured through the transducer,

" Unfortunately no great success was achieved in reproducibility
using thig technique, and it is no 1on»ger in general use.

Angle of bend24 has been suggested as a possible method for
measuring C, O, D , and photégraphic techniques have also received
some attention,

Notch root contraction 48, because of its proposed equivalence
with C,0O.D., has been proposed as a more informative fracture
criterion, in that it is also believed to indicate the plane strain-plane
stress transition, Results presently availab1e49 suggest a very
wide scatter is obtained by this method, and at the moment notch
root contraction is not being widely used.

The method currently most favoured for the measurement
of C.0.D. is the double beam cantilever clip gauge shown in
Figure 5. C, O D. »is not measured directly at the crack tip, but

the gauge is affixed to knife edges, attached across the mouth of the

specimen notch as shown in Figure 2.
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The success of thig technique depends to a large extent
upon knowledge of the relationship which exists between C. O D.,
and the specimeri surface displacement,

Initially it was assumed that surface and crack tip
measurements could be related assuming a fixed centre of rotation
in the ligament below the crack tip50. However evidence obtained
since suggests that during the intial stages of deformation, the
centre of rotation moves, from a poiﬁt close to the crack tip, to a
point 0, 454 of the ligament below the crack tip, and then remains

°1, 52. Fortunately this constant rotational

essentially constant,
centre is achieved fairly quickly at small C,O,D. values.
Experimental verification of this in the present study is reported
in Section 4. 2. 1.

A schematic representation of the notch profile during
bending is shown in Figure 6, and the relationship between surface

displacement and crack tip displacement is:

Vv = a + 7

£
J Yr(w-a)

+ 1 (23)

(This is derived in Appendix B),

The assessment of the critical event during toughness
testing of low strength ductile materials is another major problem.
Most low strength materials at ambient temperatures do not exhibit
fast fracture, Typical curves of C,O, D versus load for a high,

medium and low strength material are shown in Figure 7,
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Curve (a) could be analysed using linear elastic fracture mechanics,
w hilst curves (b) and (c) are clearly outwith the elastic regime,
and must be treated using general yielding fracture mechanics.

It is possible in the cases of curves (b) and (c) that slow
crack growth may precede the fracture event, 43,53 and it has been
suggested that for material behaviour similar to that depicted
by curve (c¢), the C.,0O. D at maximum load should be assessed as the

- critical parameter. There is considerable evidence however to
indicate that slow crack growth occurs before the attainment of
maximum 1oad43’ 53.

Several techniques have been proposed for the detection of \ ‘
slow crack growth44’ 45, 54, 55. The method which has attracted :‘(?
most attention is that of potential drop. This was the technique
adopted in the present study for testing of alloys P6-P11.

A diagrammatic representation of the circuit employed is
shown in Figure 8,

A constant current of 40 amperes was fed into the specimen,
and the potential developed across the crack was measured on a time
based chart recorder, The potential measuring probes were placed
diagonally opposite one another on opposite sides of the notch mouth
as shown in Figure 8(a). Steel wire probes were used, and each
probe was positioned 2 mm from the notch, The exact positioning

of the probes however has been shown not to significantly affect the

accuracy of the measurement,
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Use of this technique requires that the test piece be entirely
insulated from the testing machine, This was achieved using Tufnol
sheet as a base for the rollers, and PTFE sleeves for any bolts which
connected the testing machine to the test piece area.

3.5.05, C.0O,D. test procedure

Specimen dimensions W and B (See Figure 4) were
measured with a micrometer before testing. Three point bend
testing was carried out over a gpan of 4W i,e. 100 mm and therefore
the two lower rollers were placed parallel to, and 20 mm on either
side of the top roller (Figure 2).

Clip gauge calibration was carried out, at least, after
every third test, and before each test the gauge was closely scrutinised
to determine whether any repairs need be carried out. It was
ascertained, by calibrating the clip gauge at room temperature and at
-196°C that no discernible variation in clip gauge calibration occurred
within the temperature range of interest, and therefore no matter
what the test temperature, it was considered valid to calibrate the
clip gauge at room temperature,

Knife edges were attached to the specimen, and the clip
gauge safely seated in position between them. The specimen was
now placed astride the two lower rollers, with the notch mouth parallel
to and halfway belween them. The supply leads from the constant
current supply source were then bolted to the specimen through two
mild steel sheet lugs which had previously been spot welded to the

specimen ends (IFigure 2), The two potential probes were then

connected through the potential measuring circuit.
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Temperature control was obtained as described in
Section 3.2, The specimen and test assembly were maintained at
the test temperatﬁre for thirty minutes prior to testing., All
tests were carried out at a constant X-head speed of 0,02 cm. min_l.
Two test records were obtained from each test carried out:

(a) A record of loadagainst clip gauge opening.

(b) A reocrd of change in potential against time.

3.5.5,1, Post C,0O.D. test measurements

In the caseswhere slow crack growth was the critical
event, and no fast fracture occurred during testing, the following
procedure was adopted to facilitate examination of the fracture surface
and measurement of the exact crack length,

The specimen wag immersed in liquid nitrogen and left for
ten minutes to equilibrate. Brittle fracture of the remaining ligament
could now be achieved simply by delivering a blow, with a heavy metal
instrument, to the centre portion of the underside of the specimen
which was supported at its extremities by two metal blocks.
Degeneration of the fracture surfaces with time wags avoided by
application of an acetone soluble lacquer.

Crack length measurements could now be made on one of
the specimen halves, using a Nikon projection microscope at a
magnification of x 50, These measurements were carried out in
accordance with B, S, DD19:19 7246, and where crack lengths

measured were within the required scatter band, the maximum crack

length measured was used in the calculation of C, O, D.




-47-

—~

3.9.5.2. Analysis of C.0.D. test records

The recommended recording procedure with the potential
drop technique, is simultaneous autographic recording of load
versus clip gauge opening, and change in potential versus clip gauge
opening. However only one X-Y recorder was available, and
load versus C,0O,D, was recorded on this, whilst potential change
versus time was recorded-on a constant chart speed recorder,

In order that the two records might be compared, location
marks were placed at fifteen second intervals on the load clip
- gauge opening displacement chart during testing, and in this way
accurate records of clip gai ge opening displacement against change
in potential could be drawn after completion of the test. Typical
results are discussed later in Section 4,2, 2,

During the initial stages of the testing programme,
fractographic techniques were used to confirm that the experimental
technique being employed did accurately predict the point of
initiation of slow crack growth,

3.95.5.3. Fracture surface examination

A scanning electron microscope was employed in the
examination of fracture surfaces. The region of slow crack growth
could be easily distinguished from those of brittle {fracture and
fatigue crack growth,

Optical macro-examination techniques were also employed
in the study of fracture surfaces, but were found to supply little

useful information.
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CHAPTER 4

RESULTS

In all, eleven alloys were investigated, and details of each
of these alloys are given in Tables 1 and 2. The alloys were chosen
to represent a range of carbon-manganese contents and varicus strength
levels. The effect of grain size on strain hardening exponent and

critical C, 0, D was investigated in alloy P11.

4,1, Tensile Test Results

4,1.1, Flow curves

Tensile tests were carried out on each alloy investigated,
over a range of temperatures between 20°C and —1960C. In each
case, the load elongation information obtained was converted to true
stress-true strain data. Flow curves for each test temperature could
now be constructed, and a typical family of flow curves is shown in
Figure 9 (alloy P6),

This Figure illustrates the effect of a decrease in deformation
temperature on flow stress. This effect is however more ably described
in Figure 11, which shows a plot of true stress, measured at 6% true
strain, against deformation temperature for alloys P6-P11. Itis
well known that low alloy steels exhibit a marked temperature dependence
of flow stress, as the deformation temperature is reduced below ambient
and Figure 11 amply illustrates this point,.

As was mentioned earlier in Chapter 3 (Section 3,1.1) great
difficulty was experienced in obtained reproducible flow curves from
alloys which had been laboratory produced in a vacuum induction furnace,

An example of this variable behaviour can be seen in Figure 12 which
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compares the results of two tensile tests carried out on alloy P4 at
-3 OOC. An unacceptable Variation in mechanical properties obviously
exists within this alloy, and since this type of behaviour is similar
to that obtained for alloys P1, P2, P3 and P5, no further analysis of
the flow curves for these alloys was carried out,
The probable reason for this behaviour can be deduced
from Figure 13 which shows a photo-micrograph of an etched section
of alloy P4, Large variations in grain size, typical of all the laboratory
produced materials, can be seen to occur within this alloy. It was
found impossible to homogenise the grain structure, probably because
large amounts of deformation could not be imparted to the material since
the final size of the forged and rolled bar was controlled by the cross-
section of the C, 0, D, specimens required (25,4 mm x 25,4 mm),
In view of this, the results obtained with Alloys P1-P5 will be
discussed no further, and attention will be focused on alloys P6-P11.
The room temperé.ture tensile properties of alloys P6-P11
are summarised in Table 4.

4,1, 2, Lilders strain

Of the alloys of interest (P6-P11) only alloy P7 exhibited
homogeneous yielding, the rest yielding discontinuously, Since it has
been suggested that the Lilders strain may affect the analysis of flow

curves using Ludwik'sor Hollomon's equationsg, the Lllders strain

was measured in each test performed, and the variation of this
parameter with temperature is shown in Figure 14, As can be seen
decrensing the deformation temperature has a marked effect on
increasing the extent of Lilders strain.  Tor example, for alloy P06, a

. : . o O . .
reduction in deformation temperature from 20°C to -196 C, increases the
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extent of Liiders strain from 1, 44% true strain to 3. 80% true strain.

4.1, 3. Strain Hardening Exponent Values

Strain hardening exponent (n ) values were calculated for
each tensile test carried out. These n values are obtained by plotting
log U'T against log ET for each flow curve, and if deformation can be
described by Hollomon's equation (Equation (1)) then a straight line
plot will result,

Assuming a straight line plot is obtained, then the strain
hardening exponent is simply derived by measuring the slo‘pe of

the line since,

_ n
0. = KE .,
log U'T =  nlog ET + logK

Initially these plots were constructed as shown in
Figures 15a and 15b, but because of the volume of tests performed,
it was decided to use log-log graph paper for this purpose. No

reduction in accuracy of measurement of N values resulted from

the use of log-log graph paper,

In the latter part of the study, a further simplification of
the process for determining the strain hardening exponent was
devised, in that a computer programme was written, which could
produce 'n ' values from an input of load-displacement co-ordinates.
Strain hardening exponent values were produced for alloy P9 by this
method, by carrying out a linear regression analysis on the log UT’
log ET points. As will be seen later, in most instances, two distinct
'n' values were required to described the flow curves obtained,

To estimate as accurately as possible these two 'n ' values, a double



linear regression analysis was carried out simultaneously from the

high and low strain ends of the flow curve, The division of experimental
points which gave maximum values for the two co-efficients of linear
correlation was accepted as an indication of the transitional strain,

and the corresponding values of the strain hardening exponents, n

B

and nC’ were noted,
To check the accuracy of the automated technique, ten
sets of strain hardening exponent values were calculated manually,
using a log UT v log gT plot, and compared with those obtained by
computer analysis. 7The results in all cases were seen to agree to the
second decimal place, and in many instances to the third decimal place.
A manual plot of log UT v log gT for alloy P9 tested at
20°C is shown in Figure 16 and the results for strain hardening exponent
values obtained by both methods are compared.
Use of the stepped zero suppression facility described earlier
in Chapter 3. 4. 2 led to no reduction in accuracy or reproducibility
of the strain hardening exponent values obtained, but enabled much

more accurate evaluation of true-stress-true strain data in the region

immediately preceeding the onset of plastic instability.

Strain hardening exponent values obtained for alloys P6-111
for the various test temperatures between 20°C and -196°C are listed
in Appendix C. Tests were normally carried out in triplicate, and the
results listed in Appendix C indicate the extent of scatter in 'n', The

corresponding values of K, the strength co-efficient are also given in

Appendix C.
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Where two stage hardening has occurred, the initial value
of n (low strain region) is denoted by nB’ whilst the final value of n

(high strain region) is denoted by n In the case of single stage

c

hardening, the strain hardening exponent is denoted by n

A

The variation of strain hardening exponent with temperature :
-

is depicted in Figures 17-21., These curves are drawn through the average & |
value for strain hardening exponent obtained at each temperature, whilst
‘the barred lines indicate the scatter obtained around these average
values,

Results obtained using a strain gauge extensometer are
denoted in Appendix C by the suffix 'e'., All these tests were of
necesggity carried out at ambient temperature, and as can be seen
from the tabulated results, no significant difference in results was

obtained using the extensometer to record elongation, This indicates

that no variation in deformation characteristics occurs with change
in specimen gize since specimens of a largercross section were used
in conjunction with the extensometer (Chapter 3.4.1.).
Also as a result of this finding, the recording system used for
determination of load-extension data for the smaller specimens can be

considered to be sufficiently accurate (Chapter 3. 4.2).
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4,1,3.1 Transition strain

In all cases where two stage hardening has occurred, the
strain at which the transition HB-——> nC was noted, The variation

of transition strain with temperature is shown in Figures 22(a-d).

4,2. Crack Opening Displacement Test Results

Crack opening displacement tests were carried out on
éll the alloys, to determine the variation of critical C, O,D, with
test temperature, The critical parameter chosen was crack opening
displacement at the point.of crack initiation, the potential drop technique
/

being employed to determine this critical event,

4,2,1. Rotational factor

Before assessments of crack tip opening displacements
(C.0.D.) can be made from displacement measurements obtained at
the surface of a toughness specimen, knowledge of the relevant rotational
factor in Elliot and May's relationship (Appendix B), in the C,0O.D.
range of interest must be obtained.

In the present investigation, the photographic technique was
employed, whereby photographs were taken of the crack tip region
at known points in time during the toughness test. A zoom lens was
used, giving an instantaneous magnification of x 2, and measurements
of the actual C.O.D, were made from the photographic film on a
projection microscope at a magnification of x 50. The C,O.,D,

values obtained could now be related to the surface displacements as

indicated on the autographic chart record of load v displacement,
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Substitution of these values for C,0.D. and surface displacement V

into Elliot and May's formula yield a value for the rotational factor

thus,

r = (Vg/d -1)(W-a)
(a + Z)

(24)

Figure 23(a-d) shows 4 photographs from a series,
indicating the gradual opening of the crack with increasing load.
Figure 24 shows the plot obtained for Vg v T for alloy P8 tested at
‘ZOOC. As values of Vg decrease below 0.2mm, the curve appears
to become asymptotic to the ' axis, indicating rapid changes inr
values occurring with only small changes in displacement, As
displacement increases above ~ 0, 2mm, the value of the rotational
constant ' becomes invariant at a value of ~ 2,5,

This constant value of I ig attained very rapidly, and
because of th'is, inall measurements made during this investigation,
a value of 2, 5 has been assumed for the rotational constant in Elliot
and May's relationship., This value of r is very similar to that obtained

41, 57 (r =2.2).

by other workers
Ag can be gseen from Figures 23(c) and (d), a small amount

of crack extension has occurred at the tip of the crack, but measure-

ment of the opening at the original crack tip still yields a value of

r ~ 2,5 as shown in Figure 24,

4,2. 2, Potential drop technique

The potential drop technique was found to give adequate
indication of the onset of slow crack growtl, and evidence of this
from scanning electron micrographs will be presented in Section 4. 4.

Figure 25 shows a typical result obtained for polential change versus
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C.0.D, As can be seen the resultant plot displays several distinct regions
or sectors, The initial flat region at very low C. OD | values corresponds
to the occurrence of elastic deforma.tion, followed by a curved region

which corresponds to the commencement and propagation of yield

through the specimen., The following two sectors are essentially

linear, the first indicating the continuence of homogeneous deformation,
whilst the second sector, of greater slope than the first occurs as

a result of the forward movement of the crack front.,

Although very stable measurements of change of potential
were obtained from tests conducted at ZOOC, —77OC and —1960C, great
care had to be exercised when temperatures intermediate to these were
used. The three above mentioned temperatures are equilibrium temperatures
for various conditions and mixtures (atmosphere, solid carbon dioxide plus
alcohol, and liquid nitrogen respectively ) and rigid temperature
stability could be relied upon. Itermediate temperatures, in the range
20°C to -77OC, were maintained by measured addition of solid carbon
dioxide to alcohol, It was found that small local changes in temperature
at the specimen-potential measuring probe interface, led to unacceptable
instability in the potential measuring system. This potential instability
was ascribed to the occurrence of a ''thermocouple effect'. The
problem was overcome by maintaining the specimen and test rig at the
required temperature for one hour prior to testing, and then carrying out
the test with no further addition of coolant, Much greater stability of
potential measurement was then obtained, and in most cases the temperature
of the system remained virtually constant during testing, In instances

wherc large instabilities were seen to occur in the potential measuring
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system, the result was discarded.

4,2.3. Critical crack opening displacement values

The results of the crack opening displacement tests carried
out are listed in Appendix D. The values of crack-length used in
calculation of the critical C.O.D.'s are also listed in Appendix D,

An indication is given as to which tests resulted in slow crack growth
occurring as the critical event, All other tests produced fast fracture
failure without any prior slow crack growth,

The variations of critical C,0O.D, values with temperature

for alloys P6-P11 are presented in graphical form in Figures 26-28,

4,2,4. Charpy test results

Charpy impact tests wére carried out on alloys P6-P11 over
the temperature range -196°C to lOOOC. Thé energy-temperature
results are presented in Figures 29a-c.

It will be noted that the upper shelf energy levels vary from
170 ft.1b (P10) to 25 ft, 1b, (P6), The 15 ft,1b, energy temperatures
vary from 98°C (P6) to 5°C (P9). Transition temperatures for the alloys
lay in the range, -100°C (P6) to 40°C (P9)., The maximum temperature
employed in the Charpy tests namely lOOOC, was not sufficiently high to
determine the upper shelf energy level for alloy P7.

The effect of grain size on impact test results can be seen
from Figure 29c. Increasing the grain size increased the transition

temperature and led to a higher upper shelf energy level,
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4, 3. Optical Microscopy

The microstructures of the alloys investigated are shown
in Figures 30(a)-(g). All alloys were found to be ferritic-pearlitic
in nature, with the exception of alloy P7, which consisted of ferrite
grains in a bainitic matrix,

The pearlite content - of each alloy, where applicable,
ig listed adjacent to its photomicrograph (Figures 30(a)-(g)).

The grain sizes for all the materials used, were obtained
by the linear intercépt method, and are listed in Table 2. The
grain sizes of the alloys varied from 4.5y for alloy P6, to 42y for
alloy P11 in it coarsest condition,

Table 5 lists information on sulphide and oxide inclusion
contents obtained from use of a Quantinet IIB. Projected lengths
and percentage area values are listed for sulphide and oxide inclusions,
Inclusion sizes in alloys P6 and P11 were too small to obtain any
information other than the total projected inclusion length, Alloys
P66, P7, P9, P10 and P11 have total projected inclusion lengths in
the range 0.47 - 0.67 mm.mm-z, whilst alloy P8 has a total

projected inclusion length of 1.5 mm., mm—z.

4.4, Scanning Electron Microscopy

A Scanning Electron Microscope was used to examine fracture
surface morphologyps after testing, and in particular was used as a
means of checking the validity of the potential drop technique as an
indication of the commencement of slow crack growth,

Various scanning electron micrographs are shown in
Figures 31(a)- (g). The fracture surface of alloy P8 tested ot 2OOC

(Specimen nuinber 22) ig depicted in Figure 31(a), This shows the

LOSANTIN T e e



the boundary between the region of slow crack growth, characterised
by the presence of voids, and the region of cleavage fracture induced
by fracture of the test specimen ligament at -19 6°C after testing.
Figure 24 shows the corresponding potential change v C. O, D, plot
for this specimen, and the onset of slow crack growth suggested by
this plot has been confirmed by scanning electron microscope examination,
Figures 31(b)-(g) show the fracture surfaces of alloys

Pa(-32°C), P8(-77°C), P9(-60°C), P9(-77°C), P10(20°C) and

0
P10 (-77 C) respectively. These scanning electron micrographs will

be discussged in detail in Section 5,2, 1.
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CHAPTER 5

DISCUSSION

Work Hardening Behaviour

Analysis of the tensile test data in terms of Holloman's
equation indicated that the behaviour of all the alloys could be described
well by this relationship. Alloy P7 was characterised by single stage
hardening while the work hardening of the other alloys was best
described by double n behaviour.

9.1 Strain Hardening Exponent

- The variation of strain hardening exponent, n, with
temperature for all the alloys shows the same general trend, as is
illustrated in Figure 17-21, As temperature of deformation is
lowered below ambient the strain hardening exponent values increase,
and attain a maximum value before further reduction in deformation
temperature leads to a reduction in the value of strain hardening
exponent. The maximum values of n for the various alloys ovccurred

over a-range of temperatures from -30°C to -120°C. Earlier

4,95

reports ™ * on the variation of strain hardening exponent with

temperature, suggested that as test temperature was reduced from

4

600°C to ambient, an increase” in strain hardening exponent was

observed, whilst a further reduction in deformation temperature to
‘\

% in n, in agreement with the trends observed

~-70°C led to a decrease

in the present work. The reasons underlying this type of variation

in n ‘with temperature are discussed later.
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5. 2 Transition Strain

In all cases where duplex strain hardening behaviour occurs,
a strain value may be identified at which the transition from primary
(ng) to secondary (nx) hardening takes place. This is illustrated in
Fig. 16 where the transition strain for alloy P9 tested at 20°C caﬁ be
identified as &, = . 066.

As indicated in the literature review, previous workers
have suggested that the transition strain corresponds to a change in
dislocation substructure and is temperature dependent. Morrison®
found that, in a . 09%C, the transition strain increased with decreasing
temperature. The slope of his & ; VT plot waé ~9x 10" % oc~1 ang

this was stated to be the same as that for the variation in dislocation

cell formation strain with temperature in pure iron reported by Keh

and Weissmann8.

From Figs. 22 (a - d) it is apparent that considerable
scatter was obtained in transition strain values in the present work,
indeed it is doubtful if the existence of a definite transition strain is
established. However the regression lines drawn from the data
confirm the general trend for £ i values to increase as temperature
is lowered. The slope (d & i/dT) is much lower than suggested by
Morrison being -2 x '10—4 OC'1 .for alloys P8, P9 and P10 while for
alloy P6 the slope is almost zero, the scatter being particularly
high in this case. It would appear therefore that the temperature
dependence of S j varies in different materials and may perhaps be

affected by carbon content since P6 has the highest carbon content of
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the alloys tested while the others are of intermediate carbon level
compared to the steel studied by Morrison.

If transition strain increases with decreasing temperature
it follows that secondary hardening contributes less to the overall
behaviour and below a certain deformation temperature the behav.iour
can be represented as single n, ng becoming n,. This was observed
at the lowest test temperatures for all the alloys studied and evidence
of the gradual transition ng—>np is best illustrated by the behaviour
of alloy P9 in Figure A1 9.

All of the alloys displaying two stage hardening exhibited
considerable extents of Luders strain which increased with decreasing
te;nperature. Thus the extent of primary hardening and Liders strain
increase simultaneously contradicting the suggestion by Christ and
Smith? that single n behaviour is due to the "masking" effect of Liiders
extension at lower strain values.

2. 3. Alternative approach to flow curve analysis

It has been sugges‘ced6 that use of the analytical technique
devised by Crussard7 might lead to more accurate estimates of both
the strain hardening exponent and the transition strain.

The basis of this approach is that, if either the Holloman

or Ludwik equations (Equations (1) and (2)) adequately describe the

i
material flow characteristics then a plot of log d 67 /d &,V log &, should
be linear with a slope of (n - 1). Since Ludwik's equation contains a

term, 07, which should take account of the temperature dependence

of flow stress, it was considered that this revised analysis could be



-62-

fruitful.

Initially true work hardening rates (doy /d &, ) were
measured from large scale 6" v & graphs as described earlier,
and these rates were utilised to calculate strain hardening exponent
values. It was immediately apparent, however, that there were
large discrepancies between the nl values obtained from the log
d 67 /d &€, vlog & T plots, and n values obtained pre\}iously from a
direct log 6 1 v log & T Plot of the original data. (For convenience
nl will be used to signify strain hardening exponent values obtained
by the Crussard method). This discrepancy between n and n! was
investigated further and to illustrate the problem, the aﬁalysis of one
stress strain curve is considered in detail below.

Table 6 gives the experimental true stress - true strain
values obtained in a test on alloy P6 at -10°C. A log O’T v log £ T
plot of this data is shown in Figure 34. Computer analysis showed
that the two best straight lines which couid be fitted to the data were
of slopes ng = 0.237 and nc = 0. 202, the transition strain being
between 4 and 5. 5%. These two lines are shown on Figure 34 and
it will be noted that an excellent fit is obtained. In fact when calculated
values of stress from the two regression equations are compared with
the experimental values, the agreement is within + 0.1 Kg mm~? in
all cases, and averages 0. 1% which is close to the experimental error
in reading the recorder chart. It should also be noted that the slopes
obtained are not altered appreciably by the omission of individual

points. The stress strain curve would therefore appear to be well
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represented by the two regression equations :

O

42,09 € , 0.237 4p to 5. 0% strain

o7 44.59€ . 9202 petween 5% and 10% strain

The slopes, d6; /d £,, measured from the O, Emp
graph are shown in Figure 35, and the’ corresponding In d o;/d 57. v In& T
plot is given in Figure 36. It is obvious that although a reasonable
linear relationship exists, and there is again an indication of double n
behaviour, there is more scatter in this plot. When the slopes of the

best straight lines are calculated, however, they give nlB = (0, 345 and

n! = 0. This indication o;‘ zero work hardening at higher strains
is of course completely unacceptable. It was considered that the
difficulty might arise from errors in measuring the slope of the

G~ p Vs ‘ET graph and a more accurate method of determining the
work hardening rate was sought.

To achieve this, the experimental true stress-true strain
values were fitted to a s:_ixth order polynomial by use of a computer
curve fitting routine, and the slope of the curve was then estimated by
differentiation of the polynomial. The closeness of the polynomial
fit to the stress strain curve was extremely good, the maximum
deviation in fit being 0. 04 kg. mm™ 2.  The slope values obtained are

. \
included in Figure 35, from which it will be seen\ithat agreement with
the measured values (is reasonably good except at low strains where

the slope is changing rapidly. Figure 36 shows the In d6r/d&v1n & T

plot obtained from these calculated slopes. Since the polynomial is
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fitted to the range of experimental points, the slope values at the
extremities of the stress-strain curve are unreliable and were

therefore neglected in calculation of n!

values. For the best fit,
shown in Figure 36, these are nlB = 0. 381 and n1C = -0. 051, which
actually predicts a negative hardening rate above a transition stréin
of only 3.5%. The transition strain is not well defined in this plot,
and the value of nlB is found to depend critically on the transition
strain selected. Thus attempts to describe the stress strain curve
slope more accurately did not resolve the discrepancy between n and nl,
The reason for the discrepancy is simply that very small
changes in stress can lead to appreciable changes in slope and leéd to
large variations in nl. The theoretical slope for any strain can of
course be calculated from the two regression equations developed above
i.e. from

1nd6\7:/dg7_ = Inng+ InKpg+ (nB -1) 1n & T

and

in do_;‘/df,r Inne + InK + (nC 1) 1n & T

These two calculated lines are shown for comparison by
dotted lines in Figure 37, and the actual d 67 /d £,values are compared
with those from the polynomial in Table 7, which shows the % change

in slope from the two methods of approach.

It will be noted that although the average difference between
the slopes above 5% strain is only 4%, this leads to the dramatic change

in n, from 0. 202 to an nlc of -0. 05.
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The above is not an isolated example of disagreement

1

between n and n~ values. Analysis of data for the other alloys in

the present work frequently produced negative nlC values, and also

gave an apparently random variation in n! with temperature for a

58 1

given material. Other workers®“® have also reported negative n
values obtained by similar analysis, but were unable to suggest an
interpretation of these results.

From the present work, it is clear that no significance
can be attached to these values. The stress strain curve has a
continuously changing slope, and while it can be well represented
by two régression lines of the form 0 = K Ern, the fit is not good
enough to allow accﬁrate prediction of the rate of change of the
logarithm of the work hardening rate. The conclusion from the present
investigation is therefore that the Crussard analysis offers no
advantages in the prediction of transition strain and in fact is normally
incapable of predicting strain hardening exponents with any degree
of accuracy.

5. 4. Significance of Strain Hardening Exponent

Before any significance is attached to'the values of
strain hardening exponent it would be useful to consider what relationship,
if any, they bear to the actual work hardening characteris}ics of the
alloys considered. The most exact method of assessing a materials
work hardening characteristic is to determine the variation of the

da“T (s fopdt

parameter /d ra T With true strain, since values of /4 27_

measured from flow curves, unambiguously define the true work
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hardening rate at a given tempegag’ure and strain. Figure 38 shows
the variation of the parameter T/dir with temperature for alloy P10
whilst Figure 20 indicates the variation of strain hardening exponent
with temperature for the same alloy.

The work hardening rate, for alloy P10, increases in a
rather orderly fashion with decreasing deformation temperature,
no deviation in work hardening rate being noted till deformation
behaviour at -196°C is considered. The effect is best illustrated
by reference to Figure 39(e) which pr/esents the information as true work
hardening rate variation with temperature for various strains. At
strains below & T = 0.10the work hardening rate at -196°C drops
from that at -110°C and this will be discussed later. However for

& T # 0.10 the work hardening rate increases approximately

linearly with decreasing deformation temperature.

Comparison with thev relevant strain hardening exponent
(nc or np ) in Figure 20 shows that this increases from 0. 196 at 20°C
to a maximum of 0. 233 at -90°C and then falls to 0. 163 at -196°C.
Thus the strain hardening exponent does not give even a qualitative
description of the variation of work hardening characteristics with
deformation temperature. This is a direct consequence of the fact
tl"}at reduction in deformation temperature affects not only true work

1

hardening rates, as discussed above, but also has a marked effect on

the materials flow stress as indicated in Figure 11.

An analysis of the lack of agreement between variation of

strain hardening exponent and true work hardening rate with temperature
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may be deduced as follows. Consider an alloy which obeys the
Holloman equation and whose work hardening behaviour at temperature
Tl is as shown in the ¢fv&,and log 07 v log &,plots A and D in
Figure.32.

If the deformation temperature is reduced to T2 producing
an increase in flow stress A o;_but no change in work hardening rate

then the stress strain curve is raised as shown in curve B. From

&5

72 &ra
it can be deduced readily that nmy and N, are not equal, the actual

the Holloman equation at each temperature and

values being npy = 0.369 and npg = 0. 203 as illustrated by the lower
slope of graph E, Figure 32. ‘ Thus, increasing the flow stress

whilst maintaining a constant work hardéning rate has reduced the value
of the strain hardening exponent.

Alternatively if at the lower temperature T3 the strain
hardening exponent is unaltered from that at T1, the log o7 v log ETplot
will be as shown in curve F and the stress strain curve C derived from
this obviously displays a higher true work fiardening rate than before.
It can be simply deduced that, since 0j-= K &%, the work hardening
rate at T3 is greater by a factor Kpg/Kp¢ than that at T1 for any given
strain,

Thus when temperature is decreased, with a resulting
incréase in flow stress and true work hardening rate, two opposing
factors influence n and the variation of strain hardening exponent with

temperature is a function of the relative change in work hardening rate
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and flow stress with temperature. Three different variation
patterns with temperature might be predicted, the strain hardening
exponent increasing, remaining constant or decreasing depending
on whether the increase in work hardening rate with reducing
deformation temperature outweighs, balances or is insufficient td
overcome the effect of increasing flow stress.

The effect of variation of work hardening rate and flow
stress with varying deformation temperature, for alloys obeying the
Holloman relationship can be simply illustrated as follows.

o7 = KEN, do?/d £ =nKE,(_n'1)

d
_E-_L(_i__f_r = n ----  (25)
o7 g

Thus again we see that n is dependent on ’the ratio of true work
hardening rate, and ﬂow stress at a given strain.

The effects of the relative variations of do?d &, and o7
with temperature on the value of n in the present study are illustrated
in Figures 33(a) and 33(b) which show the variation of true work hardening
rate and flow stress for alloy P9 over a range of deformation
temperatures together with the variation of strain hardening exponent
as measured from the log 07/_- log Erplots.- The work hardening rates
and flow stresses are those measured at & T = 0. 06 and ET = 0. 13.

|
Also shown bn these figures are computed values of n from the

relationship r[ dé7 - n . It is immediately apparent that both
&7 &

methods of predicting strain hardening exponent, result in a maximum

in the value of n at the same deformation temperature, namely that at
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_dey
which /dZ-,—/ decreases.
or

The maxima observed in the strain hardening exponent
values with decreasing deformation temperature for alloys P6-P11
(Figs. 17-21) arise from the fact that, as indicated previously, the
work hardening rate tends to increase linearly with decreasing temper--
ature whereas the flow stress increases exponentially. Thus below
a certain temperature the flow stress effect upon n becomes the
dominant factor. It must be assumed that all BCC alloys displaying
this flow stress/temperature dependence will behave in a similar
fashion.

Therefore, although analysis of flow curves on the basis
of Holloman's equation may provide adequate mathematical
descriptions of flow curve shapes over a wide range of deformation
temperatures as illustrated in this study (Figures 15a, 15b and 16)

3,4,5 . : .
and others the strain hardening exponent derived from the

2

equation does not describe the variation of work hardening character-

istics with temperature.

For a material which obeys the Holloman equation
o = K an, it can be shown from theory (Appendix A) that the strain
hardening exponent, n, can be equated to the plastic instability strain
s PI’ at which necking commences and this equivalence has been
frequently quoted and utilised in the literatu;'e. This conclusion,

however, cannot be applied directly to a material which displays

double n behaviour.
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This is illustrated in Figure 40, which shows the
observed relationship between the pla stic instability strain and
the strain hardening exponent measured at various test temperatures
on alloy P10. The values of 5131 and n are not identical, although
they show the same trend with decreasing test temperature down.
to -105°C. The plastic instability strain is always less than the
strain hardening exponent because double n behaviour is essentially an
indication that the value of n is decreasing with increasing strain. As
can be seen from Figure 40, it is only in the case of single n behaviour
(at -196°C) that the n value is close to the observed £ p in accordance
with the Holloman equation, !

5.5 The use of the Strain Hardening Exponent in Assessing

Fracture Toughness.

In view of the above comments on the significance of n values
s . . . : . .. 36,37,40
it is appropriate to consider the results of previous invest igations
which have suggested the use of the strain hardening exponent parameter
" as a means of assessing a materials fracture toughness.
37 40 . : . :

Krafft® ' and Thomason  ~ introduce n into their theories
on the basis of its equivalence with the plastic instability strain, since
it is proposed that crack extension will occur when this strain is
attained at a small dist\ance in advance of the crack tip. From the
present results it would appear that the use of an n value here must
lead to an overestimate of plastic instability strain and hence of KIC

if the material displays double n behaviour, particularly if an n value

at a low strain (e.g. 3% in Krafft's work) is adopted.
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Thomason's model discussed earlier (Chapter 2. 3)
results in equation (21) which can be rearranged thus

2
0.9 K¢
4.62 rE

for a material containing a volume fraction of cavity nucleating particles

= Y (expEPI - 1) (25)

greater than . 09, when Y is the yield stress. Neglecting variation in
E with temperature, the data obtained in the present work suggest that
both Y and & PI increase with decreasing temperature below ambient
and this would lead to an increasing Kjx value as temperature falls,
This is of course contirary to experience and suggests that the effective
crack tip radius in Thomason's model must decrease with tempe.rature
to explain experimental Ko values.

Hahn and Rosenfield introduce the strain hardening
exponent into their t}‘leory by postulating that increasing work hardening
rate leads to an increase in plastic zone size (€) at the crack tip and
propose an empirical relationship, under plane strain conditions
between n and plastic zone size € = n where € is measured in inches.
In view of the comments above on the significance of n it would aépear
that some measure of true work hardening rate would be more
appropriate than an n value to represént the effect of strain hardening
on € . Hahn and Rosenfield's relationship Ky~ = (2 EY n? & *)%
again predicts an increasing Ky~ value with decreasing temperature
over appreciable terhperature ranges for the alloys examined in the
present work, which would be surprising.

Thus while the arguments presented regarding the effect
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of strain hardening on both plastic instability strain and plastic zone
size are well founded the detailed models presented do not appear to
explain the variation of fracture toughness over appreciable ranges
of temperature,.

5.6 True Work Hardening Rates

As.indicated earlier, values of do?%frwere determined
for each alloy over the temperature range investigated, and a
typical family of curves for alloy P 10 is shown in Figure 38. This
shows a steady increase in true work hardening rate with decreasing
deformation temperature down to -105°C. However at —1960C,

for € = 0.10 the work hardening rate is less than that at -105°C, and

T
indeed for & 7= 0.06, the work hardening rate is less than that at

-60°C.

A much better indication of the behaviour of absolute work
hardening rate as a function of temperature can be obtained from
Figures 39(a - e) which show how work hardening rates vary with

temperature for various values of true strain.

All the alloys analysed by this technique exhibited the same
general behaviour. At each strain, the initial portion of the dE, V e
curve indicates a linear increase in work hardening rate with decreasing
temperature. As the magnitudé of the strain value is increased,

: 0~ . . .

within an alloy, the rate of increase of a(%fr with increasing
deformation temperature decreases. Alloys P6, P8, P9 and P10
exhibit deviations from this linear behaviour for tests carried out at

-196°C, in that decreases in work hardening rate for a given strain
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occur below some critical strain value. For example, alloy P6
(Figure 39(a)) exhibits a linear dependence of work hardening rate
on temperature from ambient to -196°C at a strain of 0. 10 whilst
for £ . = 0. 06, d%gr at -196°C is equivalent to that at -77°C,

Alloy PT7 however, which yields continuously displaying
no Luders deformation yields an approximately linear increase
in "(6;/6(67 with decreasing deformation temperature at all strains
considered (Figure 39(b)).

The Luders strain region which occurs when materials
yield discontinuously, is the region where yield is spread inhomo-
geneously through a material during deformation. buring the present
investigation, for alloys exhibiting discontinuous yielding, the éxtent
of the Luders strain region was found to increase markedly with
decreasing deformation temperature. This effect for alloys P6, P8,
P9 and P10 is illustrated in Figure 14. It is thought that the increase
in Luders strain with decreasing deformation temperature, may
account for the work hardening behaviour of alloys P6, P8 and P10
at -196°C described earlier. This postulate is to some extent
confirmed by the regular behaviour of alloy P7 which deforms

homogeneously.

S. 1. Comparison between Charpy Impact Data and Critical

C. O D. Values

The toughness classification of alloys P6,P7, P8, P9,P10
and P11, on the basis of the C. O. D. tests performed during the

present study can be empirically determined by examination of
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Figures 26, 27 and 28. From these Figures one could say that at
20°C the alloys could be ordered as P10, P9, P8, P11 ( 84 ), P11
(42 4 ), P6 and P7, in decreasing order of toughness.

Investigations have been made into the relationship
between impact test temperatures, and those obtained from quasi—static
toughnéss tests. As one might expect, the transition temperature
obtained from Charpy impact tests is much ligher than that obtained
from toughness tests, one of the main contributory factors being the
strain rate differential.

Since no transition to a cleavage fracture mode was
observed in the C. O. D. tests no direct comparison on a transition
temperature basis is possible from the present results.

Comparisons have been made between C. O. D. and Charpy
upper shelf energy. However, for a comparison to be realistic on an
energy basis, C. O. D values should be expressed in terms of an
effective fracture energy. Since an empirical measure of energy to
fracture can be obtained from the expression 0;, § , values of this
parameter were calculated and compared with the appropriate upper
shelf energy.

Considering only the alloys tested in the longitudinal mode,
the ranking on a 6‘;,5 basis is unchanged fr\om that given above,
namely P10, P9, P8, P11 (84 ), P11(42 /A~), whereas the upper shelf
energy ranking is P11 (42M ), P10, P9, P8 and P11 (84 ) in decreasing
order of toughness. It would appear that the toughness ranking is

similar with the notable exception of the coarse grained alloy P11,
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which for its low yield strength and small C. O. D. displayed an
anomolously high upper shelf energy. Further investigation of the
relationship between 6')',8 and upper shelf energy would appear to be
fruitful,

2. 8. Crack Opening Displacement

The reproducibility of C. O. D. values has always been
one of the major problems associated with General Yielding Fracture -
Mechanics. A good illustration of this difficulty can be obtained by
reference to the First Report of the Crack Opening Displacement
Application (CODA) Panel. Several laboratories carried out independent
C. O. D. tests on specimens machined from the same material and
selected at random. A very high degree of scatter in measured
C. O. D. values was observed both between and within individual
laboratories.

For example, tests carried out during the above mentioned
programme, on Admiralty 'S' steel at -50°C, -80°C, -110°C and

+13 +75 +91 +150
- o}
140°C gave percentage scatter values of -8 * _sg° _15 and _5g

respectively., These values of percentage scatter increase with
decreasing test temperature, the reason being that the absolute value
of C. O.D. decreased markedly with temperature, in this case from an
average of 0. 875 mm at -50°C down to 0. 075 mm at -140°C, whilst
the scatter obtained in measurement remained relatively constant at
about + 0. 150 mm. These results were obtained using a clip gauge

similar to that employed in the present study, and although their scatter
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values were rather high, the results were more consistent than
those obtained in a parallel investigation using the paddle codmeter
as the measuring device.

The results obtained in this investigation for average,
critical C. O, D. values, and the absolute scatter about these avefage
values, are presented in Table 8. As can be seen from this table,
the measurement accuracy appears to be much greater in the present
study than in that discussed above. A possible reason for this
improvement in measuremeﬁt accuracy is that the present values have
been determined for the onset of slow stable crack propagation, or
for fast fracture, whichever occurs first, whereas in the previous
investigation maximum C. O. D. values were taken as the critical points
where no previous fast fracture had occurred. The significance of
maximum load C. O.D. is not at all clear, and there is a great deal of
doubt about its practical value,

A primary conclusion of the present work is therefore that
reproducible C. O.D. results can be obtained if initial crack extension
is taken as the critical event.

A wide range of behaviour was observed during C. O. D.
testing of the various alloys. Alloy P10 exhibited extensive slow
crack growth even at test temperétures as low as -779C, whereas
alloy P7 showed no signs of slow crack growth at -30°C. Alloys PS6,
P8, P9 and P11 show behaviour in an intermediate range.

The lowest toughness was observed in alloys P6 and P1

which were tested in the transverse direction. The bainitic microstructure
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of alloy P7 will of course be a major factor in producing the low
observe d toughness, but investigations indicate that transverse
toughness is, in general,lower than toughnesses obtained by testing
the same material in the longitudinal mode. This lowering effect
can be attributed to the difference in orientation of any inclusion, in
the form of stringers, to the applied stress, when the transverse
and longitudinal orientation are compared. Inclusion content and
morphology, have been found to be a major controlling factor in the
toughness of metals and alloys.

The effect of grain size was briefly investigated in tests
carried out on alloy P11. As can be seen from Figure 28, the
specimens having a grain size of 8. 54 exhibit a markedly better
toughness than specimens with a grain size of 424 . This is of course,
the expected behaviour.

5. 9. Scanning electron micrographs

Figures 31 (a-g) show some of the fracture characteristics
of the materials investigated reflected in their scanning electron
micrographs. Figures 31(a), (b), (d), (f) and (g) illustrate the
fracture surfaces of alloys P8 (20°C, —32°.C), P9(-60°C) and P10
(20°C, -77°C) respectively. In all these cases, a region typical of
slow crack growth can be observed in the area between the tip of the
fatigue crack and the flat cleavage area. These three regions are
best illustrated in Figure 31(b)(Alloy P8, tested at -32 oC).

Figure 31(d) illustrates the occurrence of a very small

region of slow crack growth at the tip of the fatigue crack in alloy P9

|
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tested at -60°C. According to the 'change in potential' -displacement
curve obtained for this test, slow crack growth initiated immediately
prior to fracture. Measurement of the slow crack growth region

in Figure 31(d) indicates that crack extension of 0. 025 mm has
occurred prior to fracture. It can be concluded therefore that crack
extensions of the order of 0. 025 mm may be detected with certainty
by use of the potential drop technique.

Figures 31(c) and (e) illustrate two cases where no slow
crack growth preceded fracture. Figure 31(e) shows the fracture
surface of alloy P9 tested at -77°C, and clearly indicates the absence
of any signs of dimple fracture. Figure 31(c), however, showing the
fracture surface of alloy P8 tested at -77°C, indicates the occurrence
of slightly different fracture behaviour. The fracture surface
consists of two distinct regions, one being flat, and the other showing
dimple features pointing to the occurrence of a mixed fracture. The
cleavage regions in this micrograph are typified by the presence of
parallel striations, which may well be an indication that the cleavage
areas are centred around pearlitic areas, whilst the regions of ductile
fracture might be associated with ferrite. .

5.10 Effect of Tensile Properties on Toughness

Figures 26,27 and 28 illustrate that material toughness,
as measured by critical C. O. D., decreases with decreasing temperature.
As has already been demonstrated, reducing test temperature has a
marked effect on both material flow stress and work hardening

characteristics. Flow stress increases with decreasing deformation
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temperature, whilst the true work hardening rate also increases
with decreasing deformation temperature. The flow stress and
work hardening characteristics of materials will both have an
influence on critical C. O. D., and it would seem pertinent at this
stage to postulate the effect of variation of flow stress and work
hardening characteristics on C. O. D.

An assessment of the effect of differing work hardening
rates on C. O. D. is very difficult to obtain experimentally. Any
change in work hardening rate automatically invokes a change in
flow stress, and any relationship between work hardening rate and
C. O.D. would be clouded by the change in flow stress. It is possible
however to postulate the effect that differences in work hardening
characteristics might tend to invoke in the plastic zone at a crack tip.

Consider two different materials with equivalent yield
stresses, but with different work hardening characteristics. When
yielding occurs at the crack tip the material within the pastic zone
work hardens and therefore yielding spreads to the adjacent regions
which have not work hardened. Hence one would expect a larger plastic
zone size in the material exhibiting the higher work hardening rate.
Since a larger plastic zone size leads to an increase in C. O. D. one
would al\so expect a higher C. O. D. in the material which work hardened
more rapidly.

The effect of flow stress variation should be more easily
analysed experimentally than variation of wark hardening rate. The

effect can be considered by comparing materials which exhibit similar

4



work hardening characteristics, but whose flow stresses are
different. The effect is best described in terms of crack tip plastic
envelope size. At constant work hardening rate, one would predict
a larger plastic zone envelope in material of low flow stress than
in a higher flow stress material, and hence a smaller critical C.'O. D.
in the higher flow stress material.

A further consideration is that changes in both flow
stress and work hardening rate will lead to alteration of the instability
strain. Increasing work hardening rate increases the instability
strain whilst it would be predicted that .increasing flow stress would
reduce the strain at instability. Since C. O.D. should increase with
instability strain, two opposing effec%s are operative when work
hardening rate and flow stress increase simultaneously.

If an attempt is made to apply the above considerations
to the results obtained in the present study, it is immediately apparent
that it is impossible to compare materials of the same flow stress
over a range of strain, but with different work hardening characteristics,
since the first rquirement implies that the work hardening
characteristics are similar. A comparison can, however, be made
between materials with similar work hardening rates but different
flow stresses. Unfortunately other variables will affect the fracture
toughness so that the comparison may not be direct as indicated in the
case considered below.

Figure 41 shows the variation of true work hardening

rate with strain for alloys P10 and P8 at temperatures of +20°C and
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-10°C respectively, The work hardening characteristics of alloy
P10 (at 20°C) and alloy P8 (at-10°C) can be considered as identical.
Figure 42 shows t?e flow curves for alloys P10 and P8 at 20°C and
-10°C respectively, and it can be seen that alloy P10 has a higher
flow stress at all strains than alloy P8, the difference in flow stfess
being constant at 9 Kg. mm™2,
From the preceding argument one would expect alloy P10
to have a lower critical C. O.D. than alloy P8, but comparison of
the critical C. O. D. values reveals that; 5(' (P8, -10°C) = 0. 280mm.
§; (P10,20°C) = 0.510mm. This result may well be attributed to
the fact that alloys P8 and P10 are different in two significant respects
which affect fracture behaviour.
The non metallic inclusion content has a marked effect
on fracture susceptibility. Non metallic inclusions act as sites for
void nucleation which results from the debonding of the non metallic
inclusion - matrix interface. Increasing the non metallic inclusion
level in a steel produces more potential sites for void nucleation and
hence results in a decrease in toughness. Table 5 presents a
breakdown of the non metallic inclusion contents of each of the alloys
tested, and comparison of alloys P8 and P10 reveals that P8 has a
non metallic inclusion content three times as large as that in alloy P10.
Grain size also has a marked effect on toughness properties,
increasing grain size promoting failure at lower C. O.D. values, as

illustrated by the behaviour of alloy P11 (Figure 28), and consideration

of the grain sizes of alloys P8 and P10 (Table 2) indicates that P8
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has a grain size of 254 whilst P10 has a grain size of 8 (4 ,

Thus two factors which have a major influence on
fracture behaviour are acting to reduce the toughness of alloy P8
compared to alloy P10. Before any realistic assessment of the
effects of varying flow stress and work hardening rates on toughnéss
can be made, it is imperative that the important factors controlling
fracture behaviour do not exhibit significant variation between the
alloys considered.

Consideration of tables 2 and 5 indicates that alloy P11
(8/M) has a grain size very similar to that of alloy P10 (8. 5 M cf 8/1/()
and that the non metallic inclusion contents of the two alloys are
similar.

Although insufficient tensile tests were carried out on
alloy P11 (84t ) (Appendix C) to permit as accurate determinations
of do%(fr values to be made as for the other alloys considered,
the 0(070(57- values were measured as described previously. These
results are shown in Figure 43 which is a plot of 0(6}/0(57’- v &r
for the test temperatures cqnsidered. The 0(0‘7-/(7(27_ v £, curves
for alloy P10 over a range of temperatures are also shown in Figure
43 for comparison. It can be seen that work hardening rates for the
two alloys are closest for deformation temperatures -77°C (P11, 8/u )
and 20°C (P10).

Comparison of the flow curves of alloys P10 and P11 at
20°C and -77°C respectively (Figure 44) indicates that at all strains,

the flow stress for alloy P11 is significantly higher than that for alloy P10.
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On the basis of the previous argument, since the work hardening rates
are considered to be equal, then one would expect the higher flow
stress material to have a lower critical C. O.D. Comparison of the
critical C. O. D. values for alloy P10 (+20°C) and alloy P11, 8 M (‘-77OC)
indicates that the critical C. O. D. values are 0.510mm and 0. 18dmm :
respectively, confirming the above prediction.

This is the only instance, in the present study, where
direct comparison of results is possible, because of the restrictions
already mentioned with respect to grain size and non metallic inclusion
content.

Figure 45 shows a plot of critical crack opening displacement
against flow stress (at 6% £, ) for alloys P6, P7, P8, Pé and P10 at
temperatures of 20°C, -30°C and -77°C. The curve in Figure 45
is drawn through the lower limit of observed crack growth as a failure
mechanism, where the slow crack growth region can be identified as
being wholly ductile.

In the lower flow stress region it will be noted that two
points lie obviously below this line, one each for alloy P8 and P9 tested
at -77°C. The upper of these two points (P8) as discussed earlier
in Section 5. 7 exhibited a fracture surface of mixed morphology,
showing signs of both ductile and cleavage fracture. The lower point

however (P9) corresponds to fracture occurring in a pure cleavage mode.

In neither of these cases was any sign of slow crack growth prior to

failure detected.
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It would seem likely that a second boundary line could
be drawn, which might indicate the limit of mixed node failure.
The dotted line drawn in Figure 45 indicates the possible form of the
final diagram. In region (1) failure occurs as a result of extensive
slow crack growth, whereas in region (3) failure occurs in a cleavage
mode. Region (2) corresponds to the area where mixed mode
fracture would occur.

The main conclusion to be drawn from examination of
Figure 45 is that the C. O. D. for initiation of slow crack growth
decreases with increasing flow stress. When slow crack growth is
the operative failure mechanism, the actual value of C. O. D. depends
on the complex relationships already outlined between flow stress,

work hardening rate'and structural variables which affect the fracture

process.
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CHAPTER 6

CONCLUSIONS

1. The stress-strain characteristics of the alloys
investigated obeyed the Holloman relationship but mainly displayed
""double n'' behaviour. As deformation temperature is reduced there
is a tendency to single n behaviour. This illustrates the tendency
of transition strain to increase with decreasing temperature,
although the scatter in this parameter makes the concept of a
definite transition strain questionable. The Crussard analysis offers
no advantages in the measurement of transition strain, and is in
fact incapable of predicting n values accurately. |
Variation of n with temperature in all cases showed a
maximum in n at some temperature below ambient.
2. Investigation of true work hardening rates indicates that
at high strains, as deformation temperature decreases, a linear
increase in true work hardening rate occurs from 20°C to -196°C.
At lower strains, alloys which yield discontinuously
show an anomalously low work hardening rate at low deformation
temperatures. It is suggested that the increase in Luders strain
which occurs with decreasing deformation temperature has a major
influence in producing the lowering in true work hardening rates at
low strains in these alloys.
3. The variation of n with temperature does not reflect
the change in true work hardening rate, since n depends on the relative
change in flow stress and d9/q£, . Thus in B.C. C. alloys which

show an exponential increase in flow stress with decreasing temperature,
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n must decrease below a certain temperature, despite a continued

increase in dc;fd g+ .

4, The use of n in fracture toughness relationships as a
measure of either plastic instability strain or work hardening rate

and hence plastic zone size is of doubtful validity.

o. Reproducible values of critical crack opening displacement
over a range of test temperatures can be obtained, using the crack
opening displacement to crack initiation as the critical parameter.

6. A qualitative correlation may exist between Charpy upper-
shelf energy and a fracture energy derived from C. O. D. measurement.
7.‘ The effect of increasing flow stress at constant work
hardening rate is to reduce the value of critical C. O. D., provided that
other parameters affecting the fracture process and comparable. The
effect of varying work hardening rate at a given flow stress is difficult
to analyse experimentally, but increasing de/dfr should lead to an

increase in material toughness.
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APPENDIX A

DEFINITIONS OF TRUE STRESS AND TRUE STRAIN

SYMBOLS
P = FORCE
A = ORIGINAL CROSS SECTIONAL AREA

®)

A, = INSTANTANEOUS SROSS SECTIONAL AREA
L, = INITIAL GAUGE LENGTH

Ll .= INSTANTANEOUS GAUGE LENGTH

0 = NOMINAL STRESS = P/Ao

o o = TRUE STRESS

€ = NOMINAL STRAIN = L-Lo/LO

€ = TRUE PLASTIC STRAIN

n = STRAIN HARDENING EXPONENT

K = STRENGTH COEFFICIENT

TRUE STRESS O’T

True stress is defined as applied force P divided by the

instantaneous cross sectional area Al

Oy

—

(Al)

> 1

TRUE PLASTIC STRAIN &

True plastic strain is defined as follows.

_ Lo - L L, - Lna
£, . hte. TerM.m a0 D7
Lo v} Loy Ly-1
L L
= dL = 1oge n
L L.o
Lo

s, True plastic strain when the instantaneous gauge length is I.; may

be written,
= log L, (A2)



APPENDIX A (CONT, )

HOLL.OMONS' equation relating true stress and true strain is,

) n
0’7. KET
d o (n - 1)
—L = nK £
d £ T
r v
£y
P = O’T A1
ap A d 0% - dA |
d 1 d d A4
ET ET T ET (A4)
At the U, T, §, —(‘;—12—-— =0
d 7 dA
‘A R = . 0/ N
"1 d T d (A5)
ET ET
gT = LOG., (T% ) .. ASSUMING CONSTANCY OF VOLUME
UP TO THE U, T.S., THEN
AoLo ) A1Ll
= Loc. &1 - Log (20,
gT - E'lLo’ E A1
" Ay = A0 EXP (-g—T)
dA,
a—g—— = —AOEXP (—87_)
.
- Ay (A6)
SUBSTITUTING INTO (A5) ONE OBTAINS
d
__U_IZ_ - o/ (A7)
d gr T

CONSIDERATION OF EQUATIONS (A3) AND (A7) REVEALS THAT
AT THI U, T,S. FOR A MATERIAL OBEYING HOLLOMON'S

RELATIONSHIP, ET =N



/

/ APPENDIX B :

DERIVATION OF RELATIONSHIP BETWEEN SURFACE AND CRACK TIP
\ : / DISPLACEMENT

Vg . Knife Edge opening

O,' . Crack Tip Opening

a ; Crack Length

W ; Specimen width

Z ; Knife Edge thickness

(D ; Assumed centre of rotation

1 (W-a) ; Distance from crack tip of the assumed centre of rotation
- : :

utiliging the theory of similar triangles ;

Vg a+Z+ £ (W-a)

d 1(W-a)

F
a+Z___ + 1
(W-a)

[
L

ve i
d 1
-



APPENDIX C

ALLOY P6
SPECIMEN | TEST |, |5 n | Ka |x8 K¢ |
NUMBER | TEMP | A B c " 5 Py
C {gmm Kgan Kgmm
1 20 0.215 | 0,169 43,1 | 47.2
2 o 20 o 0.2304] 0. 181 41. 84| 45. 5%
3 20 0.237 | 0,185 20,7 | 44,6
7} =10 0.237 | 0.202 42,1 | 44.6
5 210 0.229 | 0,179 42.3 | 46.9
6 ~10 0.244 | 0, 204 41,7 | 44.5
7 230 0.274 | 0.218 40,6 | 44,2
8 ~30 0,261 |0, 203 41,2 | 45.5
9 230 0.253 | 0,193 41.3 | 46.2
10 Z50 0.256 | 0, 229 42,2 | 44.1
11 -50 10,250 | 0,210 42,9 | 46.3
12 250 0.248 | 0,204 44,0 | 47.3
13 77 0.251 | 0,204 44,9 | 49,3
14 77 0,258 | 0, 206 24,1 | 48,8
15 7196 |0, 188 70,3
16 2196 |0, 174 72.5
17 ~196 |0.179 72.0
18 Z196 |0, 172 2.6

(CONT., )




APPENDIX C

ALLOY P7

SPECIMEN| TEST |, n | Ka | K |[Kc |
NUMBER | TEMP|'4 o _2 5 s
C Kgmm |Kgimm | Kgmm
1 20" |0.109 96, 2 |

5 20 0,103 91.7

3 o 20 o |0.1064 94,46

17 0 |0.112 98, 7

18 0 |0.112 98. 5

10 230 |0, 124 95, 2

1T 730 0. 135 100, 1

12 230 |0.135 96, 3

16 230 |0.116 103. 5

7 -50 |0.124 101. 8

s 250  |o.122 105. 0 -
9 _50 0,127 1105, 0 )

4 77 lo.125 105, 9 -

5 277 o, 124 104, 1

6 “77 |0, 124 104, 3

19 Z110 0,115 115, 0
13 -196 |0, 108 124, 7 i

15 -196 |0.108 122, 4

(CONT.)



APPENDIX C

-ALLOY P8
SPECIMEN ?EST n n n Ka Kp Kc
NUMBER TEMP|{ A B C
o -2 -2 -2
C Kg.mm Kg.mm |Kgmm
‘ 0.313 (0,228 22,4 |26.4
‘9 e 20 ¢ e e e e
10 20 0.318 0,237 22,3 |25.8
12 20 0,309 10,228 22.9 | 26,7
18 -10 0,301 {0,221 24,3 128.9
19 -10 0.318 |0,243 23.9 127.5
20 -10 0.306 10,253 23.5 |26.1
21 -10 0,312 [0,236 23.4 27,2
22 -30 0.327 {0,257 24,4 | 27,7
23 -30 0.316 |0, 241 24,6 | 28,7
24 -30 0,315 {0,257 23.9 126.6
25 -30 0,309 |0,231 24,2 128.5
26 -45 0.321 10,252 24,6 1217,6
27 -45 0,353 | 0,245 23.2 128,5
28 -45 0.327 | 0,251 24,3 | 28.1
29 -45 0.324 0,251 24,6 | 28.5
30 -60 0,303 | 0,231 26,5 [30,8 ]
31 -60 0.325 10,250 24.9 129.0
32 -60 0.314 {0,252 25,9 | 29,4 |
33 -60 0.313 | 0,231 25,5 30,6
13 -7 0.290 0,234 27,3 | 31.2
14 =77 0.298 | 0,263 26,9 | 28,9
15 -7 0,302 |0,256 27.4 | 30,1
16 =77 0.325 (0,267 26,2 | 29.2
17 -7 0.307 0,251 26,5 [ 30.0
34 -196 0.1438 66.9
35 -196 0,147 66. 5
36 -196 0,145 66,7

(CONT.)



APPENDIX C
ALLOY P9
SPECIMEN |TEST |, n n KA ke Jkc |
NUMBER |TEMP| A B 'S L 5 _2
°c _K&mm Kg.nm {Kg nmmn
2 20 0.323 [0.234 0.9 |24.6
3 20 0.319 | 0,238 21.2 |24.3
4 . 20 , 0.3124 0,235, 20,70 |24.1p
8 0 0.326 1 0.245 21,3 |[24.6
g 0 0.318] 0. 234 21,0 |24.2
10 0 0.317]0.233] 21,1 | 25.1
11 -15 0.328]0.242| 21,1 |24.1
12 -15 0.327] 0,239 21.4 | 24,8
13 -15 0.322] 0,240 21,2 |24.6
14 -30 0.329] 0,243 21.6 | 25.3
__,,_1 5 N 30 ,_9_' _?léﬁﬂ .2'._2._6*{._._,_ 121.4 ﬂgigﬁ
16 -30 | o.328 0.237 |21.7 | 24.8
17 -45 0.328] 0,247 21.9 | 25.8
18 45 0.328| 0,243 2.4 | 25,1
19 ~45 0.326] 0.248 22.3 | 25.3
20 -60 0.318] 0.235 23,0 | 26.1
21 -60 0,321| 0,260 23.4 | 26.8
22 60 | 0.322] 0,249 23.7 | 27.3 |
5 77 0.304] 0,243 25.6 | 29.8
6 77 0.302| 0,245 25.8 | 30,1
23 -85 0.294 0,242 26.6 | 30.8
24 -95 0,268 0.243 29.1 | 33,9
25 -130 | 0,205 42,3
26 ~130 |0.203 43,1
27 -138 | 0,201 43,2

(CONTD,)



APPENDIX C

ALLOY P10
NUMBER. ;£§G£ "5 "c ng KB_2 KC_2
C |Kgmm |Kgmm|Kgrmm
1 20 0,263 | 0,191 32,0 (36,7
2 20 0.250 | 0,188 32,5(37.0
3 20 0,255 | 0,207 32,1 |35, 2
4 20 0.261 | 0,203 31,335, 1
5e 20e 0.25% | 0,196 32, 04 36. 0
43 20 0.247 | 0,191

11 0 0.257 | 0,197 32,8 37,0
12 0 0.248 | 0,185 33.438.1
13 0 0,258 | 0.200 32,7 36,7
14 0 0.242 | 0,184 33,6 38,2
15 0 0.246 | 0,203 33,6 (36,7
16 -15 0,250 | 0,192 33,1377
17 -15 0.260 | 0,195 32,5(37.5

18 -15
19 -15 0.267 | 0.201 31,4 |36, 4

20 -15

21 - 30
22 - 30 0.266 | 0,197 33,838, 9
23 - 30 0,284 | 0,212 32,2136, 9
24 -30 0.270 | 0,202 32,8137, 8
25 -30 lo.250 | 0. 177 33,9140, 0
26 -45 0,268 | 0,183 33, 3140, 3
27 -45 0,259 | 0,196 34,7(39.7
28 -45 0.286 | 0.215 32,2 (37,3
29 45 0.269 | 0.196 33,6 (39,2
30 -45 0.273 | 0,209 33,9 (38,6

(CONT.)




APPENDIX C

ALLOY P10 (CONT)
SPECIMEN | TEST | _ h KA Kz | KC
NUMBER | TEMP |4 B na . . )
°c Kg,;mr;l Kg.mmm| Kg.num
31 - 60 0.264 0,195 | 34,9 |40, 6
32 -~ 60 0.274 |0.218 34,3138, 5
33 - 60 0.284 {0,208 33,039, 0
. 34 - 60
35 - 60 0.264 |0.196 34.1140.1 |
6 - 11 0.280_ 10,230 34.3138.1 |
7 - 77 0,293 |0.219 33,3/39.2
8 - 7 0.288 |0,231 33,9(38.0
9 - 7 0.287 |0.218 34,5(39, 7
10 - 0,291 [0,217 34,2 (40.0
41 - 90 0.289 |0.238 34.6)38.4
42 - 90 0.292 |0,228 33,738, 4
39 -105 0,292 |0.216 34,941, 1
40 -105 0.294 |0,228 34,4139.17
| 36 -196 |0, 162 68, 2
37 -196_ |0, 162 67, 6
38 -196 |0, 165 66. 7

(CONT)
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ALLOY P11 (8IM )

;I:J}ﬁg{gN g}i\?{?ERATURE A "B " KA_ , KB2 Kc.2
oC Kgmm|Kgmm |Kgmm
1 20 0,1941 0,15 37,10 140,01
2 20 0.21310.163 36.29 139,49
3 -7 0,203 0,57
4 -30 0,206 37,92
ALLOY P11 (42u)
2%%%&51\1 $E§ATPERATURE A |TB [TC KA-z KB.z qu
oC [Kgmm &{gmm Kgmm
1 20 0,27210,225 24,1 28.03
2 20 0, 27810, 208 29,1 28.99
3 -7 00,2850, 251 28,31 (30,37
4 -30 0,30110, 240 25,75 129,12




APPENDIX D

ALLOY P6
SPECI-| CRACK TEST | SLOW_.
MEN |LENGTH,a| TEMP.| CRACK: |
NUMBER/| GROWTH| %'
1 9.38 mm 20°C v 0.127 mm
2 8..86 mm 200C J/ 0.138 mm
3 8.72 mm 200C J 0.137 mm
4 9.52 mm 200C / 0.0907 mm
5 10,38 mm | -30°C J 0.0749 mm
6 9,54 mm | -300C J 0.1089 mm
7 9,20 mm | -50°C- 0,0272 mm
8 8.84 mm -50°0C 0.0839 mm
9 9,46 mm -500C: 0,0918 mm
10 9,075 mm | -77°C 0.120 mm
11 9,80 mm | -77°C 0.105 mm
12 9,275 mm | -77°C g,102 mm
13 9,275 mm [-1960C 0.271 mm
14 8.80 mm  |-196°C 0.0300 mm
ALLOY P7
PECI- | CRACK TEST SLOW
. SMEN LENGTH, a| Temp.| CRACK di
NUMBER ‘ . |GROWTH
1 9,075 mm | 20°C J 0.0926 mm
2 9,075 mm | 20°C J 0.0793 mm
3 9,325 mm 20°C. J 0.0718 mm
4 9,300 mm | -30°C 0.0466 mm
5 9,175 mm | -300C. 0.0616 mm
6 9,325 mm | -30°C 0,0437 mm
7 9,575 mm | -50°C 0.0524 mm
8 8,975 mm | -50°C 0. 0557 mm
11 9,175 mm | -50°C 0.0492 mm
9 9,250 mm | -77°C 0.0377 mm
10 9,400 mm | -77°C 0,0350 mm
12 9,075 mm {-196°C 0. 0226 mm
13 9,200 mm [-196°C 0.0255 mm

(CONT.)



APPENDIX D

ALLLOY PS8
NUMBER| am,m "’ ‘ GROWTH (fi m, m.
22 9,466 20 J 0.379
4 8.992 20 / 0. 383
21 9.000 0 J 0.334
8 9.779 0 J 0.2509
16 9.068 -30 J 0.2179
5 9.229 -30 J 0.2818
2 9. 060 -30 J 0.323
6 9,042 -30 J 0.259
15 9,000 -45 J 0.185
3 9,051 -45
7 9.356 -45 J 0.276
9 9.269 -45 J 0.185
12 9,254 -60 0,251
13 9,008 -60 0.289
14 8.687 -60 0,255
10 10,736 -1 0,120
11 9,000 =77 0,126

(CONT.)
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ALLOY P9
SMEK | reNeTH| TEMBoc | CRACK
NUMBER am,m, . | GROWTH dim.m
2 9,305 20 J T o471
4 9. 364 20 J 0,446
25 9.212 20 J 0. 563
26 9. 804 20 J 0. 489
34 9.220 0 J 0.392
35 9. 403 0 J 0. 425
11 9.178 -30 J 0. 301
16 9.313 -30 J 0.365
22 9,652 -30 J 0.292
X 9.1711 -30 J 0. 260
9 9.322 -45 / 0.290
20 9.364 -45 J 0,227
36 8. 754 -45 J 0.232
13 9.356 - 60 0.194
14 9.432 -60 0,148
21 9. 601 -60 J 0. 241
1 9.536 -7 0. 080
12 9,872 -1 0. 097
23 9.025 -1 0. 070

(CONT,)
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ALLOY P10
“SPECI- | CRACK TEST SLOW
MEN | LENGTH | TEMP. | CRACK Jim m
NUMBER| a,m.m, C GROWTH T
11 10, 084 20 J 0.510
22 9,423 0 N 0. 504
18 9,957 0 ) 0. 498
16 0. 567 -30 J 0.526
13 9,482 -30 Y, 0. 498
17 9, 025 ~45 Y 0. 369
14 9,423 -45 a 0,319
21 9,313 -45 v 0. 338
15 9,415 -60 / 0. 341
20 9. 406 -60 J 0,257
19 9,262 77 / 0,314
10 9,023 -7 / 0,231
ALLOY P 11
SPECI- CRACK TEST SL.LOW
MEN | LENGTH | TEMP. CRACK | p.
NUMBER] a,m,m, C GROWTH )
9 8.966 20 J 0. 308
3 9.296 20 Y 0. 310
1 9,525 20 J 0. 333
7 9.563 -30 N 0.238
11 10, 046 -30 J 0. 315
6 8. 915 -30 o 0.195
5 9,423 77 J 0.184
4 8.941 77 J 0. 175
16 8,915 20 Vi 0,210
21 9,220 20 J/ 0,215
13 9,226 20 J Q239
19 9, 093 -30 J 0. 190
14 9.136 -30 J 0.193
20 9.195 =77 0. 127




GRAIN
ALLOY| C - Si -5 - P - Mn |-Ni - Cr | Mo - Sn Al | Cu "|HEAT TREATMENT SIZE
900°C 1 hr, AIR COOL

P1 0.22 10,01 }0,004 |0,005}0,02}0,01 {0,011 0,01 {0,011} 0,023}0,03 4100°C TEMPER

==y

906°C 1 hr, AIR COOL
P2 0,2251(0,01 0,005 {0,005 {1.4610,01 0.01 0, 01 0,01 0.03714{ 0,03 100°C TEMPER 2
O 1 hr, AIR COOL} A
P3 0.39 10,01 {0.006 |0,006 |{1,23| - - 0.015| - 0. 032 28808 TEMDER < <
920°C 1 hr, AIR COOL] +
P4 |0.075(0,12 {0,010 |0.009 [2.1 |0.63 |0.13 | 0.23 - - - |400°C TEMPER o
9100C 1 hr., AIR COOL] <
=

P5 0.168 10,600,033 {0,022 |1,12]0,01 |[0,01 | 0,01 | 0,01 - - 4000C TEMPER

TABLE 1 : COMPOSITION, HEAT TREATMENT AND GRAIN SIZE DETAILS OF
LABORATORY PRODUCED ALLOYS




ALLOY| C Si S P | Mn| Ni Cr | Mo | sn Al | Cu |HEAT TREATMENT GSI;Q%N

P6 0.340.49 (0,034 {0,018 |1,56|0,10 |0.12 | 0,06 10.019] 0,15| -- 4.5p
P7 | 0,140,384 (0,02 |0,015|0.65|0.23 | 2,25 | 0,87 0.11 --
P8  [0,21540,06 0,029 {0,011 |0,83|0,03 |0,05 | 0,02 | 0,006/ 0.07] -- 125 K
P9  |0.215)0,03 |0,039 |0,020|0,64|0,01 | 0,02 0,01 | 0,003 0,05 -- 180 ;|
P10 | 0.171{0.18 |0,015 {0,020 |1,28|0,03 { 0,12 | 0,04 | 0,011 - - } 0.16 -- 8 I

Plliguy| 0.13 {0, 27 0.01530.020 1.2;1 0.05 | 0.07 | 0,03 - 8.5MU

Pll(42,“) 0.13(0.27 {0,015 |0, 020 1._zi 0.05 | 0.07 | 0,03 lgggiEADTlll\IOSfcj):g{IO 42 J

TABLE 2 : COMPOSITION, HEAT TREATMENT AND GRAIN SIZE DETAILS OF

COMMERCIAL ALLOYS

’



TABLE 3 : PRE-CRACKING CONDITIONS EMPLOYED

: K, = Maximum

Ao ' Kfm Kfa fm permissible
applied fatiguc
P6 44,5 MNm -3/2 29 MNm—B/2 stress intensit

B 80 NN _3/2 - ) _3/2 Kfa = Maximum.
m MNm actual applied
fatigue stress
P8 22.6 MNm-S/Z 20 MNm-S/Z intensity durin

growth of final

- - 2mm of fatigue
P9 21.3 MNm ™32 | 15 MNm 3/2 orack. o C
P10 36.3 MNm~>/2 | 25 MNm™°/2
P11 (8x ) 20.1 MNm ™32 | 18 MNm ™3/

P11 (42 ) 14,1 MNm °/2 12 MNm /2




TABLE 4 :

YIELD U.T.S. .
ALLOY STRESS _ T 7
O’y Kg.nim | Kg. rifa | ELONGATION

P6 45,3 59.9 25
P17 81.1 115, 9 19
P8 22.9 36. 8 56
P9 21.5 35,3 60
P10 36. 84 46,6 43
P11 (8 ) 20,4 29. 2 35
P11 (424 ) 14,3 - 25,4 48

ROOM TEMPERATURE PROPERTIES OF THE ALLOYS.



TABLE 5

SULPHIDE

TOTAL SULPHIDE OXIDE OXIDE
ALLOY PROJECTED PROJECTED | PROJECTED AREA AREA
INCLUSION ~_, | LENGTH _,| LENGTH _

LENGTH mm, mm mm, mm - mm. mm - % %

P6 0. 06463 - - - -
P77 0.6778 0.5628 0.0657 0.0887 0.,0132
P8 1.5139 0.5672 0.7228 0.0329 0,1280
P9 0.4287 0.2454 0,1532 0.0619 0,0234
P10 0. 5046 0, 3844 0.0998 - 0.0621 0.0219

P11 0.4703 - - - -




TRUE STRAIN [TRUE STRESS

Ep % 0T g, mm >
2.0 49, 67
2.5 52, 23
3.0 54, 51
3.5 56, 60
4.0 58, 54
4,5 60. 16
5. 0 61, 57
5,5 62. 83
6.0 64, 00
6. 5 65. 13
7.0 66. 13
7.5 © 67.08
8.0 67,94
8.5 68. 73
9.0 69, 48
9,5 70, 23
10, 0 70, 92

TABLE 6 : EXPERIMENTALLY OBTAINED VALUES OF
TRUE STRESS AND TRUE STRAIN FOR ALLOY P6 AT -10°C



’TRUE]STRAJN.dg%/dg£ERON[d0Hv BY B
e | e | d€ T % CHANGE
T % POLYNOMIAL {CALCULATION
2.5 488 495 - 1.4
3.0 446 341 + 3.4
3.5 396 384 + 3.0
4,0 348 346 +0. 6
4,5 306 317 -3.6
5.0 2171 292 7.7
5.5 244 231 +5. 3
6.0 224 216 +3.6
6.5 209 202 +3,3
7.0 195 191 +2, 1
7.5 182 180 +1,1
8.0 169 171 -1.2
8.5 155 163 -5,2
9.0 144 156 -8.3
9.5 141 149 5.1
dUT/
TABLE 7 : COMPARISON OF CALCULATED dé€ T VALUES AND

THOSE OBTAINE(J)D BY POLYNOMIAL ANALYSIS :
ALLOY P6, -10C,



—
P6 P17 P8 P9 P10 P11 (8u) P11 (42u )
Average | % |Avesge| % |Aversge % |Average | % |Average | % |Aversge | % Average| % O
_Gfimm 'Satter | dimm| Satter O/'imm Satter C/imm Scaatter Gﬂimm Satter C/Iimm.Scatter L Scatter
+12 +14 +5 +14 Only +5 +8
0,123 0.0812 0.381 0,492 \ one 0.317 0,221 20
. -26 "11 -5' ' : | -9 resul‘t : "3 -5
0,292 t14 0,408 e 0.501 *+0.5 0
* "14 * "4 IA ) "Oo 5
+
0.0919| "% b.osoe| T2l | 0.270| 1% | 0.304] 20 | 0,512 |3 0.249| t28 | 0,101 *! -30
-18 -13 -19 -14 -3 -21 -1
+28 +16 +8
0.215| 7, 0.249| 0.342 | ¢ -45
-59 +6
-50
0.0676| ... P.0524 | "¢ |
+9 +24 +14
-60
0.265| . 0.194| "0, 0.299 | "1, _
+10 +3 +2 +17 +15 +2 only
0.109 0. 0363 0,123 0. 0823 0,272 0,179 one =77
' -6 -3 -2 -14 -15 -2 result
0.0285| *2 D, 0240 | *3 -196
TABLE 8.

AVERAGE CRITICAL C, O D, VALUES FOR ALLOYS INVESTIGATED,

AND

%o

SCATTER ABOUT THE AVERAGE
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FIGURE 13 : MICROGRAPH ILLUSTRATING
VARIABLE GRAIN SIZE OF ALLOY P4,
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FIGURE 19: VARIATION OF STRAIN HARDENING
EXPONENT VALUES WITH TEMPERATURE
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FIGURE 30 : PHOTOMICROGRAPHS OF ALLOYS
USED IN THE PRESENT INVESTIGATION
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FIGURE 30 (CONT, ) : PHOTOMICROGRAPHS OF ALLOYS USED
IN THE PRESENT INVESTIGATION
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FIGURE 31(a) : SCANNING ELECTRON MICROGRAPH

| OF FRACTURE SURFACE PRODUCED
DURING C.O,D. TEST ON ALLOY P8
AT +20°C (SPECIMEN NO. P8, 22).
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FIGURE 31(b) : SCANNING ELECTRON MICROGRPH
OF FRACTURE SURFACE PRODUCED
DURING C, (U), D. TEST ON ALLOY
P8 AT - 32 C (SPECIMEN P8, 6).



FIGURE 31 (c) :

x3K

SCANNING ELECTRON MICROGRAPH
OF FRACTURE SURFACE PRODUCED
DURING CbO, P, TEST ON ALLOY

P8 AT -7 C, THE MICROGRAPH
ILLUSTRATES THE MIXED CLEAVAGE-
DUCTILE FAILURE MODE,
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FIGURE 31 (d):

x\]K

SCANNING ELECTRON MICROGRAPH
OF FRACTURE SURFACE PRODUCED
DURING C,0,D, TEST ON ALLOY
P9 AT -60 C (SPECIMEN P9, 21),
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FIGURE 31 (e) :

x2K

SCANNING ELECTRON MICROGRAPH OF
FRACTURE SURFACE PRODUCED DURING
C.0.D., TEST ON ALLOY P9 AT -77°C
(SPECIMEN P9, 23).
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FIGURE 31(f) : SCANNING ELECTRON MICROGRAPH OF
FRACTURE SURFACE PRODUCED
DURING C, O‘oD° TEST ON ALLOY
P10 AT + 20 C (SPECIMEN P10, 11)
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FIGURE 31(g) : SCANNING ELECTRON MICROGRAPH OF
FRACTURE SURFACE PRODUCED
DURING C.(%.D, TEST ON ALLOY
P10 AT -77 C (SPECIMEN P10, 6)
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